r The Uniyersitgof
#& | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Nucleotide methylation and neurocognitive phenotypes

Miles Flitton

Thesis submitted for the degree of Doctor of Philosophy at the
University of Nottingham

September 2017



Dedicated with love to Betty and Winifred.



Declaration

| declare that all work presented in this thesis has been produced by myself and has
not been submitted for any other degree. Every effort has been made to

acknowledge collaborations and the sources of previous research have been cited

throughout.

ii



Acknowledgements

My principal thanks go to Helen Miranda Knight for her unwavering support and
tireless efforts over the last three years. | have learnt a great deal under her
supervision and we have achieved more over the intervening years than perhaps we
would have expected. It has been my pleasure to support the development of her
research group and | have the utmost faith in her ability as the group continues on
their scientific journey.

Of course, | must thank lan Macdonald for stepping into the role of second supervisor
at the eleventh hour. Not only did he provide an objective lens to my work, but also a

stable wisdom during the ups and downs of Helen’s and my time in Nottingham.

Perhaps the most important acknowledgments go to the other members of our
research group. To Maria Koromina, to Nicholas Rielly, to Braulio Martinez, to
Eleanor Bellows, and to Maria Haig. There is no doubt that colleagues can make
your working life effortless or they can make it a chore. Together, we have worked
hard to support each other in producing the best research we can and have grown to
become good friends. | hope that you continue to bring laughter into the lab and

make each day more successful and enjoyable than the last.

Outside of our research group, | would like to thank lan Mellor and his group for their
support and collaboration. | would like to thank Alexey Ruzov and his group for their
help with the immunohistochemistry. | would like to thank James Burston for his
general support in the lab. 1 would like to thank the technical staff in the Medical
School for their hard work every day of every year.

Outside of the University, | would like to thank my family for their support during the
completion of this thesis. Particular mention goes to my brother, with whom | have
had many discussions about our work and about academia in general. He is a
fountain of knowledge that I will no doubt persist in tapping in the future. | think he

would agree that the best part of doing a PhD is finishing it.

Finally, 1 would like to thank the University of Nottingham for awarding me with a PhD

studentship and for providing me with the facilities to complete my research.

1ii



Abstract

Epigenetic modifications are under increasing scrutiny in research of health and
disease states. The most commonly researched epigenetic modification, DNA
methylation, is associated with familial forms of dementia, developmental delay
syndromes, and disparate cognitive phenotypes. This thesis investigates the
relationship between nucleotide methylation and brain disease using three distinct

approaches.

The majority of the thesis focuses on a genetic variant located within a DNA
methyltransferase, DNMT3L R278G, which had previously been associated with
intelligence scores in a Scottish birth cohort. Data was utilised from the Oxford
Project To Investigate Memory and Aging, specifically the VITACOG cohort of
individuals who have mild cognitive impairment and who received B vitamin
treatment over a two-year period. It was discovered that minor allele carriers of the
R278G variant who received B vitamin treatment showed improved visuospatial
associative memory, but diminished verbal semantic memory. These effects were
reflected in rates of brain atrophy for these individuals over the course of the two-
year study. In silico modelling suggests that the R278G variant disrupts the
DNMT3A-3L complex required for de novo methylation.

Investigation of genetic variants in methylation genes was by examining next-
generation sequencing data from the UK10K project for multiple intellectual disability
and autism spectrum disorder cohorts. Thirty DNA and RNA methylation genes were
investigated to identify rare coding variants these cohorts. Case-control analysis of
these intellectual disability and autism cohorts compared to the TwinsUK general
population controls identified four rare missense variants associated with risk for
disease. As these variants were found only in individuals with intellectual disability
comorbid with psychiatric disease, the findings suggest that these variants contribute

to disease risk for a specific clinical population.

DNA methylation is a dynamic process where demethylation of 5mC results in the
formation of further methylation marks including 5hmC and 5caC. An optimised
immunohistochemical method was used to detect 5hmC and 5caC modifications in
multiple regions of human brain tissue. Initial characterisation confirmed the near-
ubiquitous presence of 5hmC in the human brain. Further, substantial 5caC staining

was recorded in the human cerebellum that was absent in all other brain regions,
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signifying an as-of-yet unidentified relationship between this methylation mark and

cerebellar function.

Taken together, the different strands of investigation carried out in this thesis have
substantiated the importance of nucleotide methylation in dementia progression,
intellectual disability, and healthy brain function. Our use of well-curated cohort
studies provides the basis for further investigation into methylation patterns and their
role in the pathogenesis of multiple brain diseases.
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1. General introduction

1.1. Brain diseases

Brain disease is a relatively new term that refers to the myriad of neurological and
psychiatric disorders associated with abnormal brain function. In many countries, the
prevalence of neurodegenerative, neuropsychiatric and neurodevelopmental
disorders is on the increase and presents a major burden to successive
governments, with the cost of brain diseases in Europe alone estimated at nearly 800
billion euros in 2010 (DiLuca and Olesen, 2014).

Neuropsychiatric disease refers to mental conditions that have been historically
associated with psychiatric research, characterised in the Diagnostic and Statistical
Manual of Mental Disorders Fifth Edition (Association, 2013), rather than particular
diseases of the neurological system covered by pure neurology. The most notable of
these neuropsychiatric diseases include depression such as major depressive
disorder (MDD), combinations of mania and depression such as bipolar disorder
(BPD), or episodes of more serious psychotic symptoms such as those observed in
schizophrenia (SCZ). Notable modern additions to neuropsychiatry include eating
disorders such as bulimia and obsessive-compulsive disorder, a condition

characterised by intrusive behavioural routines.

Neurodegenerative diseases are perhaps the most pertinent category of brain
diseases being researched today owing to increasing life expectancy and thus an
increasing number of elderly individuals developing neurodegenerative conditions.
This growing prevalence of neurodegenerative diseases creates an obvious burden
on families and social care providers. Alzheimer’s disease (AD), the most common
form of dementia, is characterised by problems with memory and is typically classed
as a tauopathy due to the build-up of tau protein (alongside amyloid beta plaques) in
the brain. Parkinson’s disease (PD), the second most common form of dementia,
manifests with characteristic motor problems and is typically classed as a
synucleiopathy due to the accumulation of alpha-synuclein protein in the brains of
those with PD. However, there is substantial biological and symptomatic crossover
between these two categories of neurodegeneration, highlighting the difficulty in
classifying these pathologies (Moussaud et al., 2014). Aside from these more

common forms of dementia, neurodegeneration also includes diseases such as



motor neurone disease, characterised by the death of neurons associated with

voluntary motor control, and prion diseases such as Creutzfeldt-Jakob disease.

Neurodevelopmental disorders describe a number of disease categories that are
associated with impaired neurological and cognitive growth. Intellectual disabilities
(ID) describe some forms of neurodevelopmental disease that are primarily
associated with impairments in cognitive function and delays in reaching expected
developmental milestones. In comparison to neuropsychiatric and neurodegenerative
conditions, the cause of some forms of intellectual disability have been putatively
identified through genetic studies. Examples of this include Fragile X syndrome and
Down syndrome, disorders that manifests with multiple physical symptoms and
varying deficits to cognitive function. In comparison, there are other forms of
neurodevelopmental disorder that share characteristics with intellectual disability, but
the causes of which are not well understood. One prominent example is autism
spectrum disorders (ASD), a range of conditions that are often characterised by
altered social function and repetitive behaviours, but also comorbidity with symptoms

of intellectual disability (Matson and Shoemaker, 2009).

1.1.1. Cognition and brain diseases

Whilst there are many phenotypes associated with neurodegenerative,
neuropsychiatric, and neurodevelopmental diseases that are physical in nature, the
emphasis of this study will be on cognitive functions affected by disease and most
principally those implicated in neurodegenerative conditions. Cognition is an umbrella
term that covers all conscious and unconscious aspects of mental function
associated with human behaviour. Owing to the breadth of individual traits covered
by cognition, researchers have utilised endophenotypes borne out of psychology and
psychiatry research to segregate mental functions related to specific diseases or
aberrant behaviours, and incorporate these endophenotypes into empirical study
(Flint and Munafo, 2007).

Much of our understanding of functional specialisation within the brain, namely the
modulatory of neurological regions that are associated with distinct cognitive
functions, began with studies of individuals who had suffered damage to particular
areas of the brain. These lesion studies helped to clarify that structural deficits in
specific brain regions can correspond to certain symptoms, but also that symptoms

can occur without structural damage to the brain, referred to as damage to the
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cognitive system (Kosslyn and Intriligator, 1992). Likewise, our developing
understanding of the nuances of cognition has been aided by studies of individuals

with neurodegenerative, heuropsychiatric, and neurodevelopmental disease.

Due to the biological and phenotypical spectrum associated with brain disorders,
both genetic and neuroscientific research has attempted to focus on key phenotypes
associated with specific brain diseases (Green et al., 2008). A key endophenotype
within cognition is memory performance. Memory is commonly divided into
declarative (conscious) and non-declarative (non-conscious) recollection (Graf and
Schacter, 1985), with further distinctions between two forms of declarative memory;
episodic memory dealing with individual events, and semantic memory dealing with
forms of knowledge (Tulving, 1972). Impaired memory performance is a critical
cognitive measure analysed in many brain diseases, particularly neurodegenerative
disorders such as AD where the principal symptom is memory deficits (Perry et al.,
2000).

In 1988, the Oxford Project to Investigate Memory and Ageing (OPTIMA) set out to
improve understanding of dementia through a number of longitudinal studies
principally investigating individuals with AD. Some of these studies also included
individuals with mild cognitive impairment (MCI) which is thought to be a precursor or
prodromal stage of dementia (Grundman et al., 2004). The findings of the OPTIMA
research have consistently highlighted memory performance as a prominent indicator
of MCI and AD progression respectively (De Jager et al., 2003). Research has
highlighted episodic, semantic, and working memory deficits in both AD and MCI,
underlining the importance of memory processing to the development of dementia
(Belleville et al., 2007, Dudas et al., 2005).

Although the main focus of this thesis will be neurodegeneration and related
cognitive endophenotypes such as particular facets of memory performance, there
are aspects of neuropsychiatric and neurodevelopmental disease that are relevant to
this work. Memory problems are reported in some neuropsychiatric and
neurodevelopmental diseases, such as SCZ and specific forms of ID, but not
consistently or with the same specificity as neurodegenerative memory complaints
(Leyfer et al., 2006, Schuchardt et al., 2010). More stable comorbid symptoms
include depressive symptoms, a hallmark of many neuropsychiatric disorders but
also prevalent in individuals with dementia (Jorm, 2001). Interestingly, individuals

with ID and ASD can present with psychiatric symptoms, most commonly those
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associated with schizophrenia (Morgan et al., 2008, Rapoport et al., 2009). Thus,
whilst our emphasis is on memory performance, one should be aware of the level of
overlap between neurodegenerative, neuropsychiatric, and neurodevelopmental

diseases.

1.1.2. Genetics and brain diseases

Despite the number of publications investigating the genetic mechanisms underlying
neurodegenerative, neuropsychiatric, and neurodevelopmental disorders, there is still
a large gap in our understanding of the genetic contribution to disease risk. In the
case of neurodegenerative diseases, there have been successes in identifying
genetic variants that transmit substantial risk for developing specific forms of
dementia. For instance, genetic linkage studies of dementia led to the identification of
key risk factors for early-onset familial AD, namely amyloid precursor protein (APP),
presenilin 1 (PSEN1), and presenilin 2 (PSEN2). Moreover, apolipoprotein E4
(APOEA4) is now recognised as the largest genetic risk factor for late onset AD
(Bertram and Tanzi, 2008).

These genes have all been implicated in the amyloid hypothesis (Hardy and Higgins,
1992), a prominent theory which posits that abnormal production of the protein
amyloid beta (AB) results in neuritic plaques distinctive of AD pathology (Hardy and
Selkoe, 2002). In the resulting years, a number of loci related to AD have been
identified through genome-wide association studies (GWAS) (Medway and Morgan,
2014). However, it has been conceded that such genome-wide analysis has
overlooked a significant portion of rare genetic variance (Ridge et al., 2013,
Wellenreuther and Hansson, 2016). This raises questions as to whether established
genetic approaches can identify substantial genetic variation in complex disorders
such as AD (Bertram, 2011).

Genetic investigations of MCI have been relatively sparse given that the disorder
only received accepted criteria around a decade ago and debate surrounding the
validity of the disorder still remains (Petersen et al., 2014). Yet, promisingly, multiple
studies have also highlighted APOE4 as the most significant risk factor in MCI
(Andrawis et al., 2012, Mackin et al., 2013) as well as being a risk factor in the
progression from MCI to AD (Singh et al., 2012). This supports the observation that
amyloid pathology is prevalent in a significant number of MCI cases (Wolk et al.,

2009), providing evidence for MCI as a precursor to dementia as well as for the
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amyloid hypothesis in general. However, inconsistencies have been reported in the
pathology of MCI, with expected neuropathological markers identified in individuals
with no signs of cognitive impairment (Stephan et al., 2012). Also, attempts to
uncover genetic variants through GWAS have so far been largely unsuccessful. For
instance, a recent study identified a number of loci associated with cognitive
impairment in MCI, none of which reached significance without the addition of
APOE4 (Carrasquillo et al., 2015).

With regards to neuropsychiatric disorders, much research has been conducted into
SCZ following the early observations that risk of this disorder was higher in relatives
of affected individuals, particularly in monozygotic twins, compared to the general
population (Sullivan et al., 2003). The most notable genetic risk factor identified from
families a chromosomal abnormality affecting the gene disrupted in schizophrenia 1
(DISC1). While questions have been raised about the validity of the DISC1
association, it remains the clearest genetic contributor to the disease (St Clair et al.,
1990, Sullivan, 2013). In the intervening years, studies have highlighted other
neuropsychiatric genetic risk factors such as coding variants within the ATP-binding
cassette sub-family A member 13 (ABCA13) gene (Knight et al., 2009). Moreover,
GWAS research has identified a haplotype in the major histocompatibility complex
(MHC), a crucial region in immunity, which is associated with risk of SCZ
(International Schizophrenia et al., 2009). These and other authors also note the
shared genetic risk between SCZ and BPD, providing some promise of a detectable

genetic component to neuropsychiatric disease (Hodgkinson et al., 2004).

The genetics of neurodevelopmental disorders exemplifies both the successes and
the challenges in identifying genetic risk factors for specific diseases. As already
mentioned, the cause of some forms of ID has been conclusively attributed to genetic
disruption. Fragile X syndrome is caused by mutations to the fragile X mental
retardation 1 (FMR1) gene, most commonly causing expansion of CGG trinucleotide
repeats in the 5" untranslated region (UTR) (Pieretti et al., 1991). Similarly, Down
syndrome is caused by the presence of an extra full or part copy of chromosome 21
(Lejeune et al., 1959). However, the genetic contribution to other forms of
neurodevelopmental disease has remained difficult to identify. For example, ASD
presents with high heritability in twin studies but candidate gene studies have
struggled to identify any significant risk for the disease, with the only notable success
coming from studies of copy number variation (CNV) (Marshall and Scherer, 2012,
Persico and Napolioni, 2013, Tick et al., 2016). GWAS results have also been
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unsuccessful at replicating any identified candidate variants in large number of
individuals with ASD (Torrico et al., 2017).

To tackle some of the difficulties associated with identifying or replicating variants of
interest, recent genetic research into brain diseases has focused upon the
contribution of rare variants. This has been made possible thanks to the growing
number of next-generation sequencing (NGS) datasets being produced from cohorts
across the world. Promisingly, application of this approach in family studies has
already identified rare variants associated with risk for forms of ID and motor neurone
disease (Karaca et al., 2015, Smith et al., 2014). Investigation of key disease genes,
such as PSEN1 and PSEN2 for AD or DISC1 for SCZ, has also identified rare
variants linked to disease risk (Sassi et al., 2014, Teng et al., 2017). Furthermore,
the examination of functional annotation has begun to influence the search for rare
variants. For example, studies looking at loss-of-function (LoF) variants, those that
will disrupt the production of a functioning protein, have discovered likely-pathogenic
rare variants in both AD, SCZ, and ASD (Kenny et al., 2014, Steinberg et al., 2015).

1.2. Epigenetics

In most cases of brain disease, pathology is considered to be attributed to the
interactive influence of genetic and environmental factors. Environmental factors
might include a number of elements, from social aspects such as education or socio-
economic status, to health aspects such as diet or drug use, or the impact of life
events such as traumatic experiences. Despite this multitude of environmental
factors, many traits in health and disease are believed to be influenced mainly by
heritability (Manolio et al., 2009). This has highlighted an issue of ‘missing heritability’
in genetic research as, although many conditions are known to be highly heritable,

studies have failed to identify genetic components to explain much of this heritability.

A number of possible explanations have been put forward for the inability to explain
missing heritability, mostly concerning the potential for rare variants of large effect to
exist that are not investigated through GWAS genotyping (Figure 1.1). However,
other possibilities including the statistics used in GWAS analysis, the
underestimation of the polygenic nature of genetic effects on specific traits, the
difficulty in characterising measurable disease traits for genetic studies, or the idea
that estimates of missing heritability could be vastly overestimated (Lee et al., 2011,
Zuk et al., 2012).



Allele frequency

FIGURE 1.1. A model proposing the classification of genetic risk variants according
to allele frequency and proposed size of effect. Rare alleles are known to cause
Mendelian disease, whereas low frequency variants with intermediate effect and
common variants implicated in common disease by GWAS are those that have been
most well-studied. Figure taken from Manolio et al. (2009).



In an effort to explain the as-of-yet unidentified factors that act alongside known
genetic variants in conferring risk of brain disease, research has turned to exploration
of epigenetic mechanisms. The term epigenetics broadly refers to changes to the
genome that do not directly alter the nucleotide sequence itself, stemming from the
prefix “epi” which means “over” or “around”, but can influence the activity of genes
and production of proteins. The list of biological mechanisms involved in carrying out
epigenetic changes to the genetic landscape, as well as our understanding of them,
is growing rapidly. Broadly, the major forms of epigenetic modification can be divided
into those associated with DNA and those associated with RNA. Amongst the most
prominent is the methylation of particular nucleotide bases in DNA and RNA, with
forms of DNA methylation being the predominant focus of this study. However, there
are other notable epigenetics mechanisms including various modifications of the
histone proteins that package DNA into nucleosomes within cell nuclei, other
chromatin remodelling mechanisms that restructure nucleosomes, and regulation of

genetic regions through microRNA (miRNA) interactions.

There are a number of reasons why epigenetics has raised interest in the field of
brain disease. One of the most compelling reasons is that epigenetics provides a
mechanism of interaction between the environment and one’s genetic make-up.
Environmental factors have been shown to act via epigenetic pathways in certain
disease phenotypes, particularly cancer (Herceg, 2007). Secondly, epigenetic
modifications exhibit both stable and dynamic properties. For example, epigenetic
alterations are defined as changes that are heritable through cell reproduction, akin
to a cellular memory (Bird, 2002), although the extent to which epigenetic alterations
are heritable across generations in humans is open to debate (Slatkin, 2009).
Nevertheless, despite the potential for these changes to persist during the lifetime,
epigenetic modifications can also vary over time (Fraga et al., 2005) and in response
to environmental factors (Alvarado et al., 2014). These elements have identified
epigenetics as potentially important tool in elucidating the interplay between genetic

and environmental risk factors for brain diseases (Iraola-Guzman et al., 2011).

1.2.1 DNA and RNA methylation

The most comprehensively studied of the aforementioned epigenetic processes is
DNA methylation. The best-known form of DNA methylation is the addition of a
methyl group to the 5™ carbon of cytosine nucleotide bases and hence is referred to

as 5-methylcytosine (5mC). This alteration to the nucleotide sequence has most
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commonly been associated with the repression of normal genetic transcription,
leading to down-regulated gene expression from the methylated genetic locus. 5mC
modifications were first characterised and have been heavily researched at CpG
dinucleotides (Guo et al., 2011), areas of the genome where cytosine and guanine

nucleotides are found beside one another.

The regulation of DNA methylation is carried out by groups of proteins that add the
5mC modification (known as “writers”), interact with the methylated site (“readers”),
and assist in removing the methyl groups during demethylation (“erasers”)
(Jakovcevski and Akbarian, 2012). The interaction of these proteins with CpG
dinucleotides is central to the primary function of DNA methylation, namely regulating
transcriptional activity. This can occur when transcriptional machinery is directly
impeded by the physical presence of the methyl group or through recruitment of
reader proteins, which in turn enlist protein complexes that promote a closed
chromatin conformation and subsequent repression of transcriptional activity (Curradi
et al., 2002).

The creation of 5mC marks is principally carried out by a group of “writer” proteins
known as DNA methyltransferases (DNMTs). DNMTSs recognise cytosine nucleotides
within a DNA strand and facilitate the nucleophilic substitution of a methyl group to
this substrate base (Smith et al., 1992). Within this family of proteins, the process of
DNA methylation is further characterised as either maintenance or de novo
methylation. Maintenance methylation, principally associated with DNMT1, describes
the molecular preservation of 5mC marks through cell replication, ensuring that
patterns of methylation persist in a heritable manner (Berdasco and Esteller, 2013).
DNMT1 also promotes the continuation of DNA methylation by specifically targeting
the unmethylated strands of hemimethylated DNA (Plass et al., 2013).

De novo methylation, associated with the function of DNMT3A, DNMT3B, and
DNMTS3L, describes the addition of new methyl groups to unmethylated CpG
dinucleotides. In order to carry out this task, the non-enzymatic DNMT3L has been
shown to form a tetrameric complex with the catalytically active DNMT3A (Figure
1.2), stabilising the conformation of DNMT3A and supporting more productive DNA
methylation (Jia et al., 2007). In addition, by recognising histone H3 methylation,
DNMTS3L can guide the DNMT3A-3L complex to carry out methylation at specific

nucleotides (Ooi et al., 2007). Although less evidence exists for the interaction



between DNMT3B and DNMT3L, one would assume that it shares functional
similarities with the DNMT3A-3L complex.

Although DNA methylation has been the most heavily studied of all epigenetic
mechanisms and is the primary focus of this thesis, the burgeoning field of RNA
methylation will also be included in some of our analysis. 5mC modifications are
found in RNA, but have been more strongly associated with bacteria, archaea, and
other mammalian species as opposed to humans (Edelheit et al., 2013, Fu et al.,
2014). In humans, the predominant form of RNA methylation is N8-methyladenosine
(mBA), the addition of a methyl group at the 6™ nitrogen of adenosine nucleotide
bases. As with DNA methylation, m®A RNA methylation has its own group of readers,
writers, and erasers that add, interact with, and remove the modification. Where
interactions with DNA methylation modifications are associated with transcriptional
regulation, RNA methylation is associated with regulation of post-transcriptional and
translational activity (Zhao et al., 2017). Pertinently for this thesis, work using model
organisms has already discovered links between proteins involved in RNA

methylation and brain function (Lence et al., 2016).

1.2.2. Dynamic DNA methylation

DNA methylation and the associated proteins play an important role in healthy
development and modulation or disruption of epigenetic patterns could be relevant to
human disease. For instance, DNMT1 (along with other proteins associated with
DNA methylation and histone modifications) is necessary in maintaining parental-
specific epigenetic marks during development, termed genetic imprinting (Li and
Sasaki, 2011). Whilst it is still unclear how these marks survive the genome-wide
epigenetic reprogramming that occurs during preimplantation (Berdasco and Esteller,
2013), research has consistently implicated the loss of DNMT1 during this period
with abnormal development (McGraw et al., 2015). Moreover, work has
demonstrated that imprinting genes are predominantly expressed in the brain and

are particularly important to brain function (Wilkinson et al., 2007).

The majority of research into DNA methylation has focused on the suppression of

genetic transcription, particularly associated with promotor regions that contain high
densities of hypomethylated CpG dinucleotides, termed CpG islands (lllingworth and
Bird, 2009). These areas can be important in disease research, as hypermethylation

in CpG islands has been heavily associated with the development of cancer (Herman
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and Baylin, 2003). Recent work has rapidly expanded our knowledge of
characteristic areas of DNA methylation (Figure 1.3). Around these CpG islands are
areas of differential methylation named shores and shelves, with reports of tissue
and disease specific methylation patterns in these regions (Alelu-Paz et al., 2016,
Doi et al., 2009). Interestingly, specific forms of CpG islands hamed ravines have
been identified, where low levels of methylation in the CpG island contrast with
consistently high levels of methylation in the shores and shelves (Edgar et al., 2014).
Large genomics regions that contain only isolated CpG sites are referred to as the
open sea (Sandoval et al., 2011). Finally, DNA methylation canyons are areas of low
methylation, whilst DNA methylation valleys are areas of low methylation that contain
genes important in early developmental regulation (Jeong et al., 2014, Xie et al.,
2013).
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FIGURE 1.2. Model of the DNMT3A-3L tetramer complex with DNA in situ. The
interaction sites (teal for DNMT3A, purple for DNMT3L) for this complex and the
active sites in DNMT3A (red) are highlighted.
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FIGURE 1.3. Depiction of the methylation environment. CpG islands were
characterised as areas with a CpG content at least 60% greater than expected, often
associated with promoter regions. Surrounding these islands are shores (up to 2kb)
and shelves (2-4kb) where DMRs (areas of differential methylation) have been
reported. Ravines are islands with a low CpG content but surrounded by highly
methylated shores and shelves. The open sea describes large genomic areas with
only isolated CpGs. Canyons are conserved regions of low methylation. Finally,
valleys are regions mostly lacking in methylation but which harbour genes important
in early developmental regulation.
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Aside from these areas of CpG methylation, the epigenetic landscape has been
complicated further by the identification of non-CpG or CpH methylation, where the H
equals A, C, or T nucleotides. These sites could prove to be particularly important in
brain disease as they are found in high levels in neurons. Indeed, CpH methylation
levels increase most rapidly during synaptogenesis in the developing brain
(Huttenlocher and Dabholkar, 1997). Much like CpG methylation, CpH methylation
has been associated with transcriptional repression as opposed to activation and is
maintained by de novo DNMTs (Guo et al., 2014). More detailed patterns of CpH
methylation are also beginning to emerge, with tissue specific motifs identified in
humans and the identification of large regions lacking CpH methylation, termed CpH
deserts (Lister et al., 2013, Schultz et al., 2015).

The DNA methylation landscape is complex and our understanding of regional
patterns of methylation is still developing. Another interesting feature of CpG
methylation is that it is not stable throughout life. Patterns of methylation are dynamic
and can be converted into other oxidised forms of DNA methylation known as 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine
(5caC). These further methylation modifications are converted via active or passive
DNA demethylation. Passive demethylation occurs via the absence of DNMT1 during
cell replication, whilst active demethylation involves the oxidation of these further
methylation marks by Ten-eleven translocation methylcytosine dioxygenase (TET)
enzymes (Wu et al., 2014) (Figure 1.4). 5fC and 5caC are then converted back to
unmethylated cytosine by Thymine-DNA glycosylase (TDG) through base excision
repair (BER) mechanisms (Neri et al., 2015). Deamination of 5hmC to cytosine has
been suggested, but is not favoured in comparison to the BER pathway (Wu and
Zhang, 2010).
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FIGURE 1.4. Pathways of active and passive DNA demethylation. The dominant
view of active demethylation is that 5fC and 5caC are converted back to cytosine via
TDG-mediated base excision repair (BER), but deamination of 5hmC via
AID/APOBEC has also been suggested. Passive demethylation can occur — in the
absence of DNMT1 — during cycles of cell division and DNA repair, with the
incorporation of non-methylated strands diluting the presence of methylation as cell
division continues.
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The identification of these further methylation modifications has helped researchers
to understand that DNA methylation is involved in more than transcriptional
suppression. Indeed, it should be noted that CpG methylation in areas other than
promotor regions, such as intragenic 5mC marks, has been associated with
transcriptional activation as opposed to suppression (Ball et al., 2009). Similarly,
5hmC enrichment in gene bodies is associated with active transcription of these
genes (Wu et al., 2011). Not only is 5hmC found abundantly in the brain, but the
distribution of 5hmC within the brain correlates positively with areas pertinent to
cognitive function such as the hippocampus and the cerebral cortex (Munzel et al.,
2010). Moreover, levels of 5ShmC have been shown to increase throughout
neurodevelopment (Szulwach et al., 2011), providing further evidence that the
dynamic qualities of DNA methylation play an important role in the health of the
brain. There is comparatively less evidence surrounding the location and function of
5fC and 5caC, but they also appear to regulate transcription and have been
successfully detected in brain tissue (Condliffe et al., 2014, Sayeed et al., 2015).

1.3. DNA methylation and cognitive phenotypes

1.3.1. Brain disease

As stated earlier, the main focus of this thesis will be on cognitive endophenotypes
relevant to dementia progression. A number of studies have recently investigated
whether significant hypermethylation or hypomethylation events are associated with
dementia. Recent work by Lunnon et al. (2014) inspected differentially methylated
regions (DMRs) in brain areas associated with AD pathology, corroborating previous
reports of significant hypermethylation in the ankyrin 1 (ANK1) gene within the
entorhinal cortex. Further, it was shown that these methylation events regulated
specific isoform expression of ANK1 and that certain isoforms correlated strongly
with pathology. The regulation of specific isoform expression by methylation is also
crucial to the largest genetic risk factor, APOE E4. Exon 4 of the APOE gene, the
location of the polymorphism for the E2, E3, and E4 variants, includes a
hypermethylated CpG island. Moreover, the level of methylation at this locus appears
dependent on the APOE variant one inherits (Yu et al., 2013). This means that the
two encoding APOE E4 variants are not only key genetic risk factors, but could be
potentially significant epialleles in dementia pathogenesis. Indeed, the presence of
an APOE E4 allele has been shown to affect a downstream methylated CpG island,

potentially disrupting the regulatory role of this region (Wang et al., 2008).
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The discovery of important methylation events in APOE has been corroborated in
other AD risk genes. The amyloid precursor protein (APP) gene that encodes for the
amyloid protein, the most definitive sign of AD pathology, presents with aberrant
methylation patterns in individuals with AD (Iwata et al., 2014). Furthermore,
differential methylation within and upstream of triggering receptor expressed on
myeloid cells 2 (TREM2), another risk gene for AD, has been reported (Ozaki et al.,
2017, Smith et al., 2016). Aside from targeted methylation, genome-wide sequencing
of the methylome has also revealed changes in the genome of individuals with
dementia. Methylation sequencing of the temporal cortex of AD patients has revealed
hundreds of DMRs enriched in genes associated with brain function and AD
pathology (Villela et al., 2016, Watson et al., 2016). Moreover, extension of this
sequencing has posited that patterns of methylation change in genes associated with
brain function could underlie multiple forms of neurodegeneration (Sanchez-Mut et
al., 2016).

As well as changes in DNA methylation patterns, abnormal levels of certain proteins
involved in the process of DNA methylation have also been reported. For instance,
Mastroeni et al. (2010) investigated a selection of methylation proteins in the
entorhinal cortex of AD post-mortem brain tissue, confirming that DNMT1 and the
“reader” methyl-CpG-binding domain protein 2 (MBD2) were significantly depleted.
Furthermore, treatment of human SH-SY5Y cells with suggested environmental risk
factors for AD, such as lead, resulted in a significant decrease in the messenger
RNA (mRNA) levels of DNMT1, DNMT3A, and the “reader” methyl-CpG-binding
protein 2 Rett syndrome (MECP2) (Bihagi and Zawia, 2012). Moreover, genes
associated with BER, a key element of active demethylation, appear to be
downregulated in AD patients (Sliwinska et al., 2017). Methylation changes have also
been observed within DNA methylation genes themselves in dementia. For example,
both DNMT1 and methylenetetrahydrofolate reductase (MTHFR), which remethylates
methionine necessary for methyl donation, were shown to be hypomethylated in AD

brain samples (Wang et al., 2008).

Recent focus has turned to the development of dementia and DNA methylation
changes that could precede a diagnosis of AD, with the most notable being
associated with MCI. Assessment of global methylation in multiple brain regions from
individuals with MCI discovered lower 5mC levels compared to AD and higher 5hmC

levels compared to both controls and AD (Ellison et al., 2017). Methylation signatures
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in MCI have also been observed for a number of genetic loci. Levels of methylation in
the promotor regions of condensin-2 complex subunit H2 (NCAPH2), which encodes
for a protein associated with cell division and apoptosis, are significantly depleted in
both AD and MCI (Kobayashi et al., 2016). Moreover, the amount of methylation in
this region correlates with the rate of brain atrophy specifically in the hippocampus,
providing a link between methylation changes and pathology during dementia
progression (Shinagawa et al., 2016). Another notable gene is brain-derived
neurotrophic factor (BDNF), which is implicated in many important brain processes
such as synaptic transmission and neurogenesis as well as a number of brain
diseases including AD (Patterson et al., 1996, Phillips et al., 1991, Scharfman et al.,
2005). Research has shown that hypermethylation occurs in the promoter region of
the BDNF gene in AD and MCI, and that higher levels of methylation at specific CpG
dinucleotides in this region are associated with conversion from MCI to AD (Xie et al.,
2017a, Xie et al., 2017hb).

Aside from dementia progression, this thesis will also investigate individuals with ID
and ASD. As with studies of dementia, research has indicated a key role for DNA
methylation patterns and genetic variants associated within methylation proteins in
these neurodevelopmental conditions. One of the most notable examples is Fragile X
syndrome, where the genetic cause is known but the intellectual ability of sufferers
can range from unaffected to severely disabled (Garber et al., 2008). However, early
work identified DNA methylation patterns as a potential influence on phenotypic
variability in this disorder. McConkie-Rosell et al. (1993) determined that levels of
hypermethylation in the FRM1 region were associated with reduced penetrance for
cognitive deficits seen in Fragile X syndrome, a discovery that has recently been
shown to act as a biomarker for intellectual impairment in this disorder (Godler et al.,
2012). Further examples of ID have been connected to mutations in the machinery
that carries out DNA methylation, such as some individuals with a rare form of
overgrowth syndrome including intellectual disability, a phenotype caused by
mutations in DNMT3A (Tatton-Brown et al., 2014). Another notable example is Rett
syndrome, a neurodevelopmental disorder characterised in part by intellectual
deficiencies (Neul et al., 2010), where the vast majority of cases are caused by
mutations in the methylation “reader” MECP2 (Moretti and Zoghbi, 2006).

With regards to ASD, there have also been some links between gene promoter
methylation and the prevalence of this disease. For instance, aberrant methylation

patterns in the promoter region of MECP2 have been reported in individuals with
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autism and appear to correlate with a reduction of MECP2 expression in ASD brains
(Nagarajan et al., 2006, Nagarajan et al., 2008). However, a greater number of
studies have investigated global changes to DNA methylation patterns in ASD.
Multiple significant DMRs have been identified from the brains of individuals with
ASD compared to controls, as well as in twin pairs discordant for ASD (Ladd-Acosta
et al., 2014, Wong et al., 2014). Comparison of methylome and transcriptome data
has confirmed that hypomethylation of genetic regions in ASD correlates with
overexpression of these respective genes. Moreover, many of these genes were
associated with key brain functions such as synaptic pruning (Nardone et al., 2014).
An interesting connection has also been made with the parents of offspring with
ASD. DMRs associated with ASD severity in offspring have been identified in
paternal sperm, mostly in genes associated with brain development (Feinberg et al.,
2015). The methylation differences seen in those with ASD has led to the formulation
of a redox/methylation hypothesis of autism, where oxidative stress disrupts normal
DNA methylation and subsequently impairs neural function (Deth et al., 2008). That
altered methylation and antioxidant behaviour has also been observed in the parents
of offspring with ASD suggests that any heritable portion of ASD may be related to
disruptions in DNA methylation (James et al., 2008).

1.3.2. Learning and memory

Outside of the study of disease phenotypes, a growing body of research has
investigated the association between DNA methylation and cognitive function in
healthy individuals or model organisms. Moreover, much of this research has
focused on learning and memory, often viewed as related cognitive functions
because both processes rely on each other to realise an operational system of
remembering. In neuroscientific terms, both learning and memory are closely
associated with synaptic plasticity, a term which describes the modulation of synaptic

strength related to activity-dependent synaptic modifications (Takeuchi et al., 2014).

A key issue in the general scientific understanding of memory is the molecular
persistence of any given memory trace within the brain, commonly referred to as the
engram. Crucially, it has been proposed that epigenetic mechanisms such as DNA
methylation could explain how the biological perpetuation of specific memories takes
place. Indeed, as highlighted in a review by Day and Sweatt (2011), the notion of
DNA methylation being involved in the process of learning and memory has long

been discussed (Griffith and Mahler, 1969). The combination of de novo and
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maintenance methylation accounts for the formation and stable preservation of
specific epigenetic marks, whilst the demethylation of 5hmC, 5fC, and 5caC provides
a mechanism for the controlled removal of these marks. These mechanisms are

necessary features of a molecular candidate for the engram (Callaghan et al., 2014).

Distinct patterns of DNA methylation have been identified during the process of
memory formation and storage. As already discussed, the BDNF gene is important in
both brain development and risk for brain diseases. It has also been strongly
implicated in the consolidation of synaptic connections that underpin long term
memory (Lu et al., 2008), supported by diminished BDNF activity in
neurodegeneration (Mattson et al., 2004). Work utilising rodent models has
discovered that an increase in BDNF transcription correlates with a decrease in
methylation in the BDNF promoter region (Martinowich et al., 2003), whilst interaction
with the repressive DNA methylation “reader” protein MECP2 can too influence
BDNF expression (Chen et al., 2003). Associative learning studies in rodents have
also shed light on patterns of methylation during memory formation and storage.
Miller and Sweatt (2007) investigated DNA methylation changes in the hippocampus
immediately after fear conditioning training, which revealed increased methylation of
the memory inhibiting gene protein phosphatase 1 (PP1) coupled with decreased
methylation of the memory facilitating gene reelin (RELN). Further analysis illustrated
the dynamic nature of DNA methylation, in that the methylation changes to PP1 and
RELN had both returned to baseline levels after 24 hours. In order to develop these
findings, Miller et al. (2010) extended the examination of fear conditioning to cortical
areas associated with memory storage, such as the dorsomedial prefrontal cortex
(dmPFC). Following fear conditioning, an increase in promoter methylation at the
memory inhibiting gene calcineurin (CaN) was observed in the dmPFC, an alteration

which persisted for 30 days.

To further confirm the role of DNA methylation in learning and memory, Miller et al.
(2010) reported that inhibition of DNMTs in the dmPFC resulted in disrupted memory
performance, but only 48 hours after the fear conditioning training took place. In
contrast, inhibition of DNMTs in the hippocampus resulted in disrupted memory
formation, but had no effect on memory performance for previous conditioned
memories (Han et al., 2010), highlighting the discrepancy between memory formation
and storage within the brain. In support of these findings, a number of studies have
emphasised the role of DNMTs and other DNA methylation proteins in learning and

memory. Feng et al. (2010) illustrated that mice expressing genetic knockout (KO) of
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both DNMT1 and DNMT3A showed evidence of disrupted synaptic plasticity. The
animals exhibited loss of long-term potentiation (LTP), the strengthening of synaptic
connections associated with learning and memory, alongside greater long-term

depression (LTD), the weakening of synaptic connections.

Decreasing levels of DNMT3A have been linked to age related memory problems
and wider cognitive deficits, with experimental overexpression of DNMT3A in the
mouse hippocampus shown to ameliorate these issues (Oliveira et al., 2012). This
work also showed that decreased DNMT3A expression was linked to transcriptional
suppression of genes involved in synaptic plasticity, exemplifying the relationship
between DNA methylation and active (rather than simply repressed) transcription.
Other methylation proteins have also been affiliated with learning and memory, such
as members of TET protein family that have been implicated in the process of active
DNA demethylation (Kohli and Zhang, 2013). For instance, Rudenko et al. (2013)
found that mice expressing KO of TET1 present specific memory deficits coupled
with increased levels of LTD in the hippocampus. Therefore, there is a large body of
work suggesting that disruption of the DNA methylation machinery can have

significant influence upon memory function in particular.

Research has also been carried out into the association between DNA methylation
patterns and intelligence (IQ), a trait that is believed to be highly heritable and could
be influenced by epigenetics (Davies et al., 2011). Indeed, recent research has
argued that some facets of memory, such as the manipulation of short-term
information termed working memory, are in fact highly related to the intelligence
scores generated from standard intelligence tests (Alexander and Smales, 1997,
Colom et al., 2008). Genome-wide methylation studies have identified loci
significantly associated with intelligence, but neither of the genes (ARHGAP18 and
PRRC1) appear to be prominently linked to cognition (Rowe et al., 2013, Yu et al.,
2012a). Nevertheless, research concentrating on the methylation machinery has
implicated a member of the DNMT family in abnormal intelligence. Haggarty et al.
(2010) examined the association between chosen variants in each of the DNMT
genes with childhood and adult intelligence scores from two Scottish birth cohorts.
The minor allele of one particular variant in the DNMT3L gene, R278G (rs7354779),
was shown to correlate with greater average intelligence in childhood and in later life,

demonstrating that the function of DNMT3L may be closely linked to cognition.
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1.3.3. B vitamin studies in dementia and aging

A separate, but equally important, facet of DNA methylation in dementia is the
association with abnormally high levels of homocysteine (Hcy). Hcy is produced
during the methionine pathway within the one-carbon cycle (Figure 1.5), a
biochemical pathway that is integral to DNA methylation. Methionine, synthesised
from Hcy, is converted into S-adenosylmethionine (SAM) and then S-
adenosylhomocysteinase (SAH) before finally being converted back to Hcy (Mitchell
et al., 2014). SAM is a principal methyl donor for DNA methylation, but levels of this
substrate are diminished as Hcy levels accumulate in AD (Tchantchou et al., 2006).
This is also coupled with increased levels of SAH, which acts as an inhibitor of
DNMTs and further exacerbates the hypomethylation seen during dementia
progression (Lin et al., 2014). Crucially, research has also shown that elevated SAH
in AD cases correlates with poorer cognitive performance (Kennedy et al., 2004, Xu
and Li, 2012).

Another feature of the methionine cycle is the involvement of a number of key
vitamins, particularly vitamins B6, B12, and B9 (otherwise known as folic acid).
These vitamins aid the conversion of Hcy into methionine (vitamin B12 and folic acid)
or the antioxidant glutothionine (vitamin B6) respectively. Owing to the interaction
between the one-carbon cycle, inhibition of methylation machinery, and the
progression of cognitive decline in dementia, studies have looked to ascertain if
using the aforementioned vitamins as a treatment can lower Hcy levels and reduce
the risk of AD progression. Fuso et al. (2005) investigated the impact of methylation
and B vitamins in regulating other substantial genetic risk factors for AD, including
APP, PSEN1, and B-sectretase 1 (BACE) in neuroblastoma cell lines. As well as
revealing that these genes present hypomethylation of their promoter regions,
removal of vitamin B12 and folic acid from the cell medium resulted in depleted SAM

levels and increased expression of PSEN1 and BACE.
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In light of this, further trials have been performed to ascertain the impact of B vitamin
treatment on AD progression. Sun et al. (2007) administered vitamin B6, vitamin
B12, and folic acid to AD patients for 26 weeks. Whilst they saw a significant
reduction in Hcy levels in the treatment group compared to the placebo group, this
was not coupled with any significant change in cognitive performance. Indeed, Aisen
et al. (2008) completed a similar trial for 18 months and reported comparable
findings, as well as a risk of adverse psychological effects in the B vitamin treatment

group.

As previously mentioned, MCI is primarily characterised as a stage of cognitive
decline that lies in between cognitive performance associated with normal aging and
the deficits reported in AD. Despite being of broad clinical definition, subtypes
including amnestic MCI (focus on poor memory performance) and non-amnestic MCI
(focus on cognitive deficits excluding memory) have been constructed to aid
classification (Petersen et al., 2014). | have highlighted the small amount of research
investigating DNA methylation and cognitive decline in MCI earlier in this section, but
the relatively recent characterisation of MCI as a brain disease naturally limits the
amount of completed work in the literature. However, despite contention over the role
of Hey in dementia progression (Nilsson et al., 2012), studies have already identified
the reduction of Hcy levels through B vitamin treatment as a possible avenue of

investigation in MCI.

First, it has been shown that Hcy levels are significantly higher in sufferers of MCI
compared to unaffected elderly controls (Kim et al., 2007a). Furthermore,
significantly lower levels of SAM and a greater ratio of SAH to SAM have been
identified in MCI, with the authors asserting that this would compromise DNA
methylation potential, namely the potential for methyltransferases to carry out normal
methylation (Zheng et al., 2014). Second, in a study of both MCI and AD, Quadri et
al. (2004) confirmed that Hcy measurements increased sequentially from normal
aging, followed by MCI, with AD patients reporting the highest levels. Substantially,
this examination also discovered that those MCI individuals with the highest levels of
Hcy showed significantly impaired cognitive ability in comparison to those with lowest
levels of Hcy, providing evidence of a relationship between Hcy and cognitive

decline.

Following on from Quadri et al. (2004), the OPTIMA programme began a 2 year trial

named VITACOG that set out to investigate the impact of B vitamin treatment on Hcy
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levels, cognitive ability, and brain atrophy in a cohort of individuals with MCI. Smith et
al. (2010) published a comprehensive analysis of the trial which demonstrated that B
vitamin treatment had a considerable influence on these measurements of disease
burden in MCI. The group treated with vitamin B6, B12, and folic acid displayed a
slower rate of global brain atrophy compared to the placebo group, an effect which
was seen most prominently in those treated individuals who had high baseline Hcy
measurements. The rate of brain atrophy also correlated with poorer cognitive
performance, indicating that B vitamin treatment could abate cognitive decline.
Furthermore, this effect was replicated in analysis of brain regions that are
specifically linked to cognitive decline in dementia (Douaud et al., 2013). In a further
report on the VITACOG project, De Jager et al. (2012) analysed a broader set of
cognitive and clinical measurement tools to better assess the impact of B vitamin
treatment on individuals with MCI. As well as confirming that Hcy levels were
significantly reduced in the treatment group compared to the placebo group, treated
individuals who had high baseline Hcy measurements displayed significant protection

against cognitive decline in measures of semantic memory and global cognition.

In contrast to these promising results in MCI cohorts, multiple studies investigating
the influence of B vitamin treatment on normal aging have rarely shown any positive
effects on cognitive performance, contributing to the view that MCl is distinct from the
process of normal aging. For example, both Eussen et al. (2006) and a recent meta-
analysis from Clarke et al. (2014) reported significant reductions in Hcy following B
vitamin treatment in elderly cohorts, but no change in cognitive function. Hvas et al.
(2004) also found no effect of B vitamin treatment on cognitive function, but did
discover a significant association between raised Hcy levels and poor cognitive
performance. Moreover, in contrast to the VITACOG findings, two reviews from the
Cochrane Collaboration focusing on vitamin B6, vitamin B12, and folic acid (Malouf
et al., 2003, Malouf and Areosa Sastre, 2003) concluded that B vitamin treatment
had no notable beneficial influence on cognitive performance in healthy older
individuals, those suffering with MCI, or those showing signs of dementia.
Nevertheless, models of cognitive aging have shown that genetic knockout of
DNMT1 and the subsequent reduction in DNA methylation negatively influenced
cognition function (Liu et al., 2011), whilst rescue of decreased DNMT3A expression
was associated with recovery of age-related cognitive decline (Oliveira et al., 2012).
This disparity highlights the need for further understanding regarding the role of DNA

methylation in brain disease and cognitive aging.
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1.4. Aims

The present study hypothesises that functionally important variants in the genes

encoding for DNA methylation proteins will influence cognitive function in human

brain diseases. In order to elucidate the role of DNA methylation in cognition, the

present study will explore the following aims within three independent lines of study.

These three lines of research and their specific objectives are:

1. Candidate gene analysis of a DNA methylation variant in MCl and controls

Chapter 1.

Chapter 1.

Chapter 2:

Chapter 2:

Chapter 3:

To assess disease risk associated with the DNMT3L R278G variant in
the complete OPTIMA cohort of AD, MCI, and aged controls.

To investigate the association between the DNMT3L R278G variant,
cognitive function, and components of the one-carbon cycle in the
VITACOG cohort of individuals with MCI.

To examine whether the relationship between the DNMT3L R278G
variant and cognitive function in the VITACOG study is mirrored in
measures of brain atrophy.

To study the impact of the DNMT3L R278G variant on the function of
the DNMT3L protein.

To investigate the association between the DNMT3L R278G variant,
cognitive function, and components of the one-carbon cycle in the

NCDS 1958 and TwinsUK cohorts of general population controls.

2. Investigation of DNA and RNA methylation variants in ID and ASD cohorts

Chapter 4:

Chapter 4:

To design a pipeline for the processing and analysis of next-
generation sequencing data from previous studies.

To assess disease risk associated with multiple DNA and RNA
methylation genes in a combination of ID and ASD cohorts from the
UK10K project.

3. Immunohistochemistry of further DNA methylation modifications in control

brain tissue

Chapter 5:

To optimise the immunohistochemical detection of 5ShmC and 5caC in

rodent brain tissue.
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Chapter 5:  To characterise the patterns of 5hmC and 5caC deposition in multiple

regions within the human brain.
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2. Methodology

2.1. Cohorts and samples

2.1.1. OPTIMA cohorts

The Oxford Project to Investigate Memory and Ageing (OPTIMA) is a programme of
longitudinal studies examining multiple facets of dementia progression. These
principally focused upon individuals with Alzheimer’s disease (AD), but also
individuals with mild cognitive impairment (MCI) as well as aged controls. Select data
on a total of 578 participants was granted to the present study from the OPTIMA
programme, along with DNA samples from 576 of the participants granted by David
Smith, the lead researcher for the OPTIMA study. Two of the participants were
omitted from the present study due to their diagnoses (no diagnosis available and
Parkinson’s disease respectively), leaving a total of 574 participants for further study.

Demographic information for these participants is presented in Table 2.1.

The remaining 574 individuals contain participants from three strands of the OPTIMA
programme. The first of these was the principal OPTIMA study, a longitudinal
examination that looked to map the entire development of AD from clinical diagnosis
to post mortem. Participants in this programme were assessed through annual
cognitive tests, biochemical measurements, and magnetic resonance imaging (MRI)
of changes to brain structure (Johnson et al., 2004). The next strand included was
from the Foresight Challenge study, a 3 year examination of control individuals in
order to identify potential cognitive or biochemical markers in those who showed
greater age related cognitive decline (Budge et al., 2000). Finally, individuals were
included from the VITACOG study which also utilised cognitive tests, biochemical
measurements, and MRI brain imaging in order to evaluate the impact of B vitamin
treatment over a two-year period on the progression of MCI (Smith et al., 2010). The
total number of participants used in the present study from each OPTIMA strand is

presented in Table 2.2.
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TABLE 2.1. Demographic and genotype information available for all OPTIMA cohorts

Variable AD MCI Control
Number 137 295 142
Sex (Female/Male) 69/68 183/112 72/70
DNMT3L R278 (A/A/ G+) 73/64 167/128 77/65
APOE (no E4 / E4+) 39/98 207/88 106/36

G+ = carriers of the DNMT3L R278G minor G allele; E4+ = carriers of the APOE E4
allele.

TABLE 2.2. Number of participants within each strand of the OPTIMA programme

OPTIMA strand Number
OPTIMA 209
VITACOG 271
Challenge 98

28



2.1.2. VITACOG cohort

Although the OPTIMA, VITACOG, and Challenge individuals were included in our
baseline genotyping assessments, further information including cognitive data and
biochemical measurements was only available for the VITACOG study (Table 2.3).
Therefore, our principal investigation into the influence of DNMT3L R278G and
APOE on cognitive performance was carried out using the VITACOG individuals.

As outlined in the VITACOG procedural documents (Smith et al., 2010), the following
inclusion criteria were required from participants; aged 70 years or over, status of
MCI measured by a Telephone Interview for Cognitive Status — Modified (TICS-M)
score of 17-29, no diagnosis of dementia, the presence of an informant, possession
of auditory and visual abilities necessary to complete the assessments, and a Mini-
Mental State Examination (MMSE) score greater than 24. Exclusion criteria included
a diagnosis of dementia, a diagnosis of cancer, an episode of stroke within the past 3
months, and involvement in other drug studies. Participants were visited once at
baseline and once after the 24 month treatment period was complete, with the

assessments lasting roughly 5 hours.

The participants within VITACOG were given either B vitamin treatment or a placebo
for the 24 month duration of the study. The treatment consisted of 0.8mg folic acid,
0.5mg cobalamin (vitamin B12), and 20mg pyridoxine (vitamin B6) (16).
Unfortunately, further dietary and nutritional information concerning the participants

was not available.

2.1.2.1. VITACOG cognitive data

Multiple cognitive tests were made available within the VITACOG cohort. As
exemplified in Table 2.3, only a select number of cognitive tests were used in our
analyses, with the Clox, Symbol Digit Modalities, Trail Making, and Map Search tests
all removed. This was due to the use of the remaining tests in previous research
using the VITACOG cohort (De Jager et al., 2003), as well as work looking at
cognitive measurements sensitive to the progression of dementia (Blackwell et al.,
2004).
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TABLE 2.3. Further baseline information available for the VITACOG cohort

Variables VITACOG
Number 271
Sex:

Female 169

Male 96
Age at baseline 76.1+£7
DNMT3L R278G:

A/IA 150

G+ 119
APOE:

No E4 183

E4+ 87
Baseline Hcy levels (umol/L) 11.4+£3.9
Vitamin treatment:

Treatment 132

Placebo 133

Left study prematurely 6
Baseline cognitive scores:

HVLT-R Delayed Recall 8+4

CF (Fruit & Vegetables) 207

GNT 245

MMSE Summary 20+ 2

PAL Total Errors 10+12

HVLT-R = Hopkins Verbal Learning Test-Revised; CF = Category Fluency; GNT =
Graded Naming Test; MMSE = Mini-Mental State Examination; PAL = Paired
Associates Learning.

Data presented as median * interquartile range.
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In total, five tests were retained for statistical analysis within the VITACOG cohort.
The Hopkins Verbal Learning Test — Revised (HVLT-R) measures verbal recognition
memory by reading sets of 12 words, made up of 4 words from 3 semantic groups, to
the participants. The present study specifically utilises the HVLT-R Delayed Recall
score, whereby the task is to recall as many words as possible after a delay of 20
minutes. The Mini-Mental State Examination (MMSE) is a widely used global test to
screen for dementia and decline in cognitive ability by questioning participants on the
following functions; Orientation (to time and place), Registration (immediate recall),
Attention & Calculation (concentration), Recall (delayed recall), Language (spoken

and written).

Cambridge Neuropsychological Test Automated Battery (CANTAB) Paired
Associates Learning (PAL) measures episodic memory visuospatially by presenting
an increasing number of patterns at different positions on-screen and asking
participants to correctly identify the specific location of each pattern. The present
study utilised the PAL Total Errors score which summates the amount of errors made
in identifying the pattern locations. The Graded Naming Test (GNT) measures object
naming and semantic memory by asking participants to name black and white
drawings of increasing difficulty. Finally, Category Fluency (CF) was used to
measure semantic memory by asking participants to name as many items from a
particular category within 1 minute. For the VITACOG visitations, the category used

was “fruits and vegetables”.

2.1.2.2. VITACOG atrophy data

In order to assess brain atrophy in the VITACOG cohort, select magnetic resonance
imaging (MRI) data was requested from the OPTIMA programme. MRI data along
with data for key covariate variables was granted to the present study for 168 of the
271 members of the VITACOG cohort who had consented to undergo MRI scans.

Demographic information for these variables is presented in Table 2.4.
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TABLE 2.4. Demographics and further covariate information available for the
VITACOG individuals included in the atrophy analyses

Variables VITACOG
Number 168
Sex:

Female 102

Male 66
Age at baseline 7597
DNMT3L R278G:

AIA 92

G+ 75
APOE:

No E4 117

E4+ 50
Baseline Hcy levels (umol/L) 11.1+£35
Vitamin treatment:

Treatment 85

Placebo 83
Baseline cognitive scores:

HVLT-R Delayed Recall 8+4

CF (Fruit & Vegetables) 2027

GNT 24 +5

MMSE Summary 2912

PAL Total Errors 10+11
Brain imaging:

Baseline brain volume (mL) 1371.6 + 97

Yearly ROA (%) 0.8+0.8
Biochemical measures:

Folate (Vitamin B9) (nmol/L) 21.9+£235

Cobalamin (Vitamin B12) (pmol/L) 337 £158.5

Creatinine (nmol/L) 94 +18.5

Diastolic BP 80 +16.5
Baseline cognitive assessments:

GDS 6+6

HVLT-R = Hopkins Verbal Learning Test-Revised; CF = Category Fluency; GNT =
Graded Naming Test; MMSE = Mini-Mental State Examination; PAL = Paired
Associates Learning; ROA = Rate Of Atrophy; GDS = Geriatric Depression Scale.
Data presented as median * interquartile range.
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As described in the primary publication regarding the VITACOG cohort (Smith et al.,
2010), scans were taken at baseline and follow up 24 months later on a 1.5 Tesla
MRI system with Imm? isotropic resolution at the Oxford Centre for Clinical Magnetic
Resonance Research. High-resolution volumetric T1-weight images were taken over
3 repeats and averaged after alignment. SIENA analysis software was used by the
OPTIMA team to derive the change in volume between the images from baseline and
follow up. SIENA achieves this by automatically segmenting brain and non-brain
through the use of other FMRIB Software Library tools, followed by the estimation of
change between the two images for both white and grey matter that can be
converted into a percentage rate of atrophy (ROA) for the whole brain. Data
concerning regional brain atrophy was not made available for the present study, but
has been reported in further studies using the VITACOG cohort (Douaud et al.,
2013).

A number of other factors that had been measured in previous work using the
VITACOG cohort were also provided along with the ROA data. Plasma biochemical
levels of folate (vitamin B9), cobalamin (vitamin B12), creatinine, as well as diastolic
blood pressure measurements were taken at the beginning of the trial and after 24
months. Folate and cobalamin can provide a measure of the influence of the B
vitamin treatment provided during the VITACOG trial. Creatinine is a product of
muscle metabolism that is removed from the blood by the kidneys but that can also

act as a measure of some vitamin levels (Chen et al., 2002).

In addition, individuals were asked to complete the Geriatric Depression Scale
(GDS), a self-report questionnaire of 30 yes-or-no questions that aims to estimate
normal (0-9), mild depression (10-19), or severe depression (20-30) within a sample.

2.1.3. Control cohorts

To provide an accurate control comparison to the VITACOG MCI individuals,
replication of our analysis of vitamins, cognitive performance, and DNMT3L R278G
was sought in general population controls. Replication of APOE could not be
achieved because access to this genotype was prohibited in the control cohorts.
Despite this, access was granted for data from both the National Child Development
Study (NCDS) 1958 birth cohort and the UK10K TwinsUK cohort.
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2.1.3.1. NCDS 1958 cohort

NCDS 1958 is a longitudinal birth cohort of roughly 17,000 individuals all born within
one week in 1958. These individuals have been periodically surveyed over the past
59 years to assess multiple lifestyle variables, including information about their
health. For the NCDS 1958, application was arranged and approved for relevant
cognitive and demographic variables for 9377 individuals through the UK Data
Service. Specifically, biochemical data was gathered from the NCDS Biomedical
Data survey (2002-2004) whilst cognitive data was gathered from NCDS Sweep 8
survey (2008-2009). This meant that the members of NCDS 1958 were
approximately 45 years old when biochemical and health data was gathered and
approximately 50 years old when cognitive testing was conducted.

The NCDS 1958 biomedical survey was a specially funded initiative organised
outside of the main schedule of NCDS survey sweeps in order to obtain health
measurements. Nurse visitations were organised to carry out the computer assisted
personal interviews (CAPI), the physical measurements and blood taking, and the
health questionnaire. Sweep 8 consisted of a computer assisted interview and series
of cognitive assessments lasting roughly one hour, followed by a questionnaire.
Genetic data for NCDS 1958 was sought via a separate application to the METADAC
committee that curates datasets from many major UK cohort studies. Access was
granted to genotyping data for 6812 individuals performed using the lllumina
ImmunoBeadChip platform. After joining the genetic data with the cognitive and
demographic data, 5489 individuals remained for our analyses. Demographic
information for these individuals is presented in Table 2.5.

2.1.3.2. TwinsUK cohort

TwinsUK is a longitudinal registry of around 12,000 twins of all ages which began in
1992. Much like the NCDS 1958, these individuals have been consistently surveyed
in the ensuing 25 years to assess multiple factors associated with health and
lifestyle. For the TwinsUK cohort, application was arranged and approved for the use
of relevant biochemical, cognitive, and demographic variables through the
Department of Twins Research, Kings College London. Access was granted by the

TwinsUK Resource Executive Committee.
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TABLE 2.5. Demographic information for the NCDS 1958 cohort

Variables NCDS 1958
Number 5489
Sex:
Female 2793
Male 2696
Age -
DNMT3L R278G:
AIA 2872
G+ 2617
Vitamin intake:
Regular 861
Irregular 186
Non-reported 4102
Baseline cognitive
scores:
WR 7+2
DWR 6+3
AN 22+8
Ps & Ws Scanned 25+4
Ps & Ws Missed 3x4

WR = Word Recall; DWR = Delayed Word Recall; AN = Animal Naming.

Data presented as median + interquartile range.
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A subset of the total TwinsUK cohort was received that included no monozygotic or
dizygotic twin pairs. As such, this data represented a group of unrelated individuals
rather than a group of related twins. The data provided for TwinsUK is
conglomerated from multiple stages of clinical assessments, from baseline
assessments between 1992 and 2004 to follow up assessments continuing from
2004 onwards. As such, age of participants was provided alongside every variable as
measurements were taken on multiple occasions. Age at Hcy measurement was
used for demographic purposes as it was the most complete age variable available.
All individuals within the TwinsUK cohort are female.

Genetic data for the TwinsUK cohort is managed by the UK10K program, a
nationwide initiative to bring together genetic information from 10,000 individuals.
Data access was agreed with the UK10K Project for a specific set of sequencing
data for a number of cohort studies, including 1870 individuals from the TwinsUK
cohort (accession numbers EGAD00001000194, EGAD00001000741,
EGAD00001000790). Demographic information for these individuals is presented in
Table 2.6.

2.1.3.3. Control cohort vitamin variables

In comparison to the VITACOG trial of B vitamins, the NCDS 1958 and TwinsUK
cohorts are longitudinal surveys of general health variables. Therefore, they cannot
provide an exact replication of the B vitamin treatment and placebo groups. However,
self-reported questionnaire information was available from both cohorts regarding
daily use of vitamins, including data on specific vitamins that the individuals were
consuming. In NCDS 1958, access was gained to self-reported information on daily
use of combined vitamins, single vitamins, and folate. In TwinsUK, access was
gained to self-reported information on daily use of general vitamins as well as details
on the vitamins used. From this variable, | was able to extrapolate whether an
individual specifically takes B vitamins or not. From TwinsUK, access was available
to biochemical measures of serum vitamin B12 and folate levels, as well as serum
homocysteine (Hcy) levels. In line with our VITACOG analyses, Hcy measurements
were split into high and low groups based upon the median baseline Hcy value. High
and low Hcy was then split again to create middle high and middle low Hcy levels.

Hcy measurements were not available from NCDS 1958.
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TABLE 2.6. Demographic information for the TwinsUK cohort

Variables TwinsUK
Number 1870
Sex -
Age 59.7 +16.3
DNMT3L R278G:
AIA 996
G+ 832
Hcy levels (umol/L) 115+5.9
Vitamin levels:
Folate (nmol/L) 135+ 124
Vitamin B12 (pmol/L) 572.5+ 301
Vitamin intake:
Regular: 1117
Took B vitamins 295
Non-reported 386
Baseline cognitive scores:
PAL Total Errors 15+17
DMS Correct 17+3
DMS Mean Latency 3715.5 + 1506
PRM Correct 213
PRM Mean Latency 2071.5 £ 601
SSP Length 5x1
SWM Within Errors 25
5 Choice RT 354 + 68
IED Set Shift Errors 22 +42

PAL = Paired Associates Learning; DMS = Delayed Matching to Sample; PRM =
Pattern Recognition Memory; SSP = Spatial Span; SWM = Spatial Working Memory;
RT = Reaction Time; IED = Intra-Extra Dimensional.

Data presented as median * interquartile range.
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Using the self-reported daily intake variables from NCDS 1958 and TwinsUK, new
variables were derived for each cohort that described whether vitamin intake was
regular, irregular (NCDS 1958 only), or non-reported. With regards to NCDS 1958,
regular intake included individuals who take single vitamins, combined vitamins, or
folate once a day or more, or three to six times a week. Irregular intake included
individuals who take single vitamins, combined vitamins, or folate twice a week or
less, or not within the last month. With regards to TwinsUK, regular intake included
individuals who reported daily intake of vitamins.

2.1.3.4. Control cohort cognitive variables

NCDS 1958 participants all completed the following five cognitive tests during an
interview with the aid of a CAPI program. Word recall (WR) involved the participants
learning a list of 10 words read to them by the interviewer or via the CAPI program,
and then recalling as many of these words as possible in two minutes. Delayed word
recall (DWR) simply involved recalling as many of the words from the word recall test
at the end of the interview, roughly thirty minutes after learning the list of words.
Animal naming (AN) is a standard semantic fluency task which measures how many
words a participant can name from a selected category, with the category tested
being animals. Repetition of animals and use of character names (such as Scooby
Doo) were not allowed. Finally, the Letter Cancellation test measures attentional
speed and visual scanning by asking participants to mark as many “Ps” and “Ws” as
possible within a document of random letters. This produced a speed score of the
total number of Ps & Ws scanned, and an accuracy score of the number of Ps & Ws

which were scanned but not marked (i.e. missed).

TwinsUK participants all completed a number of key tasks from the CANTAB library
of cognitive tests. These are completed using a computer equipped with the
CANTAB software and a touch screen. As with the VITACOG cohort, Paired
Associates Learning (PAL) measures episodic memory visuospatially by presenting
an increasing number of patterns at different positions on-screen and asking
participants to correctly identify the specific location of each pattern. Again, the PAL
Total Errors score was specifically utilised. Although the PAL test was used in both
VITACOG and TwinsUK, the PAL Total Errors score was available from VITACOG
and the PAL Total Errors (adjusted) was available from TwinsUK, accounting for the
discrepant scores between the two cohorts. Delayed Matching to Sample (DMS) also

assesses visuospatial memory by presenting a pattern to participants, followed by a
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delay, before asking the participant to identify this pattern from a selection of four.
The number of correct identifications and the mean latency of identification was
used. Pattern Recognition Memory (PRM) involves the presentation of twelve
consecutive visual patterns before asking the participant to identify a previously-
presented pattern from a selection of two. The number of correct identifications and

the mean latency of identification was used.

Spatial Span (SSP) again assesses visuospatial memory by presenting a series of
boxes, some of which change colour, and asking participants to reproduce the order
of colour changes that appeared. The longest reproduction of colour order was
utilised. In the Spatial Working Memory (SWM) task, the object is to uncover hidden
tokens beneath a number of boxes and move them to the side of the screen. Within-
search errors, where the participant checks the same box for a token more than
once, were assessed in this study. The 5 Choice Reaction Time test simply presents
five circles to the participant and measures how quickly they respond to a dot
appearing in one of the circles. Finally, Intra-Extra Dimensional (IED) Set Shift tests
visual discrimination and attention by asking participants to identify simple stimuli.
The stimuli or the rules are then changed and the participants must pass each stage.

The number of errors was utilised.

2.1.4. Next-generation sequencing cohorts

Access was granted to genetic sequencing data from multiple disease cohorts within
the UK10K project. The UK10K project is a large-scale collaborative study beginning
in 2010 with the aim of sequencing 10,000 genomes, 4000 at the whole-genome
sequencing level and 6000 at the whole-exome sequencing level. In doing this, the
study aimed to better understand the contribution of rare (minor allele frequency
<0.01%) and low-frequency (minor allele frequency <0.05%) coding variants to

various human diseases.

Our study focused on the analysis of seven specific cohorts available from the
UK10K project, four of which included individuals with autism spectrum disorders
(ASD), two of which included individuals with intellectual disabilities (ID), and one
which included healthy general population controls. Beginning with the ASD cohorts,
the Gallagher cohort is a sample of 75 individuals from Ireland diagnosed with a
specific subset of ASD due to the level of comorbid intellectual disability present in
this cohort. The IMGSAC (International Molecular Genetic Study of Autism
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Consortium) cohort is a study of families with children diagnosed with ASD. Although
the study is international, the 114 individuals included in the UK10K IMGSAC dataset
are from the UK only. MGAS (Molecular Genetics of Autism Study) are a clinical
sample of 97 individuals with ASD who were collected at Maudsley Hospital, London.
Skuse is a cohort of 334 children and adults with autism, Asperger’s syndrome, or
atypical autism. Whilst the majority were free from signs of intellectual disability, a
minority had comorbid neurodevelopmental issues such as attention deficit
hyperactivity disorder (ADHD). Individuals from Gallagher, IMGSAC, MGAS, and
Skuse were all diagnosed using the Autism Diagnostic Interview-Revised (ADI-R)
and Autism Diagnostic Observation Schedule (ADOS) assessments.

The ID cohorts assessed in this study included Rare FIND (Familial Intellectual
Disability), a cohort of 124 families with intellectual impairments taken from the larger
UK10K Rare Disease Sample Sets. The majority of individuals within the Rare FIND
cohort have moderate to severe ID. The Muir cohort consists of 166 individuals with
learning disability, many of whom also presented with comorbid schizophrenia or
other psychoses, representing some of the more severe neurodevelopmental

disorders.

Finally, the TwinsUK cohort of 1854 individuals, a registry of monozygotic and
dizygotic twins who represent the general population in terms of disease incidence,

was used as a control cohort to compare with our ASD and ID populations.

2.1.5. Brain tissue samples

To characterise the methylation modifications 5-hydroxymethylcytosine (5hmC) and
5-carboxylcytosine (5caC) in the brain, both rodent brain tissue and human brain

tissue were utilised.

Whole paraffin-embedded fixed rodent brains were obtained from the University of
Nottingham animal house, specifically from the sacrifice of animals where the brain
was not required for further experiments. Fixation was completed by Michael Garle, a
senior technician associated with the animal house. The rodents were healthy
animals of no specific transgenic line. The brain sections were cut by our
experienced lab technician, Maria Haig, who used the microtome facilities at the
School of Life Sciences Imaging (SLIM) centre, University of Nottingham. Sections

were cut for the whole brain at a thickness of 10 microns. Sections were then heated
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and mounted onto standard 1mm thick microscope slides. The rodent sections were
cut across the coronal plane rather than the traditional sagittal plane for rodent work

as this better represents the cut from the human samples.

Human brain tissue sections were obtained from the Nottingham Health Science
Biobank (NHSB), an NHS trust-led initiative to provide human biomedical samples to
local translational health studies. Information on the individuals who kindly donated
their brain tissue to the NHSB is presented in Table 2.7. All individuals were elderly
and died as ‘unaffected healthy controls’, with only three of the ten brains showing
signs of age-related degeneration. The average age was 80 years old (SD 9.6). Six
of the individuals were male and four were female. Brains were fixed and cut across
the coronal plane by the staff at the NHSB in accordance with the requirements of
our tissue application. Six brain areas were requested; caudate/putamen (in an effort
to include the subventricular zone), cingulate gyrus, middle frontal gyrus,
hippocampus, occipital cortex, and cerebellum. Ten sections per area were received
from each individual, totalling six hundred sections. These sections were paraffin-

embedded and mounted to standard 1mm thick microscope slides.

Approval for the human tissue sections was gained from the NHSB under Helen
Knight on 03/08/2015, biobank reference ID ACP0000101. However, in accordance
with the Human Tissue Act (HTA) 2004 within the UK, a HTA licence was required to
ensure that our laboratory adheres to the national HTA legislation on storage, use,
and disposal of human tissue. The HTA licence for our laboratory was approved on
16/09/2016 and is currently held by Helen Knight. In order to gain the HTA licence,
standard operating procedures (SOP’s) for all human tissue-related protocols had to
be produced, including for the use of our human tissue record masterlist. Each
member of the laboratory who planned to use the human tissue also had to complete
a HTA induction within the laboratory, as well as a HTA guestionnaire provided by
the local HTA person designate. Our human tissue samples were stored at room
temperature in our HTA licenced storage room. An internal audit of the tissue was
carried out every six months, whilst external audit by HTA officials was carried out

once a year.
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TABLE 2.7. Information on the individuals who provided brain tissue

Case ID Diagnosis Age Sex
NP 19/03 Normal brain 74 Male
NP 50/03 Normal brain 83 Female
NP 17/04 Normal brain 75 Female
NP 36/04 Normal brain 78 Male
NP 42/04 Normal brain 78 Male
NP 15/06 Mild changes associated with hypoxia/ischaemic 26 Male
injury during cardiac arrest. Within normal limits.
NP 22/06 Normal brain 99 Female
NP 41/06 Mild age-related changes. Within normal limits 92 Female
NP 62/06 Mild age-related changes. Within normal limits 86 Male
NP 85/07 Normal brain 63 Male
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2.2. Genetic data

2.2.1. OPTIMA and VITACOG

Genotyping data for the APOE gene was provided by the OPTIMA project for the
OPTIMA, VITACOG, and Challenge study individuals. However, genotyping data for
DNMT3L R278G had to be generated in our research group using blood samples
provided by David Smith of the OPTIMA project. The 574 eligible OPTIMA
participants were genotyped for the DNMT3L R278G variant by Mariam Muse, a
Master’s student in our research group, using Kompetitive Allele Specific Polymerase
Chain Reaction (KASP) (LGC Genomics) and confirmed through Sanger sequencing,
as described in a recent methodological note (Braae et al., 2014).

The KASP assay utilises bi-allelic discrimination via two allele-specific forward
primers to amplify the target sequence, coupled with a fluorescence resonant energy
transfer (FRET) cassette which allows for primer-specific, and thus allele-specific,
fluorescence to determine the heterozygous or homozygous nature of the genotype.
The KASP assay primers were designed by LGC Genomics and are presented in
Appendix 1. To validate the results of the KASP assay, a subset of 11 samples were
utilised for Sanger sequencing. Standard Polymerase Chain Reaction (PCR) was
carried out using primer pairs designed with the Primer3 program (Untergrasser et
al., 2012). Following amplification and filtration, the samples were sequenced using
an ABI automated DNA sequencer (Cambridge Biosystems). An example of the

Sanger sequencing results is presented in Appendix 2.

2.2.2. NCDS 1958 and TwinsUK

For the NCDS 1958 cohort, whole-exome sequencing of 6812 of the cohort
individuals had previously been performed using an Illlumina ImmunoBeadChip array
(accession number EGAD00001000248). Data was provided by METADAC as two
sets of PED and MAP files, entitled “UVA” and “Sanger”. The PED file consisted of
sample and pedigree information along with allele calls for the respective variants,
and the MAP file contained chromosomal and base-pair coordinates for each variant.
The tool PLINK was used to convert the PED and MAP files to a binary PED (BED)
file to compact the data and speed up subsequent analysis. To identify the DNMT3L
R278G variant, PLINK was also used to cut out the DNMT3L region into a BED and
BIM file which could be viewed in a text editor (Appendix 3).
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As the hg18 genome assembly from the chip data did not align with the variant
position in hgl9, a surrogate marker found in both builds was used to locate the
R278G variant. Two sets of PED and MAP files were received (“UVA” and “Sanger”
respectively), meaning that this process was repeated for both sets of files.
Assessment of the two sets of genotyping for this variant resulted in discrepant calls
for 9 individuals (Appendix 4). In this case, genotypes from the dataset that had

provided the majority of the calls were used (“UVA”).

For the TwinsUK cohort, whole-genome sequencing data was made available via the
European Genome-phenome Archive (EGA) relating to 1870 individuals from this
cohort (accession number EGAD00001000741). Because the TwinsUK sequencing
coverage was whole-genome as opposed to whole-exome, VCF files were available
by chromosome rather than by genome. The EGA download client was used to
access the genetic data via the Windows Command Prompt or the Mac/Linux
Terminal. A masterlist of EGA dataset filenames was requested which allowed one to
link the EGAR run names found in the TwinsUK meta-info files to the EGAF file
names necessary to request, download, and decrypt the VCF files for chromosome
21 where DNMT3L is located (Appendix 5). The tool VCFtools was then used to
splice out the DNMT3L gene into a smaller VCF file which could be opened in a text

editor (Appendix 6).

2.2.3. Next-generation sequencing cohorts

A data access agreement with the UK10K project was agreed for genetic sequencing
data from the ASD, ID, and control cohorts. This allowed for the downloading of
whole-genome or whole-exome sequencing data for each cohort through the EGA.
As multiple datasets containing different numbers of individuals were available for
each cohort, | chose to download the dataset with the greatest number of individuals
where possible. EGA accession numbers for the datasets chosen and used in our

analysis are presented in Table 2.8.
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TABLE 2.8. Details for each NGS cohort

Cohort Disease Number EGA accession number
Rare FIND ID 124 EGADO00001000416
Muir ID 166 EGAD00001000443
Gallagher ASD 75 EGAD00001000436
IMGSAC ASD 114 EGAD00001000239
MGAS ASD 97 EGAD00001000613
Skuse ASD 334 EGAD00001000614
TwinsUK Control 1854 EGAD00001000741

ID = Intellectual Disability; ASD = Autism Spectrum Disorder; IMGSAC =
International Molecular Genetic Study of Autism Consortium; MGAS = Molecular
Genetics of Autism Study.
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The ASD and ID cohorts were all whole-exome sequenced and the TwinsUK controls
were whole-genome sequenced. Sequencing was carried out for all cohorts using
either the lllumina HiSeq 2000 or lllumina Genome Analyzer Il platforms. Download
of these sequencing datasets was completed using the EGA download streamer, a
command-line client and API (application programming interface) designed to ensure
secure transmission of data from the EGA servers to our local storage. In order to
obtain the data access agreement, good practice for data storage and use had to be
implemented within the lab. This required levels of security to be placed upon our
local research group storage to ensure that only those with rights to access the data
could be involved in the download and analysis of the sequencing datasets.

First the latest version of the EGA download client was downloaded, which can be
accessed via the Windows Command Prompt or the Mac/Linux Terminal. The
commands to download sequencing datasets from EGA can be enacted either by
loading the EGA shell client within the command prompt or by calling the client using
direct commands. A masterlist of EGA dataset filenames was requested which
allowed one to link the EGAR run names found in the meta-info files for each dataset
to the EGAF file names necessary to download individual VCF or BAM (binary
sequence alignment map) files (Appendix 5). Whilst calling the EGA client and
entering the username and password every time is more cumbersome than logging
into the shell client, using this direct command method allowed one to decrypt

multiple files simultaneously after the “-dc” switch.

Select BAM files were also downloaded for specific individuals to corroborate the
sequencing quality in the VCF files if and where appropriate. The steps taken were
identical to those illustrated above for the downloading of VCF files. The only
alterations were the linking of EGAR run numbers to BAM file names and the
selection of BAM file names within the EGA download client in place of VCF file

names.

2.3. Next-generation sequencing pipeline

In order to analyse the next-generation sequencing (NGS) data from the Autism
Spectrum Disorder (ASD), Intellectual Disability (ID), and control datasets, a pipeline
was designed to assess datasets from multiple studies that were designed with
different aims and subsequently used discrepant NGS platforms. This involved initial

access of genetic data from each study, selection of genetic regions of interest for
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the present study, annotation of variant positions, merging the datasets for each
gene of interest, and applying genetic imputation to resolve issues associated with

discrepant sequencing (Figure 2.1).

2.3.1. Gene selection

Using the EGA download client, complete whole-exome sequencing VCF files were
downloaded for the ASD and ID cohorts, and whole-genome sequencing VCF files
for each chromosome in the TwinsUK cohort. | had originally planned to include data
from the large follow-up study to the Rare FIND cohort that included 1151 individuals.
However, this dataset was excluded due to poor sequencing quality.

31 genes involved in DNA and RNA methylation were included. This list is by no
means exhaustive with regards to genes involved in methylation. For example, some
notable methylation-related genes were omitted that have already been investigated
in the UK10K cohorts such as SETD1A (Singh et al., 2016). Moreover, though the
focus of our previous work has mainly been on DNA methylation, recent
advancements in the study of RNA methylation have associated modifications such
as Né-methyladenosine (m®A) with brain functions such as synaptic plasticity
(Hussain and Bashir, 2015). As RNA methylation has become a focus of other
members in our research group, it was decided to include some prominent and

recently identified RNA methylation genes.
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Samples from UK10K cohorts
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*ID(N=290) _ | Cases Controls
¢ ASD (N = 620) (N =910) (N = 1854)
Traits
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* Disease-specific cases Controls

Sequencing datasets
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quality datasets (Whole exome) (Whole genome)

Variant annotation

Missense & Tool
Rare variants evaluation
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' .

* DNA methylation genes < VCF files BAM files — Quality check

* RNA methylation genes

/

e Imputation of missing genotypes
e Recoding for statistical tests
e Filtering out unwanted variants

Association analysis

/ /

¢ Single variant analysis . Statistical Test
e Burden analysis tests evaluation

FIGURE 2.1. Next-generation sequencing pipeline used for the UK10K datasets.
Data from 910 cases and 1854 controls was obtained from the UK10K project.
Although further information was available for the controls, our genetic analysis was
based on a case-control phenotypic outcome. Available EGA genetic datasets were
downloaded for each case and control cohort. Variant annotation tools were used to
identify the functional class and minor allele frequency of each variant. Our genes of
interest were spliced from the VCF files, missing data was imputed, and the data was
processed according to the statistical tests necessary. Single variant and burden
analysis was then run for each gene of interest.
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A list of the 31 DNA and RNA methylation genes along with their chromosomal
position, a brief description of their function, and their broad categorisation based
upon their function is presented in Table 2.9. Using this list of genes and
chromosomal positions, regions were cut out of the NGS sequencing datasets for the
ASD, ID, and control cohorts. A command-line tool named VCFtools was used, a
package of C++ executables and PERL scripts which allow the user to access,
manipulate, and analyse VCF format sequencing files. In particular, VCFtools was
used to cut our genes from the larger whole-exome and chromosomal whole-genome
datasets, and then convert these files from VCF format to a .tab file. The format of
each variant position within the original VCF files show the reference and alternative
alleles (e.g. A, T) followed by the binary genotype for each individual (e.g. 0/0, 0/1,
1/1). After the .tab conversion, each variant position shows the allelic genotypes (e.g.
A/A, AIT, T/T) that allows for easier analysis downstream in our NGS pipeline
(Appendix 6).

These steps were applied to each gene for each sequencing dataset from each
cohort. A two kilobase (kb) window was added to each side of the chromosomal
positions presented in Table 2.9 in an attempt to include any 3’, 5, or splicing
variants at the extremities of each genetic region. A further command in VCFtools
was used to generate minor allele frequencies (MAF) for particular variants in
particular cohorts, or indeed all of the cohorts combined to give a total MAF for our

study population (Appendix 7).

The MAF was also calculated for each variant within each dataset during the variant
annotation process. This was in order to visually assess any discrepancies in the
data (e.g. poor sequencing quality) that could lead to inaccurate MAF calculation. In
addition, this method was helpful in identifying interesting variants early on in the

annotation process. A simple calculation was used to compute this:

- ((homozygotes * 2) + heterozygotes) / total
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TABLE 2.9. DNA and RNA methylation genes included in the NGS analysis

Gene Position Category Function
chr 19: _ _
DNA methylation; Maintenance MT (Bestor et al.,
DNMT1 10,244,022 - _
Writer 1988)
10,305,755
chr 2: _
DNA methylation;
DNMT3A 25,455,830 - Writ De novo MT (Okano et al., 1999)
riter
25,564,784
chr 20:
DNA methylation;
DNMT3B 31,350,191 - Writ De novo MT (Okano et al., 1999)
riter
31,397,162
chr 21: _ _
DNA methylation; Interacts with de novo MTs (Hata
DNMT3L 45,666,222 - _
Writer et al., 2002)
45,682,099
chr 18: _ Methylation-mediated
DNA methylation; o _ -
MBD1 47,795,216 - transcriptional repression (Fujita
Reader
47,808,144 et al., 2003)
chr 19: _ _ o
DNA methylation; Binds to 5hmC (Yildirim et al.,
MBD3 1,576,678 -
Reader 2011)
1,592,652
chr X: _ Methylation-mediated
DNA methylation; o o
MECP2 153,287,264 - Read transcriptional activation &
eader
153,363,188 repression (Chahrour et al., 2008)
chr 19: _ Targets DNMT1 to
DNA methylation; _ _
UHRF1 4,909,510 - hemimethylated sites (Du et al.,
Reader
4,962,165 2015)
chr 9:
DNA methylation; Promotes TET oxidation of 5mC
UHRF2 6,413,151 - ..
Reader (Spruijt et al., 2013)
6,507,051
chr 12: _ . ]
DNA methylation; Facilitates demethylation (Shen et
TDG 104,359,593 -
Reader al., 2013)
104,382,656
chr 15: _ _ -
DNA methylation; Binds to 5hmC (Spruijt et al.,
NEIL1 75,639,960 -
Reader 2013)
75,647,592
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chr 4:

DNA methylation;

Binds to 5hmC (Spruijt et al.,

NEIL3 178,230,991 -
Reader 2013)
178,284,092
chr 15: _ ) ..
DNA methylation; Binds to 5hmC (Spruijt et al.,
WDR76 44,119,112 -
Reader 2013)
44,160,617
chr 11: _ _ -
DNA methylation; Binds to 5hmC (Spruijt et al.,
THYN1 134,118,173 -
Reader 2013)
134,123,260
chr 10: _ o
DNA methylation; Oxidation dMT (Rudenko et al.,
TET1 70,320,117 -
Eraser 2013)
70,454,239
chr 4: _ o
DNA methylation; Oxidation dMT (Rudenko et al.,
TET2 106,067,842 -
Eraser 2013)
106,200,960
chr 2: _ o
DNA methylation; Oxidation dMT (Rudenko et al.,
TET3 74,273,405 -
Eraser 2013)
74,335,302
chr 1: _
DNA methylation; Promotes TDG-TET
GADDA45A 68,150,860 - _
Eraser demethylation (Ma et al., 2009)
68,154,021
chr 19: _
DNA methylation; Promotes TDG-TET
GADDA45B 2,476,123 - _
Eraser demethylation (Ma et al., 2009)
2,478,257
chr 18: _ o
DNA methylation; dMT activity (Bhattacharya et al.,
MBD2 51,677,971 -
Eraser 1999)
51,751,158
chr 3: _ _ _ o
DNA methylation; Repairs cytosine deamination
MBD4 129,149,787 - )
Eraser (Hendrich et al., 1999)
129,159,022
chr 8: _ .
DNA methylation; Paternal DNA demethylation
ELP3 27,950,584 -
Eraser (Okada et al., 2010)
28,048,669
chr 14: _
RNA methylation;
METTL3 21,966,282 - _ MT (Bokar et al., 1997)
Writer
21,979,457
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chr 4:

RNA methylation;

METTL14 119,606,574 - _ MT (Liu et al., 2014)
Writer
119,632,077
chr 6: _ _ _
RNA methylation; Recruitment of METTL3/14 (Ping
WTAP 160,148,030 - _
Writer et al., 2014)
160,177,352
chr 1: _ _ )
RNA methylation; Methylation-mediated mRNA
YTHDF2 29,063,133 -
Reader decay (Wang et al., 2014a)
29,096,287
chr 8: _ _ )
RNA methylation; Methylation-mediated mRNA
YTHDF3 64,081,186 - _
Reader decay (Shi et al., 2017)
64,125,346
chr 7: _ _ ) _
RNA methylation; Methylation-mediated alternative
HNRNPA2B1 26,229,556 - o
Reader splicing (Alarcon et al., 2015)
26,240,413
chr 19: _ _ )
RNA methylation; Methylation-mediated mRNA
ELAVL1 8,023,457 - -~
Reader stability (Wang et al., 2014b)
8,070,529
chr 17: _
RNA methylation;
ALKBH5 18,086,867 - m°A dMT (Zheng et al., 2013)
Eraser
18,113,267
chr 16: _
RNA methylation;
FTO 53,737,875 - méAn dMT (Mauer et al., 2017)
Eraser
54,148,379

Chr = chromosome; MT = methyltransferase; dMT = demethylase; m®An, = N8,2’-O-
dimethyladenosine
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2.3.2. Variant annotation

VCF files for each DNA and RNA methylation gene of interest from each of the ASD,
ID, and control cohorts totalled 217 individual files. Initial quality control assessment
of the VCF .tab files revealed an issue with the MECP2 VCF files, in which the binary
and allelic genotypes were incomplete in a large number of individuals (e.g. 0/ or A/).
This effect was seen in all of the whole-exome sequencing datasets, but not the
control whole-genome sequencing. As MECP2 is the only gene of interest in our list
that is found on the X chromosome, this would appear to be a ploidy problem
associated with VCFtools processing of the X chromosome data. It is likely that
VCFtools is the cause of the issue as no sequencing issues from the X chromosome
from UK10K cohorts have been reported in the literature. This should be remedied
with the VCFtools vcf-fix-ploidy PERL tool but attempts at using this tool were
unsuccessful. Thus, the decision was made to continue with the remaining 30 genes

and exclude MECP2 from further analysis.

Next, every variant was annotated in each of the remaining 210 VCF files in order to
provide initial characterisation of genomic variation within each gene and cohort.
Principally, the focus was the specific class of variant (with particular focus on those
that influence protein function such as missense variants), the specific amino acid
and nucleotide change, and whether the variant has previously been identified (e.g.
has an “rs” accession number). In addition, population MAFs were compared with
those from our disease and control cohorts, as well as including functional prediction
assessments that estimate the effect of a variant on protein function. This information
can be attained manually from genome browsers such as Ensembl or pooled from
databases such as the 1000 Genomes Project and the European Variant Server. In
addition, although many functional annotation tools exist and prediction scores can
be attained from their websites, this would be time-consuming for 210 VCF files
containing tens of thousands of variants. Thus, the annotation of these VCF files

were automated.

Class of variant, specific amino acid and nucleotide change, and whether the variant
has previously been identified could be automated efficiently using SnpEff, a
specialised variant annotation package that brings together information from multiple
data sources. After downloading the SnpEff package along with the relevant human

genome build (hg19/GRCh37), each variant could be annotated (Appendix 8).

53



In comparison, the automated annotation of MAF and functional prediction scores
required more optimisation. Initially, an extra feature in SnpEff was used that allowed
access to the dbNSFP (database for non-synonymous SNP’s functional prediction)
database. This includes MAFs from the large EXAC (Exome Aggregation
Consortium) database of 60,706 individuals, alongside many notable functional
prediction scores (SIFT, PolyPhen, MutationTaster, GERP++, etc.). However, this
feature only successfully annotated around 5% of variant positions. Application of
another package that brings together information from multiple data sources,
ANNOVAR, improved this annotation to around one-third of variant positions, but
most of these annotations lacked any functional prediction information.

Next, an attempt was made to automate the MAF annotation in-house by
downloading the African (AFR), Asian (ASN), and European (EUR) 1000 Genomes
MAF datasets from the 1000 Genomes FTP (file transfer protocol) site. Tabix was
then used, a command-line tool for working with genomic files, to index these MAF
datasets with specific genomic areas of interest, allowing one to match these MAF
positions with the positions in our VCF files (Appendix 9). This resulted in an
improved 50% MAF annotation of our variants. However, reproducing this protocol

for each population MAF (AFR, ASN, EUR) would have been time-consuming.

Finally, | settled on using the Variant Effect Predictor (VEP) online tool for the
GRCh37 human genome build within Ensembl. For each VCF file, the HGVS
notation for each variant position (e.g. ALKBH5:¢.16G>T) was deciphered from the
SnpEff nucleotide change annotation. A list of notations for each VCF file could then
be uploaded to VEP and the EXAC TOTAL, AFR, AMR (American), and NFE (Non-
Finnish European) MAFs along with SIFT and PolyPhen functional prediction scores
were returned. This provided annotation for around two-thirds of all variant positions.
The annotations from VEP were also transcript-dependent, and so the canonical
transcript from Ensembl was used when retaining the annotations. The EXAC
database is one of the largest available, making their MAF scores preferable over the
1000 Genomes. Although VEP only returned SIFT and PolyPhen scores, these
predictions perform accurately in comparison with other functional prediction tools
(Dong et al., 2015). Moreover, they served only as a guide within the analysis and it
is accepted that they cannot provide a definitive insight into protein function. SIFT
prediction is based on the conservation of the affected variant amino acid change,
whilst PolyPhen also takes into account structural information concerning the

particular variant change.
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As the main focus of our analysis is on rare or low-frequency variants, particularly
those which are likely to impact on protein function, and owing to the large number of
variants available to our study, our initial variant annotation procedure was limited to
missense variants. ldeally, this would be extended to include all variants that disrupt
protein function, termed loss-of-function (LoF) variants. However, this requires
consensus about the class of variants that should be included as LoF. Whilst some
have obvious influence on amino acid transcription, such as missense variants that
alter codons or nonsense variants that result in premature stop codons, some
variants are harder to interpret. For example, some splice variants have been shown
to act as LoF variants (Pellanda et al., 2012). Using further annotation through the
Loss-Of-Function Transcript Effect Estimator (LOFTEE) tool would allow one to
assess LoF variants in future analyses. However, as this was not included in the
present work, only variants that were rare or low-frequency and missense were

considered interesting and retained for genetic imputation.

2.3.3. Merging datasets

To assess each gene across the ASD, ID, and control cohorts, VCF files for each
DNA and RNA methylation gene for all cohorts were merged into one VCF,
essentially condensing the remaining 210 files into 30. To do this, VCFtools was
used and tabix. Tabix allows the user to index genome positions from files such as
VCF files, and these resultant tabix index files (.thi) are necessary for some
processes where chromosomal regions are needed but not specified in the program
commands (Appendix 10). This resulted in 30 VCF files, one for each DNA and RNA
methylation gene, which included data from all of the disease and control cohorts.

2.3.4. Genetic imputation

As previously mentioned, one of the goals of this analysis was to design a NGS
pipeline which could reliably incorporate sequencing datasets generated from
multiple studies using different NGS platforms. The challenges associated with this
are amplified in the case of rare and low-frequency variants as they are less likely to
be included in standard array-based sequencing technologies. Although the most
recent technologies are increasingly successful in reading most variant positions
(Consortium et al., 2015, LaDuca et al., 2017), rare variants continue to be the most

difficult to detect with a reliable depth of coverage.
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In the case of the UK10K sequencing datasets, this issue means that variants of any
frequency (common, low-frequency, rare) that are shared across all of the datasets
within our merged VCF files can be included in the analysis. However, there may be
cases where a particular variant is called in one dataset but is not called in another,
leaving areas of missing calls (e.g. “./.”). If this variant is particularly interesting — for
example, a missense variant which is rare in one of the disease cohorts — then it
would be useful to be able to compare this variant with the cohorts where it has not
been called. To do this, genetic imputation can be used to estimate variant calls
based on haplotypes (shared inherited genetic markers across groups of genes) from
reference panels of genetic information from thousands of individuals, allowing for

accurate replacement of the missing calls with allelic genotypes.

Owing to the popularity of genome-wide association studies (GWAS) and global
efforts to sequence ever-larger cohorts of individuals, multiple genetic imputation
tools have been developed for general academic use. Amongst the most common
are Beagle, IMPUTEZ2, and SHAPEIT, although new cloud-based methods such as
minimac3 appear to perform as well as these tools with greater efficiency and less
computational load (Das et al., 2016). IMPUTEZ2 was used because of its use in
studies of rare and low-frequency variants and its continued position as one of the
leading imputation tools in the field (Kwan et al., 2016, Mitt et al., 2017). IMPUTE2
does not use population labels (cultural or geographical groups with increased
genetic homogeneity) to assess the reference panels or the individuals being
imputed, meaning that IMPUTE?2 is not restricted to shared ancestry haplotypes. This
onus on sequence identity allows IMPUTEZ2 to account for recent ancestral admixture

and to discount divergent haplotypes.

In theory, any large-scale sequencing datasets could be used as imputation panels,
providing that the correct map information (recombination rates between positions),
haplotype information (record of known haplotypes to guide IMPUTE?2), and legend
information (details of variants in your data) are included. IMPUTEZ2 provides this
data for the International HapMap Project and the 1000 Genomes Project. The
specifics of the imputation panel, such as the number of individuals and the depth of
coverage, can influence the performance of genetic imputation. Nevertheless,
imputation of rare variants is still poor using established imputation panels (Zheng et

al., 2015). The most up-to-date imputation panel available within IMPUTEZ is the
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1000 Genomes Project Phase 3 release (October 2014) and so this was chosen for

our imputation protocol. This panel contains 81,706,022 sites detailed in Table 2.10.

Our imputation protocol involves the orchestration of multiple tools in addition to
IMPUTEZ2, including VCFtools, PLINK, GTOOL, and BCFtools. PLINK is an open-
source toolkit for whole-genome sequencing analysis which can take a dataset from
initial data processing through to genetic association analyses. PLINK was required
to convert our VCF files into Oxford-formatted GEN and SAMPLE files for IMPUTE2
and then back into VCF files via BED file transformation for downstream analysis.
PLINK version 1.9 or later is required for this latter conversion. GTOOL is a purpose-
built program that can transform genotype data outputted from tools such as
IMPUTEZ2. Finally, BCFtools is a package of executables similar to VCFtools that
allows for manipulation of VCF files. Our rationale for using imputation is to remedy
missing calls in specific cohorts, not to retain any variants added into our regions of
interest during the haplotype processing in IMPUTEZ2. Thus, BCFtools was used to
remove any additional variants that arise during imputation, restoring our VCF files to

include only the positions present before imputation.

First PLINK was used to convert the merged VCF files for each gene into GEN and
SAMPLE files needed for IMPUTEZ2 (Appendix 11). The map, haplotype, and legend
information from the relevant chromosome of the 1000 Genomes Project Phase 3
imputation panel were downloaded and unzipped. The reason for doing this on a
merged gene-by-gene basis rather than for all of the genes at the same time is that
the process is computationally intensive. Therefore, breaking this process down into
a gene-by-gene analysis allows one to split the process into chromosomes and

subsequently improve performance.
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TABLE 2.10. Positions within the 1000 Genomes Phase 3 imputation panel

Variant Type Number of sites
Biallelic_SNP 77,818,332
Multiallelic_SNP 520,275
Biallelic_INDEL 2,982,597
Multiallelic_INDEL 324,022
Biallelic_DEL 32,306
Biallelic_DUP 5,791
Biallelic_INV 100
Biallelic_MNP 1
Multiallelic_CNV 6,210
Biallelic_INS:ME:ALU 12,491
Biallelic_INS:ME:LINE1 2,910
Biallelic_INS:ME:SVA 822
Biallelic_INS:MT 165

SNP = single nucleotide polymorphism; INDEL = insertion/deletion; DEL = deletion;
DUP = duplication; INV = inversion; MNP = multiple nucleotide polymorphism; CNV =
copy number variant; INS = insertion; ALU = arthrobacter luteus elements; LINE =
long interspersed elements; SVA = SINE/VNTR/ALU elements
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At this point, it was observed that continuing with the imputation protocol resulted in
the flipping of certain reference alleles (e.g. 2, 1 as opposed to 1, 2). As a result,
some MAFs were inaccurately inflated as the minor allele was being read as the
reference allele by downstream tools. This occurred because some of the variants
present in our merged VCF file were not found in the legend file which details each
variant expected to be found in the dataset. To rectify this error, the 1000 Genomes
Project Phase 3 legend file was duplicated and any variants that were present in our
merged VCF file but missing in the legend file were inserted. This amended legend
file was then used during imputation. Next, IMPUTE2 was executed to impute
positions from the reference panel, before GTOOL and VCFtools were used to
convert the output into VCF format (Appendix 12).

As previously mentioned, the imputed VCF files for our merged genes contain all of
the original positions from the UK10K sequencing along with many thousands of
extra variants which are added as part of the imputation process. These were
removed using BCFtools. In addition, our analysis only focused on shared variants in
all cohorts of any frequency as well as rare or low-frequency variants of interest (e.g.
missense variants). Subsequently, any variants that were not interesting for our
analysis were also removed and that were not shared between all cohorts using
BCFtools.

The advantage of removing these common, less interesting (i.e. intronic) variants is
that these appear to be the most susceptible to erroneous flipped genotypes,
persisting even after the amendments to the legend file. All imputed merged VCF
files were quality checked after imputation and any variants presenting with
erroneous flipped genotypes were removed using BCFtools (Appendix 13). This
resulted in 30 VCF files, one for each DNA and RNA methylation gene including all
disease and control cohorts, which contain only shared positions or variants of
interest. These files were assessed again for the quality of variant calls. Any variant
positions containing erroneous genotype calls were removed using the commands

above in BCFtools.
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2.4. Statistical analysis

2.4.1. OPTIMA and VITACOG

Upon receipt of the VITACOG phenotypic data, a power calculation was performed to
determine the minimum sample size required to avoid Type | (false positive) and
Type Il (false negative) error rates. With a confidence level of 95% (p = 0.05), a
conservative estimate of the proportion of our population that have measurable
attributes (50%), and confidence intervals of 0.5, our population size of 271 within
VITACOG required a sample size response of 160. The sample size of each
treatment group is slightly lower at 132 and 133 respectively, but these are still
positive group sizes for a case-control method of analysis.

A number of differing statistical approaches were undertaken for the assessment of
genotypes within each OPTIMA strand and for the in-depth analysis of genotype and
cognitive performance within the VITACOG cohort. For the genotype analysis, each
particular genotype was counted within each OPTIMA strand. In the case of DNMT3L
R278G, this meant a count of individuals who had A/A, A/G, or G/G genotypes.
These were then collapsed so that A/A homozygotes could be compared with
individuals who possessed the minor allele (G+ or G carriers). In the case of APOE,
this meant a count of individuals who had E2E2, E2E3, E2E4, E3E3, E3E4, or E4E4
genotypes. These were then collapsed so that those with a copy of the E4 allele (E4+
or E4 carriers) could be compared with those who did not (no E4). Minor allele
frequencies (MAF) were also calculated for both DNMT3L R278G and APOE using a
standard method:

- ((homozygotes * 2) + heterozygotes) / total

The genotype counts were then grouped for statistical analysis based on the disease
of the individual; namely, AD, MCI, or control. In addition, the sex of the individuals
was also included to assess any particular sex-specific relationships between
genotype and the presence of disease. Contingency tables were created from the
grouped genotype counts and chi square (x?) tests were used for the DNMT3L
R278G and APOE genotype analyses in the combined OPTIMA strands. Chi square
testing also produced accompanying odds ratio (OR) statistics, which were used to
estimate the likelihood of individuals being within specific groups (i.e. those with

particular genotypes being in a particular disease group).
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Hardy-Weinberg equilibrium was also assessed for the OPTIMA cohorts. Hardy-
Weinberg equilibrium describes the state of genetic variation within a given
population. When this is not influenced by genetic or environmental factors and
variation remains unchanged, there is said to be equilibrium. Natural populations
very rarely find themselves in equilibrium as factors such as mutations, mating
patterns and genetic drift provide evolutionary impetus. Nevertheless, assessing
Hardy-Weinberg equilibrium can be of use in case-control studies to highlight
potential biases in the data (Grover et al., 2010), although one must be cautious
about the methods applied and the rationale for assessment (Ziegler et al., 2011,
Zou and Donner, 2006).

To assess Hardy-Weinberg equilibrium, the R package HardyWeinberg (Graffelman
and Camarena, 2008) was used. This package allows one to load in frequency data
for a given genotype and apply a chi square test to ascertain whether the given

genotype does or does not conform to Hardy-Weinberg equilibrium.

Synergy factor analysis was also applied to select combinations of genotypes for
DNMT3L R278G and APOE. This method has been developed to provide a quick
estimation of synergistic or antagonistic interactions between risk or protective
genotypes in a case-control group comparison (Cortina-Borja et al., 2009). To
calculate the synergy factor, an extended cross tabulation was produced for the two
genotypes of interest in the case and control cohorts, along with OR scores for each
combination (Table 2.11).

In Table 2.11, - and + refer to the absence or presence of that particular genotype. n
refers to the number of people in the cases and controls who have the respective
absence/presence of each genotype. Reference is the case-control data from which
the rest of the OR scores can be calculated against. The calculations were
performed in Microsoft Excel to transform these values into a SF score, a Z score,

and a p value (Appendix 14).

61



TABLE 2.11. Data required for synergy factor analysis calculations

Genotype 1 Genotype 2 Controls Cases OR

- - nl n2 Reference
+ - n3 n4 OR1
- + n5 n6 OR2
+ + n7 n8 OR3

- and + refer to the respective absence and presence of a particular genotype, n
refers to the number of cases and controls who have the respective absence or
presence of a particular genotype
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For the in-depth analysis of genotype and cognitive performance within the
VITACOG cohort, each cognitive test was first assessed individually for a relationship
with either the DNMT3L R278G or APOE genotypes. The collapsed genotypes were
utilised because they allowed for simpler comparison of two groups (e.g. A/A v G+)
and because the size of the groups were more even, controlling for spurious results
caused by the low number of minor allele homozygotes. Normal distribution was
inspected for all variables used in this analysis using the Shapiro-Wilk and
Kolmogorov-Smirnov tests. Any variables with a p value below 0.05 were considered
not normally distributed and logarithmic transformation (log10) was applied to these
variables. In addition to genotype, gender and age were included into our
assessment of cognitive performance. Due to the importance of Hcy levels identified
in previous work using the VITACOG cohort, the relationship between Hcy levels and
our genotypes of interest was investigated, as well as the modulating influence of
Hcy on the relationship between our genotypes of interest and cognitive
performance. Baseline Hcy levels taken at the beginning of the VITACOG study were
also examined. These baseline levels were grouped for some analyses, splitting the
variable into high and low levels based upon the median baseline Hcy value. High
and low Hcy was then split again to create middle high and middle low Hcy levels.
This approach was used as it had been applied in previous publications using the
VITACOG cohort (Smith et al., 2010).

As the individuals within VITACOG were assessed both at the beginning and the end
of the 24 month treatment period, there was the option of analysing the values at
each time point as well as the change between the time points. Thus, the change (A)
in cognitive performance was derived for each cognitive test and for Hcy levels.
Where the values for each time point were used, a repeated measures General
Linear Model (GLM) was applied to assess the relationship between B vitamin
treatment and cognitive performance. However, the majority of analyses were carried
out using A in cognition. For this, univariate GLMs were used to analyse the
relationship between genotype, B vitamin treatment group, and any relevant
covariates in the VITACOG cohort, along with post hoc testing for multiple
corrections where necessary. The student’s t-test was applied for simple
comparisons of means between groups and linear regression was used to assess
the relationship between continuous variables. Statistical analysis was principally

carried out using SPSS Statistics version 22.0 (IBM Corp).
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Following the initial investigation into each individual cognitive test, a statistical
approach akin to factor analysis was applied to evaluate any clustering of variance
within our select group of cognitive tests. This approach, named Principal
Component Analysis (PCA), is a transformative procedure used to identify the major
sources of variance within a select number of variables. This approach was used on
change (A) in HVLT-R, MMSE, GNT, CF, and PAL. Varimax rotation, a common
orthogonal method in PCA that maximises correlations between variables and
components, was applied and components with an eigenvalue > 1 were retained for
further analysis. Again, univariate GLMs were used to analyse the relationship
between genotype, B vitamin treatment group, Hcy levels, and any relevant
covariates on performance on these PCA cognitive factors.

2.4.2. VITACOG atrophy data

In line with the previous work carried out on this cohort (Smith et al., 2010), the raw
ROA value was converted from a negative percentage change for the 24 months of
the study to a yearly positive percentage change that was used for all of the following
ROA analyses. Also in line with previous work, normalised total brain volume,

measured against the shape of the skull, was converted from mm?3 to mL.

Pearson’s correlation coefficients (R) were used to analyse the strength of baseline
covariates with ROA. Student’s t tests were used to analyse the baseline covariates
in more detail. To assess the relationship between ROA, these key covariates, and
our genotypes of interest with respect to cognitive performance, univariate GLMs
were utilised in order to model the influence of covariates on ROA. This methodology
was chosen over a standard multiple regression model because of its flexibility; it
allowed for the application of continuous and categorical independent variables, it
allowed for the addition of multiple covariates alongside independent variables, and it
accounted for invariance in the independent variables which may inhibit a traditional
regression model. Covariates found to be significantly associated with ROA were
included in the models. The results of these models were saved as unstandardized
predicted values, which provide new derived variables based upon the regression
equation from each model. Final predicted models and their respective covariate
results are presented in Appendix 15. The relationship between cognitive
performance and these predicted ROA values was then compared with the original
ROA values to account for the effect of covariates. Standard linear regressions were

used to produce these comparisons.
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Normal distribution was inspected for the additional covariate and brain imaging
variables used in this analysis using the Shapiro-Wilk and Kolmogorov-Smirnov
tests. Any variables with a p value below 0.05 were considered not normally
distributed and logarithmic transformation (log10) was applied to these variables.
Statistical analysis was principally carried out using SPSS Statistics version 22.0
(IBM Corp).

2.4.3. NCDS 1958 and TwinsUK

To begin with, the R package HardyWeinberg was used to assess Hardy-Weinberg
equilibrium (Graffelman and Camarena, 2008). This package allows one to load in
frequency data for a given genotype and apply a chi square test to ascertain whether
the given genotype does or does not conform to Hardy-Weinberg equilibrium.

In order to accurately repeat the VITACOG analyses, univariate General Linear
Models (GLMs) were again used for the analysis of biochemical, demographic and
cognitive measures in the NCDS 1958 and TwinsUK cohorts, along with post hoc
testing for multiple corrections where necessary. The student’s t-test was applied for
simple comparisons of means between groups. Statistical analysis was principally

carried out using SPSS Statistics version 22.0 (IBM Corp).

Due to the implementation of PCA in the VITACOG analyses, this statistical
approach was applied to a selection of variables from the cognitive tests included in
NCDS 1958 and TwinsUK. Unlike VITACOG, the cognitive data from the control
cohorts was only taken at one time point during the studies. From NCDS 1958, WR,
DWR, AN, Ps & Ws Scanned, and Ps & Ws Missed were incorporated. From
TwinsUK, DMS Total Correct, DMS Mean Latency, PRM Total Correct, PRM Mean
Latency, PAL Total Errors, SWM Within Errors, SSP Length, 5 Choice Reaction
Time, and IED Total Errors were incorporated. One test available within TwinsUK,
the National Adult Reading Test (NART), was excluded from inclusion in the PCA as
only a derived verbal IQ score was provided and it was not obvious how this variable

had been derived from the original test.

More variables derived from the TwinsUK cognitive tests were available but were not
included in the PCA. This was because the variables were extrapolated from the
same tests and thus their inclusion in the PCA could result in a non-positive definite

correlation matrix, caused by linear dependencies between these extrapolated
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variables. This is in line with previous studies looking at genetic influences on
cognitive performance using the CANTAB battery (Singer et al., 2006). A similar
issue was encountered when applying PCA to the NCDS 1958 cognitive variables.
Specifically, the Letter Cancellation Ps & Ws Missed variable was not negatively
loaded into the PCA, which should be expected for negative variables (i.e. where
higher scores indicate poorer performance). To combat this issue, a new Letter
Cancellation variable was derived by subtracting the “missed” score from the
“scanned” score to create a Ps & Ws ldentified variable. This positive variable loaded

properly into the PCA analysis.

In line with our previous analyses, normal distribution was inspected for all variables
used in this analysis using the Shapiro-Wilk and Kolmogorov-Smirnov tests. Any
variables with a p value below 0.05 were considered not normally distributed and
logarithmic transformation (log10) was applied to these variables. The same PCA
conditions from the VITACOG analyses were retained for replication in the controls.
Varimax rotation was applied and components with an eigenvalue > 1 were retained

for further analysis.

2.4.4. Next-generation sequencing cohorts

For simple case-control associations including all of the DNA and RNA methylation
genes, the Fisher’s exact test with Holm-Bonferroni multiple comparisons correction
was applied in line with most modern genome-wide association study (GWAS)
analysis procedures (Bush and Moore, 2012). First, each VCF was opened in
Microsoft Excel and a COUNTIF function was used to count the number of wildtype
(0/0) and minor allele carrier (0/1, 1/1) individuals for each variant. These were then
combined to create a file with case wildtype, case minor allele, control wildtype, and
control minor allele counts for each gene, and then combined to create a file for all of

the genes summated together.

Fisher’s exact test is an in-built statistical test within the R statistical programming
language. R allows one to iterate the Fisher’s test over all of the case-control variant
positions, making the processing computationally efficient compared to SPSS or
other graphical user interface statistical programs. The combined case-control allele
count files created above were read into R to run the Fisher’'s exact test (Appendix
16).
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In order to create Manhattan plots for the Fisher’'s exact test results, the external
package “ggman” was used. The Fisher’s test output data was first reorganised into
a file that contains a unique SNP (single nucleotide polymorphism) identifier (e.g. rsl,
rs2, etc), the chromosome, the chromosomal position of the variant, and the multiple
comparisons corrected p value. This data was then loaded into R (Appendix 17). In
line with most GWAS analysis protocols, 5 x 108 was taken as the threshold of
statistical significance. A suggestive value of 1 x 10° was included for variants that
could be considered statistical trends.

Upon initial investigation of the Fisher’s exact test results, some extremely significant
results were observed in the combined ASD and ID cases when compared to the
TwinsUK controls. By reassessing the VCF files and the levels of genetic imputation,
it was discovered that these inflated outlying p values were the result of high levels of
wildtype imputation. Genetic imputation is used to rectify missing calls within
sequencing data by estimating these calls using haplotype data from large reference
panels including thousands of individuals. In situations where a variant has a
common MAF but the sequencing quality is poor in one particular dataset, an inflated
number of wildtype calls may be imputed in this dataset. This would lead to a skewed
comparison with the other datasets that have the expected common MAF for the
minor allele. Moreover, if the reference and alternative alleles were flipped as
discussed previously, the same skewed effect would be found but with the minor

allele carriers being inflated in that particular dataset.

To resolve this issue, a post-imputation quality threshold was employed. Similar
techniques have been used with other genetic imputation tools such as MaCH
(Markov Chain framework for genotype imputation), where a cut-off of 0.3 for
imputed SNPs is applied (Pei et al., 2010). Owing to the relatively low sample size
numbers in our case cohorts (<1000), a similar initial threshold of 0.25 was chosen
(i.e. if 25% or more of the genotype calls in a cohort are imputed, that variant is

removed from the analysis) followed by a more stringent threshold of 0.125.
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2.4.4.1. Burden analysis

One of the driving reasons behind conducting large scale sequencing project such as
the UK10K Project is to elucidate the influence of rare variants on human traits and
diseases. The advent of cheaper sequencing technology has meant that many
common variants have been comprehensively analysed in many diseases within
many different phenotypic populations. However, as large sequencing studies have
shown, the detection of rare variants is fraught with difficulty. Increasing sample sizes
are sought in order to identify risk-associated rare variants with the requisite
statistical power and any resultant rare variant findings are only likely to account for a
small proportion of disease risk.

Nevertheless, rare variants can inform one about the genes or genetic functions that
are involved in specific traits or diseases. This can help develop our understanding of
a particular phenotype and how it arises. One popular method that has been
established recently in the field of rare variant analysis is burden testing. This
involves using computational strategies to aggregate rare variants within a particular
genetic region of interest before assessing the effect of these combined variants on a
particular phenotype, allowing researchers to detect statistically significant disease

risk from rare variant data.

These computational strategies have improved over a short period of time, with a
recent review by one of the leaders in the field drawing up five distinct classes of
burden test (Lee et al., 2014). The earliest were simple burden tests that collapse
rare variants into a single score used for case-control analysis. Adaptive burden tests
were then incorporated to address some of the limitations of simple burden tests,
including permutated p values and introducing the ability to estimate the direction of
a variant effect (i.e. associated with risk or protection). Variance-component tests,
which include some of the most popular tools used in rare variant analysis, also
assess the distribution of variants rather than simply using the aggregated score.
Combined variance-component and burden tests attempt to utilise the strength of
variant-component tests in assessing non-causal and multi-directional variants with
the strength of burden tests in assessing regions with many unidirectional causal
variants. Finally, the statistical framework for a more powerful exponential
component test has been designed but has not yet been implemented in a

commercial or open-source tool.
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An attempt was made to implement a range of these burden tests within our analysis
in order to compare and contrast the results of each approach. This began with
RVTESTS, a newly designed package capable of performing many rare variant
analysis tests with quantitative and binary traits (Zhan et al., 2016). Moreover,
RVTESTS uses VCF files as an input making it particularly useful for our NGS
pipeline output. However, an initial test of rare variant analysis using one of our
imputed VCF files resulted in inaccurate estimations of the MAF of our variants. As
our VCF files have been through multiple tools and processing steps within our NGS
pipeline, it is possible that the VCF file was being incorrectly read by the RVTESTS
package. A similar issue arose when attempting to use PLINK/SEQ, a library of
genetic analysis tools designed to be used in parallel with the aforementioned PLINK
sequence processing tool. Some of these issues were rectified by using UNIX to edit
the VCF files (Appendix 18), but ultimately the rare variant analysis steps were

unsuccessful.

It then progressed to using individual packages and scripts within the R statistical
programming language to run our burden tests. The R package AssotesteR was
used to run the Combined Multivariate and Collapsing (CMC) simple burden test and
the Variable Threshold (VT) adaptive burden test. AssotesteR has been used to run
these tests in recent publications analysing whole-exome and NGS sequencing data
(Hirota et al., 2016, Lescai et al., 2017). To prepare the data for these tests, a
recoded genotype file was created from the imputed VCF files for each DNA and
RNA methylation gene. First, the binary genotypes were transposed in Excel so that
each variant was listed in the first row and all individuals listed in the first column.

This data could then be imported into R for recoding (Appendix 19).

These steps take the transposed data, transform the data into a character variable to
be edited, changes the wildtype homozygotes (“0/0”), minor allele heterozygotes
(“0/1”) and minor allele homozygotes (“01-Jan” — Excel reads “1/1” and
autocompletes it as a date) to 0, 1, and 2 respectively, and writes the data to a new
file. A phenotype file was then created which annotates whether any given individual
was in the control (“0”) or case (“1”) cohorts. Individuals could also be subsetted from
the genotype data for analysis looking exclusively at the ASD or ID cohorts alongside
the controls. With the genotype and phenotype data in place, the burden and

adaptive burden tests in R were run (Appendix 20).

69



Another adaptive burden test was also trialled, the kernel-based adaptive cluster
(KBAC) test, to compare with and validate the results of the CMC and VT tests. An
available R script was used that is designed to demonstrate the KBAC methodology
(Wang, 2017). Recoded genotype data files were merged with the phenotype data
file to create one input file for the KBAC test, where the first column of the genotype

file now contains the case-control information (Appendix 21).

Finally, the sequence kernel association test (SKAT) package was used to perform
variance-component and combined variance-component and burden analysis. SKAT
remains one of the most popular packages for rare variant analysis because of its
relative power compared to other statistical tests and its optimised approach that
combines variance-component and burden tests into one package (Lee et al., 2012).
Assuming that the recoding and combining of case-control genotype data has been
performed using the steps described above, the genotype and phenotype files from
the CMC and VT tests can also be used for the SKAT tests (Appendix 22).

These analyses were completed for rare variants (and common variants where
applicable) for all case cohorts versus controls, ASD cohorts versus controls, and ID
cohorts versus controls. In line with our Fisher’s exact test statistics, 5 x 10 was
taken as the threshold of statistical significance along with a suggestive significance
of 1 x 10° to be considered as statistical trends. In addition, a genomic imputation

threshold of 0.25 was applied followed by a more stringent threshold of 0.125.

2.5. In silico protein modelling

In addition to the DNMT3L R278G variant, a number of other methylation-related
genetic variants were assessed as both positive and negative controls, with the
positive controls being variants that should influence protein function and the
negative controls predicted to be benign changes. For DNMT3L, a positive control
variant in the shape of R271Q was included, a nearby variant to R278G that has
been reported to result in significant hypomethylation (El-Maarri et al., 2009). The
negative control variant in DNMT3L was H313Y, a variant with no known clinical
relevance. Two positive control variants were also included from the other principal
DNA methyltransferases. DNMT1 Y495C is a clinically associated variant which
causes Hereditary, Sensory, and Autonomic Neuropathy 1 (HSAN1) (Klein et al.,
2011), while DNMT3A R749C causes a rare syndromic form of intellectual disability

(Tatton-Brown et al., 2014). A summary of these variants is presented in Table 2.12.
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The in silico protein modelling performed in the present study was performed using
two methods which assessed protein structure and protein surface respectively.
Protein Data Bank (PDB) files for each of the proteins of interest were either
accessed from the Protein Data Bank (Rose et al., 2017) which houses PDB files
used in previous publications, or created by downloading the canonical amino acid
sequence in FASTA format from Uniprot (Bateman et al., 2017) and submitting this to
the RaptorX Structure Prediction tool (Kallberg et al., 2012). These PDB files can
then be evaluated using the following modelling tools and compared accordingly. A
complete list of the PDB files used in the present study is presented in Table 2.13.

PyMOL (Schrodinger) is a widely used visualisation system that allows one to
produce, manipulate, and analyse molecular structures, most commonly protein
structure models. Aside from its ability to produce high resolution structural images
for publications, PyMOL can provide mechanical insight into protein behaviour both
through native programming and through a wide range of plug-ins. Because of this,
PyMOL was utilised for the protein structure and protein interaction modelling, as
well as being the primary visualisation tool for any images presented. Regarding
protein structure analysis, PyMOL was used to simulate mutations in the canonical
amino acid sequence using the Mutagenesis wizard. Briefly, once the PDB file had
been visually prepared, the amino acid position of interest was selected and the
variant change was chosen. Default hydrogen, backbone, and rotamer options were
retained for all analyses. This allowed for comparison of secondary structure
changes such as hydrogen bond formation/disruption. For the protein surface
analysis, WT and variant PDB files were prepared. The area around the residue of
interest was expanded to 6 angstroms (A) and visualised as a mesh surface
representation. The surface area was then calculated for both the 6A region and the
total protein to assess surface changes in key interaction regions. Images were

exported using the ‘ray’ command, normally at 2000 x 2000 resolution.
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TABLE 2.12. Methylation variants included in the in silico analyses

_ Clinical o
Gene Variant Known Publication
relevance

R278G rs7354779 Yes Haggarty et al. (2010)
DNMT3L R271Q rs113593938 Yes El Maarri et al. (2009)

H313Y - No -
DNMT3A  R749C - Yes Tatton-Brown et al. (2014)
DNMT1 Y495C - Yes Klein et al. (2011)

TABLE 2.13. PDB models used in the in silico analyses

Protein PDB name  Source
DNMT3L - RaptorX
DNMT3A - RaptorX
DNMT3A-3L 4U7P PDB
DNMT3A-3L C terminus 2QRV PDB
DNMT3A-3L-H3 4U7T PDB
DNMT1 - RaptorX
DNMT1 (residues 351-1600) AWXX PDB
DNMT1 (replication targeting sequence) 3EPZ PDB
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In addition, two further modelling tools were used. FoldX (Schymkowitz et al., 2005)
is a command-line algorithmic program that calculates the free energy of a molecular
structure through the contribution of a number of key molecular interactions within a
largely empirically driven force field. This free energy (AG) value provides a measure
of protein stability, as a lower AG value indicates a more stable protein. The
molecular interactions assessed by FoldX include Van der Waal forces, hydrogen
bonds, solvation energies, water bridges, electrostatic energy of charged residues,
and the entropic energy for fixing both the main backbone of the structure as well as
any necessary side chains. The Van der Waal, hydrogen bond, solvation energy, and
water bridge calculations are all determined by experimental data, whilst the
electrostatic and entropic calculations are theoretically based (Mendes et al., 2002).
FoldX provides a variety of physico-chemical properties that can be altered by the
user. In our case, all of these properties were left at default values or were
designated by the PDB file itself (such as in the case of water and metal bond
properties). Table 2.14 details the physico-chemical properties that were

standardised across all of our analyses.

Two separate processes were implemented using FoldX in the present study. First,
the PDB files chosen for AG analysis were repaired. This step screens for and
rectifies any protein structure issues intrinsic to the PDB files, such as steric clashes,
reducing the total AG of the protein to the lowest possible state. This ensures that all
subsequent calculations applied in FoldX using these PDB files are computed from a
standardised position. Once the repaired files have been generated, the variants of
interest can be built into the model. The number of iterations by which the variant
was modelled was kept at 3 for all analyses. An average of the WT and variant
model AG values can then be taken to calculate the change in AG (AAG). AG
calculations from FoldX have a reporting accuracy (or SD) of 0.46kcal/mol, which has
led publication of FoldX modelling (Rallapalli et al., 2014, Studer et al., 2014a) to bin
AAG values into distinct categories (Table 2.15) that will be applied in the present

study.
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TABLE 2.14. Properties used within the FoldX analysis of AG

Properties Values
Temperature 298
pH 7
lon Strength 0.050
Water Crystal
Metal Crystal
Van der Wall design 2
No. of runs 3

TABLE 2.15. Categories of AAG estimations in FoldX applied in our analysis

Category

Estimated AAG (kcal/mol)

Highly stabilising
Stabilising

Slightly stabilising
Neutral

Slightly destabilising
Destabilising

Highly destabilising

Less than -1.84
Between -1.84 and -0.92
Between -0.92 and -0.46
Between -0.46 and 0.46
Between 0.46 and 0.92
Between 0.92 and 1.84

Greater than 1.84

AAG = change in free energy
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Adaptive Poisson-Boltzmann Solver (APBS) is a command-line program that can be
applied to solve the Poisson-Boltzmann equation (PBE). The PBE can be used to
predict the electrostatic potential of solutes in solution, and is particularly useful in
modelling solutes with complex shapes and molecular surfaces such as proteins.
Electrostatic surface potential plays an important role in protein-protein and protein-
ligand interaction, protein movement, and alterations in conformation amongst other
behaviours (Sinha and Smith-Gill, 2002). The distribution of electrostatic potential is
described through the dielectric constant(s) used to characterise the solution and the
local electron charge, whilst the dynamics of the solution are described through the
concentration of ions, the temperature, and the Boltzmann constant (quantity linking
energy and temperature at the particle level) to give the PBE (Figure 2.2).

Before applying APBS to our proteins of interest, the PDB files must first be
converted to PQR files (PBD-like files with occupancy and temperature features
replaced with charge and radius measurements) using the PDB2PQR program,
available as a command-line tool or as a web server (Dolinsky et al., 2004). This
intermediary program resolves the electrostatic parameters that can otherwise be
missing from standard PDB files, such as missing hydrogen atoms and atomic
coordinates. A pipeline of the PDB2PQR workflow can be seen in Figure 2.3. Default
settings were used for all PDB conversion, with pK, pH set to 7 and PARSE as the
parameter force field. The atomic parameters built into PARSE (parameters for
solvation energy) have been validated against experimental data (Sitkoff et al., 1994)
and account for the influence of implicit solvation, whereby the solution is treated as
a single medium as opposed to individual molecules (Yang et al., 2009). APBS can
then be applied to the output files from PDB2PQR, namely the PQR and IN files, to
produce a DX file. This contains the electrostatic grid information predicted by the
PBE. The DX file, along with the PQR file, can then be accessed by the APBS Tools

2.0 PyMOL plugin for visualisation and further inspection.
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FIGURE 2.2. The Poisson-Boltzmann equation (PBE). This equation was adapted
from Honig and Nicholls (1995), where r is a position vector, ¢(r) is the electrostatic
potential measured in kT/qg (k is the Boltzmann constant, T is the absolute
temperature, q is the proton charge), ¢ is the dielectric constant, p is the proton
charge density. €, @, K, and p are all functions of r.
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FIGURE 2.3. Flowchart of the PDB2PQR program. Figure taken from Dolinksy et al.
(2007).
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2.6. Immunohistochemistry

Two similar but distinct immunohistochemistry protocols were implemented in order
to visualise immunoreactivity of specific proteins and DNA modifications. The
standard protocol was used to assess neuronal, glial, or stem cell markers. The
adapted protocol was used to examine the methylation modifications 5hmC and
5caC. Information on materials used in both protocols is presented in Appendix 23.

2.6.1. Standard protocol

Mounted brain sections were first dewaxed by removing the paraffin fixative in order
to allow aqueous solutions to enter, namely allowing our antibodies to interact with
their specific antigens. Sections were placed in staining racks and then into glass
staining dishes. Sections were dewaxed using two 3 minute washes in xylene in a
fume hood, followed by two 3 minute washes in 100% ethanol, two 3 minute washes
in 70% ethanol, and one 5 minute wash in running water. The sections were
transferred from the staining dish into a glass coplin jar and given one further 5

minute wash in phosphate-buffered saline (PBS) at room temperature.

The sections were removed from the coplin jar and placed into a wet chamber to
ensure that the tissue or any applied solution does not dry out during incubation
periods. Once placed in the wet chamber, the sections of tissue mounted on each
slide were surrounded with a hydrophobic barrier using a hydrophobic PAP pen. This
guarantees that the applied solutions cover the tissue as well as allowing one to use
a smaller amount of solution, as opposed to covering the whole slide with solution.
Blocking solution was composed of 1ml of donkey serum and 4pl of Triton X-100.
200pl of the blocking solution was applied to each section and left in the enclosed

wet chamber for one hour at room temperature.

After one hour, the blocking solution was removed. The hydrophobic barrier was re-
assessed to ensure that it had not been compromised during the removal of the
blocking solution. Primary antibody solution was made by adding the requisite
amount of primary antibody to 1ml of blocking solution. Table 2.16 presents the
primary antibodies used and their concentrations. 200pul of primary antibody solution
was applied to each section and left in the enclosed wet chamber overnight at room

temperature.
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The next day, the primary antibody solution was removed. The sections were given
five 5 minute washes in PBS by pipetting 200l of PBS onto the sections, within each
of the hydrophobic barriers. Secondary antibody solution was made by adding the
requisite amount of secondary antibody to 1ml of blocking solution. Table 2.16
presents the secondary antibodies used and their concentrations. 200ul of secondary
antibody solution was applied to each section, within each of the hydrophobic

barriers, and left in the enclosed wet chamber for two hours at room temperature.

After two hours, the secondary antibody solution was removed. The sections were
given three 5 minute washes in PBS at room temperature by pipetting 200l of PBS
onto the sections, within each of the hydrophobic barriers. The area of the slides
around the hydrophobic barriers was dried carefully prior to mounting. 22mm x 64mm
No. 1 (0.26mm) coverslips were prepared by applying three small drops of mounting
media. Either standard mounting media or mounting media including a DAPI
fluorescent stain was used where appropriate. Slides were placed carefully face
down upon the coverslips and secured around the edges with nail varnish. The
sections were stored in the fridge for at least one hour before microscopy and were

stored in the fridge when not in use.

2.6.2. Adapted protocol

The standard protocol was used as our default immunohistochemistry method when
examining neuronal, glial, or stem cell markers, or when optimising a new antibody.
However, for the methylation modifications 5hmC and 5caC, more sensitive
techniques were required. Whilst the 5ShmC antibody is robust and may even work
with the standard protocol, measurement of the 5caC modification is more difficult. In
addition, depurination of the tissue sections in hydrochloric acid is required to detect
cytosine modifications such as 5hmC or 5caC, and this treatment is not compatible
with the majority of additional antigen retrieval protocols that may otherwise be

applied to enhance the 5caC signal (Abakir et al., 2016b).
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TABLE 2.16. Antibodies used in the immunohistochemistry protocols

Antibody Source Class Raised Dilution
) Millipore; _
Anti-NeuN Primary Mouse S: 1:100
MAB377
ThermoFisher; _ _
Anti-GFAP Primary Rabbit S: 1:50
RM-2125-S
) Abcam; _ _
Anti-DCX Primary Rabbit S: 1:500
ab18723
Active Motif; _
Anti-5hmC Primary Mouse  A: 1:2000
39999
Active Motif; _ _
Anti-5caC Primary Rabbit A: 1:500
61225
Abcam; S: 1:200,
Alexa Fluor 488 Secondary Mouse
ab150105 A: 1:500
Abcam; _ S: 1:500,
Alexa Fluor 568 Secondary Rabbit
abl175471 A: 1:500

S = standard protocol; A = adapted protocol; NeuN = Fox-3; GFAP = Glial fibrillary
acidic protein; DCX = Doublecortin; 5hmC = 5-methylhydroxycytosine; 5caC = 5-
carboxylcytosine
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To overcome this issue, the protocol of one of our collaborators, Alexey Ruzov, was
used which specifically utilises a Tyramide Signal Amplification (TSA) kit to boost
fluorescent signal. TSA kits take advantage of the reaction between horseradish
peroxidase, hydrogen peroxidase, and tyramine. An enzymatic reaction caused by
hydrogen peroxide results in the addition of radicals to tyramine, alongside the
production of other radicals by horseradish peroxidase catalytic activity. Radicalised
tyramine is then free to bind to the tissue and create an amplified signal in the area of
the antigen. This method is extremely quick, has excellent spatial resolution and
antibody specificity, and can be imaged with standard brightfield or confocal

microscopes.

The adapted protocol follows the majority of the steps from the standard protocol with
a few additional stages. Sections were placed in staining racks and then into glass
staining dishes. PBX was made up by taking 50ml of PBS and adding 250ul of Triton
X-100 before mixing well. Sections were dewaxed using two 10 minute washes in
xylene in a fume hood, followed by two 10 minute washes in 100% ethanol outside
the fume hood at room temperature. The sections were transferred from the staining
dish to a glass coplin jar and given one 15 minute wash in PBX at room temperature.
Following this, the sections were placed back into the fume hood and washed for 1

hour in 4M hydrochloric acid.

After one hour, the sections were removed from the 4M hydrochloric acid and given
five 5 minute washes in PBS within a coplin jar at room temperature. The sections
were removed from the coplin jar and placed into a wet chamber. Once inside, the
sections of tissue mounted on each slide were surrounded with a hydrophobic
barrier. Primary antibody solution was made by adding the requisite amount of
primary antibody to 900ul of PBS and 100yl of 10% bovine serum, which is the
blocking agent in the adapted protocol. Table 2 lists the primary antibodies used and
their concentrations. 200ul of primary antibody solution was applied to each section

and left in the enclosed wet chamber for one hour at room temperature.

After one hour, the primary antibody solution was removed and the sections were
removed from the wet chamber. PBT was made up by adding 0.01% Tween 20 to
PBS. The sections were given five 5 minutes washes in PBT within a coplin jar at
room temperature, before being placed back into the wet chamber. Secondary
antibody solution was made up by adding the requisite amount of secondary
antibody to 900ul of PBS and 100ul of 10% bovine serum. Table 2.16 shows the
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secondary antibodies used and their concentrations. 200l of secondary antibody
solution was applied to each section and left in the enclosed wet chamber for one

hour at room temperature.

After one hour, the secondary antibody solution was removed and the sections were
removed from the wet chamber. The sections were given five 5 minutes washes in
PBT within a coplin jar at room temperature, before being placed back into the wet
chamber. The TSA fluorescence solution was made up by mixing the TSA Plus
Amplification Reagent in 60ul of dimethyl sulfoxide (DMSQO). 5ul of this tyramide
solution was added to 1000ul of the TSA dilution buffer. Optimisation is required to
identify the right amount of tyramide solution to use and the length of incubation
required. With the advice of our collaborator, Alexey Ruzov, 5ul of tyramide solution
was used for exactly 2 minutes as an optimal procedure for detecting 5hmC and
5caC. Due to the time sensitive nature of the TSA amplification, TSA incubation was
completed with no more than three slides at a time to ensure an accurate duration of
incubation. With the slides in the wet chamber, the TSA solution was applied to each
section, within each of the hydrophobic barriers, for 2 minutes exactly. After 2
minutes, the sections were placed in a coplin jar and immediately given three 5

minute washes in PBT.

After the PBT washes, the area of the slides around the hydrophobic barriers was
dried carefully prior to mounting. 0.16mm coverslips were prepared by applying 3
small drops of mounting media. Either standard mounting media or mounting media
including a DAPI fluorescent stain was used where appropriate. Slides were then
placed carefully face down upon the coverslips and secured around the edges with
nail varnish. The sections were stored in the fridge for at least one hour before

microscopy and were stored in the fridge when not in use.

2.6.3. Microscopy and image analysis

Once the relevant immunohistochemistry protocol was completed, sections were
visualised for characterisation of the methylation maodifications and any further
reference immunoreactivity using neuronal, glial, or stem cell markers. Microscopy of
the sections was completed using two microscopes within the SLIM facility at the
University of Nottingham. The Leica DM-IRE2 fluorescence microscope was used
primarily for visualisation of the standard protocol during optimisation of neuronal

antibodies. The Zeiss LSM 710 confocal microscope was used for the majority of
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imaging, including optimisation and characterisation of the methylation marks 5hmC
and 5caC.

For the Leica DM-IREZ2, the Volocity imaging suite was used to capture images.
Magnification was mostly kept at 20x, but closer analysis at 63x magnification was
occasionally used and required the administration of oil to the objective. As our
immunohistochemistry only ever involved the use of a rabbit or mouse antibody
alongside DAPI cellular staining, the fluorescent signal was split into two channels for
the rabbit (Alexa Fluor 488; green) and mouse (Alexa Fluor 568; red), with DAPI
remaining as the traditional blue. For the DM-IRE2, these channels were FITC for
green and TRITC for red respectively. Max exposure time was set at 100ms to avoid
bleaching of the signal. Composite and single channel images were then exported for
image analysis.

For the Zeiss LSM 710 confocal, the Zen imagine suite was used to capture images.
Again, magnification was mostly kept at 20x but closer analysis at 40x was
occasionally used and required the administration of oil to the objective. Again, only
rabbit or mouse antibodies were used in this microscopy alongside DAPI staining.
For the LSM 710, Zen allows one to manually edit the proportion of signal included in
each channel. Thus, one could ensure that there was as little crossover as possible
between the 488 green and 568 red channels. Confocal imaging necessitates more
detailed adjustment of the laser and of the pinhole. As such, owing to the relative
weakness of the 5caC antibody, a higher-than-average laser power was chosen.
However, this can increase the risk of bleaching the signal and thus corrupting the
fluorescence. For the 488 green channel, a laser power of 5% was applied. For the
568 red channel, a laser power of 10% was applied. Thus, care was taken when
imaging the 5caC signal to ensure that the signal does not become bleached. 1 airy
unit (the width of the pinhole which controls the confocal resolution of the imaging)
was kept as the default for all of the imaging sessions. Averaging, which averages
out the multiple signal intensities emitted at any given point in the tissue, was set to
4. Bit depth pixel averaging was kept at 12, which is the recommended level for
imaging of fluorescence. Manual adjustment of the gain master and digital offset
functions allowed modulation of saturated pixels, so that one can maximise the
fluorescent signal without bleaching. Composite and single channel images were
then exported for image analysis, most often at 1024 x 1024 resolution but

occasionally at 512 x 512 if the image was computationally intensive.
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Once the sections had been imaged, the files were imported into ImageJ for final
processing. ImageJ allows one to merge the single channel or composite image files
from the microscopy software to create quality output images. ImageJ was used to
add scale bars to each image. The Set Scale tool is used to assess and, if
necessary, amend the spatial properties included in the image file. The Scale Bar
tool is then used to annotate the image with a scale bar. Some images, particularly
during optimisation of the 5caC antibody, suffered from heavy non-specific
background staining. In these cases, the Brightness/Contrast tool was used to
confirm that brightness and contrast levels were within normal boundaries and not

skewed.
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3. Assessment of DNMT3L R278G and APOE in relation to cognitive
performance in the OPTIMA cohorts

3.1. Preface

Genotyping of the DNMT3L R278G variant in the OPTIMA, VITACOG, and
Challenge study cohorts was performed using a KASP genotyping assay by a former
student in our research group, Mariam Muse. Genotype data for APOE was provided
by the OPTIMA study. To build upon previous investigation of cognitive performance
in the VITACOG cohort, Principal Component Analysis was applied to extrapolate
and analyse dementia-sensitive cognitive factors in these individuals, alongside the
DNMT3L R278G and APOE variants.

3.2. Results

3.2.1. DNMT3L R278G and APOE genotypes in the combined OPTIMA strands

The first examination was a simple assessment of the DNMT3L R278G and APOE
genotype counts and allele frequencies within the Alzheimer’s disease (AD), mild
cognitive impairment (MCI), and control individuals aggregated from the OPTIMA,
VITACOG, and Challenge cohorts. Minor allele frequencies and genotype

frequencies are presented in Table 3.1 and Table 3.2 respectively.

Before assessing the allele frequencies for each disease cohort, the DNMT3L
R278G and APOE genotypes were assessed for Hardy-Weinberg equilibrium. For
DNMT3L R278G, the AD (p = 0.18), MCI (p = 0.13), and control (p = 0.34)
populations all conformed to Hardy-Weinberg equilibrium. For APOE, the AD (p <
0.01), MCI (p < 0.001), and control (p < 0.001) populations did not conform to Hardy-
Weinberg equilibrium. This is perhaps not unexpected given that the populations
stem from the OPTIMA program. The aim of OPTIMA was to investigate the progress
of dementia, of which APOE is an important factor, and it is likely that population
stratification contributed to a non-random sample of APOE genotypes (Wittke-
Thompson et al., 2005).

Previous work investigating the DNMT3L R278G found an association between
minor allele carriers and higher intelligence scores (Haggarty et al., 2010), an
association that was particularly strong when using a dominant genetic model (A/A v
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A/G + G/G) compared to an additive genetic model (A/A v A/G v G/G). A dominant
model asserts that one or two copies of the minor allele are required for an increase
in disease risk in contrast to a recessive model where two copies of the minor allele
are required for an increase in disease risk. An additive model asserts that disease
risk increases from major allele homozygotes to heterozygotes to minor allele
homozygotes (Clarke et al., 2011). In light of the dominant association observed with
this genotype in previous work, DNMT3L R278G genotypes were recoded using a
dominant genetic model by classifying A/G heterozygotes and G/G homozygotes as
G carriers (G+) in comparison to A/A homozygotes.

Beginning with DNMT3L R278G, no difference in allele frequency was found
between the AD, MCI, and control groups (x? = 0.460, p = 0.794). A closer inspection
of the R278G G carriers alone was performed, comparing the controls with MCI and
MCI with AD. Odds ratios (OR) showed that G carriers had a greater chance of being
in the MCI group than the control group (OR = 1.805, 95% CI 1.003 — 3.247), and a
greater chance of being in the AD group than the MCI group (OR = 1.793, 95% ClI
0.991 — 3.244). This alludes to a possible dementia-risk relationship for the DNMT3L

R278G minor allele carriers.

Sex was subsequently included in the analysis of DNMT3L R278G genotype. An
overall effect was observed when assessing combined AD, MCI, and control groups
in the analysis (x*> = 16.577, p = 0.011). Splitting the analysis to look at male and
female allele frequencies within each disease group showed no effect in AD (x? =
1.076, p = 0.3) or controls (x?> = 0.908, p = 0.341). However, a significant effect was
observed in the MCI group (x? = 4.099, p = 0.043). This appeared to be driven by
female R278G minor allele carriers, where the minor allele count was 97 (expected
87) compared to 43 for the males (expected 53).
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TABLE 3.1. Minor allele frequencies for DNMT3L R278G and APOE

) DNMT3L APOE
Disease
R278G E4+
AD 0.25 0.45
MCI 0.24 0.15
Control 0.25 0.14

E4+ = Carrier of the APOE E4 allele.

TABLE 3.2. Genotype frequencies for DNMT3L R278G and APOE

Disease DNMT3L R278G APOE E4

A/A AlG G/IG E2E2 E2E3 E2E4 E3E3 E3E4 E4E4
AD 0.533 0.423 0.044 0.007 0.029 0.029 0.248 0.504 0.182
MCI 0.566 0.393 0.041 0.007 0.129 0.044 0.566 0.244 0.010

Control 0.542 0.408 0.049 0.000 0.155 0.021 0.592 0.204 0.028

TABLE 3.3. Variants and genotypes associated with APOE E4
APOE allele  rs429358 rs7412 Genotype

E2E2 T/T TIT No E4
E2E3 T/T T/IC No E4
E2E4 T/C T/IC E4+
E3E3 T/T Ci/C No E4
E3E4 T/C Ci/C E4+
E4E4 C/C C/C E4+

E4+ = Carrier of the APOE E4 allele; No E4 = Does not carry the APOE E4 allele.
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Having observed some evidence for disease risk in the minor allele carries in our
analysis of DNMT3L R278G, analysis progressed to the examination of APOE. There
are six genotypes associated with the APOE epsilon variant due to the combination
of two risk variants, rs429358 and rs7412 (Table 3.2). The presence of an E4 allele is
most strongly associated with risk for AD, whilst the presence of an E2 allele has
been posited as being protective against AD (Wu and Zhao, 2016). Due to the
prominence of the E4 allele in AD research, the APOE genotypes were recoded so
that individuals were classed as either APOE E4 carriers (E4+) or APOE E4 non-
carriers (no E4). This carrier status was used as opposed to allele frequency due to
the multiple variants that make up the APOE genotype.

In contrast to the DNMT3L R278G genotype, a significant difference was found
between the AD, MCI, and control groups (x? = 82.720, p < 0.001). Due to the
relationship between APOE E4 and risk for AD, the analysis was repeated comparing
AD with MCI and AD with controls. As expected, the APOE E4 carrier status in the
AD group was significantly different from both the MCI group (x? = 59.575, p < 0.001)
and the control group (x? = 66.359, p < 0.001), with APOE E4 carriers showing
greater risk of being in the AD group than the MCI group (OR =5.911, 95% CI 3.780
—9.243) or control group (OR = 7.399, 95% CI 4.356 — 12.567). There was no
significant difference between the MCI and control groups (x? = 7.181, p = 0.066).
With regards to the influence of sex, splitting the analysis to assess male and female
carrier status within each disease group showed no effect in AD (x? = 0.797, p =
0.372), MCI (x? = 0.399, p = 0.527), or controls (x? = 3.354, p = 0.067).

Finally, a synergy factor analysis approach was applied to the risk alleles for our
genotypes of interest. This statistic was designed to give an estimation, albeit a
limited one, of the synergistic interaction between risk or protective genetic factors
(Cortina-Borja et al., 2009). This method was applied to the DNMT3L R278G G/G
homozygotes and to the APOE E4 carriers, comparing the control individuals with the
AD and MCI individuals in separate analyses. A synergy factor (SF) score > 1 implies
a synergistic interaction between the two factors whilst an SF score < 1 implies an
antagonistic interaction. Comparison of controls and MCI individuals resulted in the
prediction of a non-significant antagonistic interaction (SF = 0.33, p = 0.22).
Comparison of controls and AD resulted in the prediction of a significant antagonistic
interaction between these two risk genotypes (SF = 0.07, p = 0.04). However, the

weak SF score indicates that either the significant p value was driven by the strong
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relationship between APOE E4 and AD, or that the DNMT3L R278G G/G genotype is

not a true risk factor for disease when compared with APOE E4.

3.2.2. tHcy levels in the VITACOG cohort

The following set of analyses focused specifically on the 271 individuals available
from the VITACOG cohort. As previously detailed, homocysteine (Hcy) levels are an
important risk factor for dementia progression as well as being related to DNA
methylation via the methionine pathway. Using the data available from VITACOG,
our analysis confirmed the findings published by Smith et al. (2010) that individuals
who received B vitamin treatment showed a significant decrease in tHcy levels
following completion of the trial (F = 147.149, p < 0.001), whilst individuals who
received the placebo showed a slight increase in tHcy levels. It was also confirmed
that those with upper quartile baseline tHcy levels, the highest levels of baseline Hcy,

showed the greatest reduction in Hcy following completion of the trial.

Next, the DNMT3L R278G and APOE E4 genotypes were included into our analysis
of the change (A) in tHcy levels during the VITACOG trial. No difference in AtHcy
levels was observed between the DNMT3L R278G A/A homozygotes or G carriers (t
=-1.582, p = 0.115), and this was irrespective of B vitamin treatment or placebo
group (F = 0.754, p = 0.386). Likewise, no difference in AtHcy levels was observed
between the APOE E4 carriers and E4 non-carriers (t = -0.419, p = 0.676), and again
this was irrespective of B vitamin treatment or placebo group (F = 0.029, p = 0.866).
With regards to baseline tHcy, no difference was observed between DNMT3L R278G
A/A homozygotes and G carriers (t = 0.827, p = 0.409). No difference in baseline
tHcy was also observed between APOE E4 carriers and E4 non-carriers (t = -0.418,
p = 0.677). A closer examination of those with low baseline tHcy revealed a slight
effect of APOE (Figure 3.1), where E4 carriers who received the placebo showed a

reduced increase in tHcy compared to E4 non-carriers (F = 4.319, p = 0.040).
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3.2.3. Cognitive performance in the VITACOG cohort

Our next set of analyses focused on the relationship between our genotypes of
interest and cognitive performance in the VITACOG cohort. Initial analyses were
performed on change in the separate cognitive test measures chosen for the present
study across the duration of the VITACOG study. This includes the Hopkins Verbal
Learning Test-Revised (HVLT-R) delayed recall score, Mini-Mental State
Examination (MMSE) summary score, Graded Naming Test (GNT) score, Category
Fluency (CF) score, and Paired Associates Learning (PAL) total errors.

Inspection of covariates revealed no significant influence of age or sex in any of the
cognitive tests, except for a significant correlation between age and AGNT where
older individuals performed worse than younger individuals (R = -0.248, p < 0.001).
The full results for these analyses are presented in Table 3.4, with bold values
indicating statistically significant results. Evaluation of B vitamin treatment and each
cognitive test revealed that, whilst performance on the HVLT-R, MMSE, PAL, and CF
all showed significant decline over the course of the VITACOG trial, there was no
effect of the B vitamin treatment on this pattern of decline. The full results for these

analyses are presented in Table 3.5.

In keeping with the results investigating age, sex, and B vitamin treatment,
examination of the DNMT3L R278G and APOE E4 genotypes revealed no significant
association with A in performance for any of the cognitive tests over the duration of
the VITACOG trial. However, a borderline significant association was seen for PAL
total errors, where APOE E4 carriers showed greater decline in performance than
APOE E4 non-carriers (t = 1.974, p = 0.050). The results for these are presented in
Table 3.6.
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TABLE 3.4. Influence of sex and age on individual cognitive tests in the VITACOG

cohort
Cognitive test Age Sex
AHVLT-R R =-0.076, p = 0.265 t=-0.207, p = 0.836
AMMSE R =-0.123, p = 0.069 t=0.294, p=0.769
APAL R =0.080, p = 0.245 t=-1.464, p=0.145
AGNT R =-0.248, p<0.001** t=0.568, p=0.570
ACF R=-0.085p=0.212 t=-0.825,p=0.410

AHVLT-R = Change in Hopkins Verbal Learning Test — Revised; AMMSE = Change
in Mini-Mental State Examination; APAL = Change in Paired Associates Learning;
AGNT = Change in Graded Naming Test; ACF = Change in Category Fluency.

** = gignificant at the 0.01 level.

TABLE 3.5. Change in performance and effect of treatment for each cognitive test

Cognitive test A'in performance Treatment

HVLT-R F=6.252, p=0.013* F=1.245, p = 0.266
MMSE F =10.632, p = 0.001* F=0.144,p=0.704
PAL F =54.139, p < 0.001** F=0.732, p=0.393
GNT F =0.007, p=0.932 F =0.554, p=0.458
CF F =4.500, p = 0.035* F=2.007, p=0.158

HVLT-R = Hopkins Verbal Learning Test — Revised; MMSE = Mini-Mental State
Examination; PAL = Paired Associates Learning; GNT = Graded Naming Test; CF =
Category Fluency.

** = significant at the 0.01 level, * = significant at the 0.05 level

TABLE 3.6. Influence of DNMT3L R278G and APOE E4 genotypes on each

cognitive test

Cognitive test  DNMT3L R278G APOE E4
AHVLT-R t=1.127,p=0.261 t=-0.418, p=0.676
AMMSE t=-0.532, p=0.595 t=-0.582, p = 0.561
APAL t=0.685 p=0.494  t=1.974, p=0.050

AGNT t=-1.221,p=0223 t=-0.700, p = 0.485
ACF t=0.595, p=0.552 t=-0.1697, p=0.091

AHVLT-R = Change in Hopkins Verbal Learning Test — Revised; AMMSE = Change
in Mini-Mental State Examination; APAL = Change in Paired Associates Learning;
AGNT = Change in Graded Naming Test; ACF = Change in Category Fluency.
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In addition, the association between genotype and baseline performance was
investigated in each of the cognitive tests. Whilst performance in HVLT-R, MMSE,
PAL, and GNT showed no difference at baseline between DNMT3L R278G A/A
homozygotes and G carriers, or between APOE E4 carriers and E4 non-carriers, a
difference was observed in baseline CF scores for the DNMT3L R278G genotype (t =
-2.214, p = 0.028). Closer examination revealed that G carriers performed
significantly better than A/A homozygotes in the CF test at baseline. However,
differences in baseline cognitive performance do not influence scores of A in
cognitive performance, which was used for much of our subsequent analysis.
Therefore, although this result reveals an interesting baseline association with
DNMT3L R278G, it did not influence our deeper analysis of cognitive performance
and DNMT3L R278G in the VITACOG cohort. The results for these analyses are
presented in Table 3.7.

3.2.4. Principal Component Analysis of cognitive tests in the VITACOG cohort

Apart from the association between age and AGNT performance and the association
between the DNMT3L R278G genotype and baseline CF performance, no other
relationships between the genotypes of interest and cognitive performance were
observed. In addition, whilst B vitamin treatment clearly influenced Hcy levels in the
VITACOG cohort, no relationship was observed between treatment group and

cognitive performance.

In an effort to further interrogate the influence of genotype on cognitive performance,
Principal Component Analysis (PCA) was applied to A in performance using the
HVLT-R, MMSE, PAL, GNT, and CF cognitive measures in the VITACOG trial. PCA
is an adaptable statistical method for identifying the main sources of variance within
a set of experimental variables. Amongst its applications is the identification of
related factors within cognitive test data (Lyall et al., 2016). As noted in the previous
section, PCA was applied to A in our cognitive test data to avoid any bias associated

with baseline differences in cognitive performance.
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TABLE 3.7. Influence of DNMT3L R278G and APOE E4 genotypes on baseline

cognitive performance

Cognitive test ~ DNMT3L R278G APOE E4
HVLT-R t=-1.448,p=0.149 t=-1.771,p=0.078
MMSE t=0.290, p=0.772 t=-1.342, p=0.181
PAL t=0509, p=0.611 t=0.912, p=0.363
GNT t=0.609, p=0.543 t=-0.599, p = 0.550
CF t=-2.214, p=0.028* t=-0.962, p=0.337

HVLT-R = Hopkins Verbal Learning Test — Revised; MMSE = Mini-Mental State
Examination; PAL = Paired Associates Learning; GNT = Graded Naming Test; CF =

Category Fluency.
* = significant at the 0.05 level.
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A measure of sampling adequacy (KMO & Bartlett’s test) greater than 0.6 is sought
for accurate PCA analysis. Our analysis produced a value of 0.631 (p < 0.001) and
resulted in the identification of two cognitive factors; PCA Factor 1 which consisted of
MMSE, PAL, and GNT, and PCA Factor 2 which consisted of HVLT-R and CF. PCA
Factor 1 was interpreted to be reflective of “visuospatial associative memory” due to
the segmentation of PAL and GNT, visuospatial tests that have been highlighted for
their accuracy in predicting dementia progression (Blackwell et al., 2004). PCA
Factor 2 was interpreted to be reflective of “verbal semantic memory” due to the
segmentation of HVLT-R and CF, semantic tests that have been combined to better
evaluate MCI symptoms (Duara et al., 2011). Therefore, PCA Factor 1 and PCA
Factor 2 will be referred to as visuospatial associative and verbal semantic memory
from here on. PCA results and correlation coefficients for the cognitive data are
presented in Figure 3.2.

Having identified two distinct cognitive factors within the VITACOG cohort, the
assessment of cognitive performance was continued using visuospatial associative
and verbal semantic memory as our measures. A significant relationship was found
between age and performance in visuospatial associative (R = 0.182, p = 0.008),
where increased age was associated with risk of poorer performance. This was not
observed for verbal semantic memory (R = 0.046, p = 0.509). There was no
relationship between sex and performance in either visuospatial associative (t =
1.366, p = 0.173) or verbal semantic (t = -1.543, p = 0.124) memory. Analysis of
treatment group revealed that there was no impact of B vitamin treatment or placebo
on visuospatial associative (t =-0.135, p = 0.893) or verbal semantic (t =0.013, p =
0.990) memory. Baseline tHcy level also showed no relationship with either
visuospatial associative (t = 1.215, p = 0.226) or verbal semantic (t = 0.447, p =
0.655) memory performance, despite those individuals with upper quartile baseline
tHcy showing a slight decline in visuospatial associative memory performance

compared to those with lower or middle quartile tHcy levels.
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FIGURE 3.2. PCA of select cognitive tests from the VITACOG cohort. This analysis
resulted in the identification of two cognitive factors (A) that were named visuospatial
associative and verbal semantic memory respectively (B). Correlation coefficients
between the tests and the resultant cognitive factors are included (C). HVLT-R =
Hopkins Verbal Learning Test - Revised; MMSE = Mini-Mental State Examination;
PAL = Paired Associates Learning; GNT = Graded Naming Test; CF = Category
Fluency. ** = p < 0.01, * = p < 0.05 (2 tailed, Pearson).

95



The association between genotype and performance on the derived cognitive factors
was then examined. Beginning with DNMT3L R278G, it was discovered that G
carriers who received B vitamin treatment showed a trend towards significant
improvement in visuospatial associative memory compared to A/A homozygotes who
received treatment (t = -1.569, p = 0.06; Figure 3.3A). In contrast, G carriers who
received B vitamin treatment showed a significant decline in verbal semantic memory
compared to A/A homozygotes who received treatment (t = 1.727, p = 0.043; Figure
3.3B). Individuals who received the placebo showed no change in either visuospatial
associative or verbal semantic memory, irrespective of their genotype. These results
indicate a potential pharmacogenetic interaction between B vitamin treatment and

the DNMT3L R278G variant which influences change in cognitive performance.

In contrast, APOE E4 carriers who received the placebo showed a significant decline
in visuospatial associative memory in comparison to APOE E4 non-carriers who
received the placebo (t = -2.938, p = 0.004; Figure 3.3C). Individuals who received
the B vitamin treatment showed no change in visuospatial associative memory.
Closer inspection of the tests that make up visuospatial associative memory revealed
a significant statistical interaction of the APOE genotype and B vitamin treatment with
regards to APAL (F = 4.474, p = 0.036), driven by significantly poorer performance
for APOE E4 carriers compared to APOE E4 non-carriers in the placebo group (t =
3.311, p = 0.001). There was no significant relationship between APOE and B
vitamin treatment group with regards to verbal semantic memory, despite the APOE
E4 carriers displaying poorer performance in both the treatment and placebo
conditions (t = -1.228, p = 0.224; Figure 3.3D).

3.2.5. Influence of baseline tHcy on cognitive performance

By assessing our genotypes of interest and by utilising our derived cognitive factors,
it was possible to identify an influence of B vitamin treatment which was otherwise

unobserved when examining individual cognitive tests irrespective of genotype. Due
to the moderating influence of baseline Hcy levels, high and low baseline tHcy levels

were incorporated into the analysis of our derived cognitive factors.
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FIGURE 3.3. Investigation of the relationship between B vitamin treatment and our
genotypes of interest with respect to cognitive performance. These relationships are
presented for DNMT3L R278G and APOE E4 genotypes with either visuospatial
associative memory (A, C) or verbal semantic memory (B, D) as the dependent
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With regards to visuospatial associative memory, a significant statistical interaction of
baseline tHcy, B vitamin treatment, and the DNMT3L R278G genotype was observed
(F =3.718, p = 0.012). This observation remained significant after adjustment for the
influence of age as a covariate (p = 0.021). Post hoc analysis with Bonferroni
correction showed that G carriers with high baseline tHcy who received B vitamin
treatment showed significantly better performance than A/A homozygotes in the
same conditions (p = 0.031; Figure 3.4A). No such statistical interaction was
observed for verbal semantic memory (F = 0.506, p = 0.679), despite a trend towards
poorer performance for G carriers with high baseline tHcy who received B vitamin
treatment compared to A/A homozygotes in the same conditions (Figure 3.4B).

This approach was then replicated with upper quartile versus lower & middle
baseline tHcy groups. A significant statistical interaction of baseline tHcy, treatment,
and the DNMT3L R278G genotype on visuospatial associative memory remained (F
=3.723, p = 0.012), even after adjustment for the influence of age as a covariate (F =
3.434, p = 0.018). This appeared to be driven by the improved performance of G
carriers with upper quartile baseline tHcy who received B vitamin treatment (Figure
3.4C). Post hoc analysis with Bonferroni correction confirmed that this observation
was again significant in comparison to A/A homozygotes in the same conditions (p =
0.014), but not in comparison to G carriers in the other baseline tHcy and treatment
conditions (p > 0.05). Again, no such statistical interaction was seen for verbal
semantic memory (F = 0.377, p = 0.770; Figure 3.4D). These findings build upon the
pharmacogenetic interaction reported earlier identifying DNMT3L R278G minor allele
carriers, high baseline tHcy, and B vitamin treatment as influential factors relating to

cognitive performance.

Analysis of the APOE genotype revealed a significant statistical interaction of
baseline tHcy, treatment, and the APOE genotype for visuospatial associative
memory (F = 2.380, p = 0.040). However, this observation did not reach statistical
significance after adjustment for the influence of age as a covariate (F = 2.083, p =
0.104). Post hoc analysis with Bonferroni correction showed that APOE E4 carriers
with low baseline tHcy in the placebo group performed significantly worse than APOE
E4 non-carriers in the placebo group, whether they had high (p = 0.033) or low (p =
0.014) baseline tHcy (Figure 3.4E). No such statistical interaction was observed for
verbal semantic memory (F = 0.347, p = 0.791; Figure 3.4F). Examination of upper
guartile versus lower & middle baseline tHcy groups resulted in no significant

statistical interaction of baseline tHcy, treatment, and the APOE genotype for either

98



visuospatial associative (F = 2.097, p = 0.102) or verbal semantic (F = 0.310, p =
0.818) memory. With regards to visuospatial associative memory, a difference was
observed between APOE E4 carriers and non-carriers in the placebo group who had
lower & middle baseline tHcy. However, post hoc analysis with Bonferroni correction

confirmed that this was non-significant (p = 0.142).

The inclusion of baseline tHcy levels into the analysis developed our model of the
pharmacogenetic relationship between B vitamin treatment, genotype, and cognitive
function. Specifically, the improved visuospatial associative memory performance
observed in DNMT3L R278G minor allele carriers reached greater statistical
significance when assessing those with the highest levels of baseline tHcy. In
contrast, the decline in verbal semantic memory performance observed in G carriers
became non-significant upon inclusion of baseline tHcy levels. Finally, the significant
decline in visuospatial associative memory performance observed in APOE E4

carriers remained significant only in those with high levels of baseline tHcy.
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3.3. Discussion

An increasingly important role in normal brain function and brain disease
pathogenesis has been implicated for epigenetic mechanisms such as DNA
methylation. The primary focus of this chapter was to investigate the relationship
between a specific coding genetic variant within one of the DNA methylation genes

and performance in facets of cognitive function.

In the VITACOG cohort, a discrepant influence of the DNMT3L R278G minor allele
was discovered on visuospatial associative memory and verbal semantic memory
performance. Specifically, carriers of the minor allele who received B vitamin
treatment exhibited an improvement in visuospatial associative memory
performance. Furthermore, this performance was markedly improved in those
individuals who had the highest levels of baseline Hcy. In contrast, carriers of the
minor allele who received B vitamin treatment exhibited a decline in verbal semantic
memory performance. These findings support the hypothesis that changes in

cognitive function are associated with the DNMT3L R278G variant.

Some notable findings were also observed in relation to the APOE genotype in the
OPTIMA cohorts and specifically within the VITACOG cohort. As expected, the
presence of the APOE E4 genotype was higher in AD individuals compared to MCI
individuals, but was also higher in MCI individuals compared to controls, supporting
the notion that MClI is a prodromal risk stage in AD development. In comparison to
our findings for DNMT3L R278G and the derived cognitive factors, carriers of the E4
allele who received the placebo exhibited a decline in visuospatial associative
memory. Furthermore, there was a marked decline in those individuals who had the
highest levels of baseline Hcy. This points to an influence of B vitamin treatment in
the E4 carriers as they showed the same visuospatial associative memory

performance as those who did not carry an E4 allele.

3.3.1. PCA and cognitive performance

There are two main arguments related to methodology that should be discussed in
line with the discrepant PCA results presented in this chapter. The first is the use of
PCA itself and its particular application within our study. The second focuses on the
nature of the cognitive measures utilised in this PCA analysis and whether the

disparate visuospatial associative memory and verbal semantic memory results
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accurately highlight differences in cognitive function, as opposed to being artefacts of

the methodology and our interpretation of the PCA results.

With regards to the use of PCA, as pointed out by Shlens (2014), misapplication of
the assumptions of PCA could result in incorrect and incomplete analysis of the
variability within the data. For instance, PCA is increasingly used in genomic studies
to handle the vast amounts of multivariate data between organisms and sequences.
Cases have been highlighted where the ordination process, an exploratory
assessment of the data rather than a hypothesis-driven analysis, has been over-
interpreted (Francois et al., 2010). However, when applying PCA to cognitive test
data, the goal should be to achieve a certain level of data reduction, condensing the
variables you have into representative factors, as opposed to a pure identification of
latent factors within the data (Fabrigar et al., 1999).

As the comparative advantages and disadvantages of using PCA as opposed to
exploratory factor analysis are contentious (Costello and Osborne, 2005), it was
decided to both assess the accuracy of our derived factors using correlation matrices
as well as individually analysing each cognitive test using in the PCA to determine
the level of corroboration between our factors and the tests. Promisingly, our factors
correlated well with their component tests and our analysis of each cognitive test
showed some mirroring with the PCA results, particularly in the case of PAL Total
Errors and visuospatial associative memory. Further, because there was no a priori
model of what latent factors were present within the cognitive tests used, it seemed
appropriate to favour PCA over exploratory factor analysis. Nevertheless, application
of exploratory factor analysis to the cognitive tests could have been carried out, if
only to provide a methodological comparison with the results of the PCA.

With regards to the cognitive measures utilised in our PCA, the verbal semantic
memory grouping of HVLT-R and CF appeared congruent as both are tests of
semantic memory. However, the PCA Cognitive Factor 1 grouping of MMSE, PAL,
and GNT (tests of global cognition, episodic memory, and semantic memory
respectively) did not share the same congruence. Another contrast between the two
PCA factors is the sensory modality associated with the respective cognitive
measures. PAL and GNT are both visual tasks, whilst HVLT-R and CF are verbal
tasks, and this sensory specificity has been shown to be particularly prominent in

tests of memory (Kane et al., 2004).
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Despite some incongruence, there is evidence within the literature to support our
interpretation of these two cognitive factors. Arguably the most pertinent distinction
between the two PCA factors is their respective relevance to dementia. Blackwell et
al. (2004) showed that the combined use of PAL and GNT within a battery of
cognitive tests most accurately predicted the progression from questionable
dementia to AD. Similarly, Duara et al. (2011) showed that performance on HVLT-R
and CF could differentiate non-amnestic from amnestic MCI sufferers, likely due to
the manner in which categorical remembering can persist during the progressive loss
of other executive functions (De Jager et al., 2003). However, this distinction of the
PCA factors between dementia progression and particular MCI ability faces some
objection, as both Duara et al. (2011) and De Jager et al. (2003) also nominate the
use of HVLT-R and CF to better identify progression from MCI to AD. Our
observation of a clear genotype-dependent distinction in visuospatial associative and
verbal semantic memory performance in our cohort of MCI individuals adds some
support to the idea that these two combinations of cognitive tests is measuring

separate facets of cognitive impairment.

As explained in the methods, MMSE, PAL, HVLT-R, CF, and GNT were included,
and the Clox, Symbol Digit Modalities, Trail Making, and Map Search tests were
excluded. MMSE, HVLT-R, and CF were all used in previous studies assessing
changes in cognitive ability within the VITACOG study (De Jager et al., 2012). PAL
and GNT were included because they had both been used by our research group in
previous studies (Knight et al., 2010). Of the tests that were not included in our
analyses, Symbol Digit Modalities is a simple clinical test of cognitive function where
individuals are asked to pair numbers with figures. Trail Making is a test of visual
attention where individuals are asked to connect a set of numbered dots. Map
Search involves individuals searching for symbols within a map of a certain
geographical area. Finally, Clox involves two drawing tasks; one in which individuals
are asked to draw a clock with no guidance, and one in which individuals are asked
to copy a clock drawn by the examiner. These tests of executive function (Symbol
Digit Modalities, Clox) and visual attention (Trail Making, Map Search) appear distinct
from the tests included in our analysis. However, it cannot be discounted that
inclusion of these tests may result in a fuller and more accurate analysis of cognitive
ability in MCI. This is particularly true in the case of the Clox test, which was found to
be stabilised by B vitamin treatment in VITACOG (De Jager et al., 2012).
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3.3.2. B vitamins, homocysteine, and genotype

Of particular note was the influence of certain baseline factors which emerged from
the analyses. The modulating role of baseline Hcy levels, a factor predicted by
previous research to be influential, appeared to be the most pertinent of these
variables. Indeed, the observation that high levels of baseline Hcy confer the greatest
risk for both change in Hcy levels (Smith et al., 2010) and change in cognitive
function (De Jager et al., 2012), and that B vitamin treatment ameliorates this risk,
was largely supported by the findings presented within this chapter. For instance, an
interactive influence of DNMT3L R278G minor allele carriers and B vitamin treatment
on visuospatial associative memory performance was initially observed. However,
this relationship became particularly significant in those with the highest levels of
baseline Hcy. A similar contrasting effect was observed in the APOE E4 carriers,
where individuals with high levels of baseline Hcy who received the placebo showed

the most significant decline in visuospatial associative memory performance.

What could be underlying these relationships between B vitamins (or lack thereof),
Hcy levels, and risk genotypes. In the case of APOE E4, the findings may be easier
to interpret largely due to the established risk of this genotype for dementia. To begin
with, whilst raised homocysteine levels in AD are not necessarily linked to the APOE
genotype, they are modified by the APOE E4 genotype in relation to cognitive
performance (Elias et al., 2008, Religa et al., 2003). The APOE E4 genotype is
associated with increased sensitivity of neuronal mechanisms to degeneration and
disorder through altered amyloid and tau formation as well as impaired neuronal
repair (Horsburgh et al., 2000). Indeed, an association between Hcy levels and
amyloid beta formation has been reported (Irizarry et al., 2005). This appears to
leave neuronal cells particularly susceptible to Hey-induced neurotoxicity, most likely

in areas related to memory such as the hippocampus (Morris, 2003).

In this scenario, it is feasible that B vitamins could influence either the APOE E4
genotype, Hcy levels, or both of these factors to influence cognitive performance. For
example, rodent studies of the APOE E4 genotype have shown that deprivation of B
vitamins such as folate was associated with greater oxidative damage in the brain
compared to mice without the APOE E4 genotype (Shea et al., 2002). Moreover,
treatment of these rodents with vitamins — in this case, vitamin E — led to a reduction

in this oxidative damage. This draws parallels with our findings, where APOE E4
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carriers who received B vitamin treatment did not show the same decrease in

visuospatial associative memory performance as carriers who received the placebo.

It was also confirmed that B vitamin treatment reduced Hcy levels in members of the
VITACOG cohort. In particular, folate and vitamin B12 play important roles in the
one-carbon cycle, where folate is the major methyl donor for the methionine pathway
and vitamin B12 allows conversion of Hcy to methionine by facilitating the transfer of
methyl from 5-CH3-tetrahydofolate (Rush et al., 2014). Reduction of either of these B
vitamins could stall the methionine pathway and cause Hcy levels to build without
being converted to methionine, subsequently allowed Hcy-induced neurotoxicity to
progress within the brain. This links with our finding that APOE E4 carriers (who may
be more susceptible to neuronal damage than non-carriers) who did not receive B
vitamin treatment saw a decline in visuospatial associative memory performance.
Interestingly, an additional mechanism has been proposed that involves high-density
lipoprotein cholesterol levels, another risk factor for dementia due to its role in
amyloid beta clearance (Zuliani et al., 2010). Work has shown that Hcy can inhibit
APOE E3, reducing the ability of APOES to generate high-density lipoprotein to the
levels seen in APOE E4 carriers, and providing a common pathway for Hcy and

APOE E4 to influence cognitive dysfunction (Minagawa et al., 2010).

The picture may be slightly more complicated for DNMT3L R278G than for APOE
E4. It is initially unclear how DNMT3L, a protein almost exclusively implicated in DNA
methylation and interactions with other epigenetic proteins (Deplus et al., 2002),
could influence cognitive function. The DNMT3L R278G variant had previously been
linked to improved performance on intelligence tests (Haggarty et al., 2010). Our
results showed both poorer verbal semantic memory and improved visuospatial
associative memory for carriers of the minor allele. Therefore, discussion will
examine the biological and cognitive factors associated with this discrepant

performance.

Stemming from the role of DNMT3L in facilitating DNA methylation with DNMT3A,
the predicted impact of a functionally important genetic variant in DNMT3L would be
a general loss of DNA methylation potential (Chedin et al., 2002). Indeed, this effect
has been described in the case of the DNMT3L R271Q variant. EI-Maarri et al.
(2009) reported that individuals carrying this rare variant showed significant
hypomethylation and confirmed in vitro that this resulted from disrupted interaction

between DNMT3L and DNMT3A. Nevertheless, the unexpected genotype-dependent
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result for visuospatial associative memory observed in our study does not conform to
the classical impression of the associated hypomethylation hypothesis. This
describes a scenario where genetic variants in methyltransferases cause a loss of
methylation potential, the ability of methyltransferases to carry out methylation.
Disrupted methylation potential then leads to transcriptional expression changes and
an imbalance of the methionine cycle, namely reduced processing of methionine for
methyl donation, both of which could be posited as risk factors for cognitive
dysfunction (Calvaresi and Bryan, 2001).

It may be possible to tailor the general principles of the hypomethylation hypothesis
to cognitive improvement rather than cognitive dysfunction. The influence of
DNMT3L R278G on visuospatial associative memory was greatly exaggerated in
individuals with the highest Hcy levels, making the reduction of Hcy by B vitamin
treatment in these individuals a key feature of their cognitive improvement. Intake of
B vitamins and reduction of high Hcy levels are known to improve the dynamics of
the one-carbon cycle, increasing the conversion of Hcy to methionine, abolishing the
deleterious effect of Hcy on SAM/SAH ratios, and allowing for more methyl donation
to methyltransferases (Kruman et al., 2000). Indeed, there are multiple animal
models confirming that supplementation of diet with methyl donors such as folate and
vitamin B12 leads to phenotypic changes and associated methylation changes at
relevant genes (Anderson et al., 2012). This includes the classic study of the agouti
mice, where the coat colour of the mice is directly related to hypo- or
hypermethylation of the agouti gene promoter (Michaud et al., 1994). A number of
these studies of B vitamin supplementation and changes in DNA methylation

patterns have been succinctly reviewed by Ulrey et al. (2005).

In the case of our finding regarding visuospatial associative memory, it could be that
improved one-carbon cycle dynamics allows for differential changes in methylation
dependent upon the presence or absence of the DNMT3L R278G minor allele. In the
adult brain, this could be accomplished by DNMT3L in complex with DNMT3A, the
major complex associated with de novo methylation patterns (Chedin et al., 2002).
However, there is a question mark over the temporal specificity of DNMT3L activity.
Resources such as the Allen Brain Atlas present microarray data showing that
DNMTS3L is expressed in the adult brain, but only strongly in specific areas (Appendix
24). In contrast, studies have asserted that DNMT3L is expressed at its highest

levels during development, as a regulator of maternal imprinting and in the
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establishment of epigenetic patterns during spermatogenesis (Aapola et al., 2002,
Webster et al., 2005).

If this were the case, it would be more likely that those with the DNMT3L R278G
minor allele have differential methylation patterns established during development
compared to those with the wild-type genotype, as observed in cases of DNMT3L
knockdown in embryonic stem cells (Neri et al., 2013). Moreover, in line with the
case of the nearby R271Q variant (El-Maarri et al., 2009), these individuals may be
phenotypically healthy during adulthood and through the course of cognitive decline.
The administration of B vitamins and the subsequent changes in the one-carbon
cycle may then trigger transcriptional changes that were primed by DNMT3L during
development, leading to genotype-dependent discrepancies in cognitive function. In
support of this, research has shown that such disease-related changes in cognitive
performance that are dependent on specific genotypes can occur. For example,
APOE E4 carriers have been shown to outperform non-carriers on certain cognitive
tasks in their youth, before succumbing to poorer performance after the onset of
dementia (Filippini et al., 2009). In the case of APOE E4, the offset of calorific
benefits for cognitive decline gave rise to the theory of the thrifty allele (Corbo and
Scacchi, 1999). It is possible that DNMT3L R278G provides a similar offset in

methylation phenotypes that is so far unknown.

A further unresolved issue is that of the discrepancy between visuospatial
associative memory and verbal semantic memory. Owing to the particularly
specificity of PAL and GNT to dementia progression, coupled with the observation of
poorer visuospatial associative memory in APOE E4 carriers, it would appear that a
dementia-sensitive cognitive factor has been identified within the VITACOG cohort.
This is further corroborated by the addition of the dementia risk factor Hcy into our
analysis, which increased the significance of our visuospatial associative memory
findings but had no influence on verbal semantic findings. Nevertheless, the
observation that DNMT3L R278G A/A homozygotes who received B vitamin
treatment showed improved verbal semantic memory exemplifies a clear distinction
with our visuospatial associative memory findings. This could be explained by our
adaptation of the hypomethylation hypothesis, as better performance would be
expected in those with wild-type methylation patterns. In this case, differential
methylation patterns generated by A/A homozygotes compared to G carriers may
manifest in particular areas of the brain, such as the hippocampus for visuospatial

associative memory and the frontal cortex for verbal semantic memory. Furthermore,

107



the discovery of further methylation modifications such as 5hmcC, 5fC, and 5caC
means that hypomethylation could in fact be demethylation. Thus, these previously
unknown levels of transcriptional regulation could also underlie the discrepancy

between visuospatial associative memory and verbal semantic memory performance.

3.3.3. Incidental findings, limitations, and future work

In this chapter, a number of less prominent results identified from our baseline
variable and allele frequency analyses were presented. One of these was the
association with sex in MCI individuals, where DNMT3L R278G minor allele carriers
were more likely to be female. Given that the number of females was larger owing to
a sex disparity in the VITACOG study, the finding could have been influenced by the
unequal sample sizes. Nevertheless, the notion that females may be at higher risk
has previously been shown regarding prevalence of the APOE E4 allele (Payami et
al., 1996) and in AD (Vina and Lloret, 2010). Moreover, whilst sex differences in MCI
have been less conclusive (Roberts et al., 2012, Su et al., 2014), a comprehensive
study of multiple MCI subtypes by Sachdev et al. (2012) revealed a number of
factors that influenced the prevalence of MCI in each sex, including cognitive function
and APOE E4 carrier status.

It is also interesting to note that dimorphic DNA methylation patterns have been
reported between males and females (McCarthy et al., 2009). In addition, genetic
variants in other methyltransferase genes have been strongly linked to diseases that
show greater prevalence in females, such as breast cancer (Cebrian et al., 2006,
Sun et al., 2012), illustrating the potential for gender-loaded frequencies in variants
associated with DNA methylation genes. Finally, the sex specific roles that DNMT3L
plays during development had previously been highlighted. The greater number of
R278G minor allele carriers in females could point to a further sex specific
relationship with DNMT3L.

A further unexpected finding was the discrepancy between DNMT3L R278G A/A
homozygotes and G carriers in baseline CF scores, with A/A homozygotes
performing approximately one standard deviation (SD) below the mean and G
carriers performing one SD above the mean. Whilst this difference remains difficult to
explain, the pervading significance of baseline Hcy levels was again demonstrated.

Not only was there a significant difference in baseline CF scores between those with
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high and low baseline Hcy, but the interaction of baseline Hcy and DNMT3L R278G

genotype exacerbated the discrepancy between A/A homozygotes and G carriers.

Given that our subsequent PCA analysis was performed using change (A) in
cognitive measures, the baseline scores do not hinder our interpretation of the PCA
results. Nevertheless, both A/A homozygotes and G carriers showed no significant
change in CF performance over the course of the VITACOG trial, substantiating that
this cognitive discrepancy was a consistent difference between the two genotype
groups. It is noteworthy that previous research has highlighted the confounding
guestion of inflated and false-negative CF results through practice effects,
particularly in MCI populations (Cooper et al., 2004), and that greater diagnostic
detail regarding MCI subtypes may help to elucidate the discrepant findings
discovered in this chapter. Nevertheless, genotype-dependent differences in CF
scores have been observed for variants in other DNA methylation genes (Benedict et
al., 2011). Whilst this would appear to be coincidental, there remains the possibility
that CF performance can explicate subtle cognitive changes associated with

differential DNA methylation patterns.

There are some additional issues that should be raised to provide adequate context
to our findings. First, the lack of comparative data from the OPTIMA and Challenge
cohorts means that, whilst our analysis has uncovered some important results within
the VITACOG study of MCI, there is an as-of-yet unfulfilled opportunity to replicate
this analysis in the OPTIMA study of AD and the Challenge study of elderly controls.
Although they did not receive B vitamins, replication of the genotype and PCA
investigation would provide at least some idea about the specificity of these findings

to particular disease states.

Our findings rely upon the interactive influence of Hcy levels and B vitamin treatment.
Both of these variables can also be held up to a certain amount of scrutiny. As our
work pertains specifically to changes in cognitive function, it could be hypothesised
that reduction in Hcy levels would be occurring within the brain, particularly as Hcy
has neurotoxic effects. However, Hcy levels and Hcy transport within the brain have
not been well characterised. It has been confirmed that neuronal cells produce Hcy,
especially in response to folate deprivation, but the exact correlation between blood
plasma or serum measurements of Hcy and levels of Hcy in the brain is unclear (Ho
et al., 2003, Obeid and Herrmann, 2006). Despite this, work has shown that Hcy

levels in the cerebrospinal fluid correlate with those in blood serum, although the
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concentrations are significantly lower, providing promising evidence that blood Hcy

measurements can accurately depict brain Hcy measurements (Obeid et al., 2007).

Our findings reinforce previous reports using the VITACOG study that regular intake
of B vitamins has positive effects on Hcy levels and on precise facets of cognitive
performance. The VITACOG study carefully chose the amount of vitamin B6 (20mg),
vitamin B12 (0.5mg), and folate (0.8mg) to provide to their treatment arm, ensuring
that safety procedures were in place and that adverse effects were assessed
annually. When assessing the efficacy of this treatment for the public, it would
appear that a particular balance has to be struck with regards to the levels of B
vitamins prescribed to individuals. The recommended daily allowance is likely to
provide very little added benefit, whilst uninformed or uneducated intake of extremely
high doses of B vitamins could cause neurotoxicity (Levine and Saltzman, 2004).

In conclusion, this chapter has provided evidence of altered cognitive function
associated with a genetic variant within a DNA methyltransferase, as well as with a
known genetic risk factor for dementia, APOE E4. Whilst the initial investigation into
these genetic variants and their impact on cognitive function is promising, this line of
enquiry requires additional work to support and validate both the findings and,
crucially, the mechanisms that underlie them. The next chapter extends these
analyses to include data regarding global brain atrophy and further biochemical
measurements (Smith et al., 2010). In silico modelling of the DNMT3L R278G variant
will also be applied in an effort to elucidate the specific impact of this amino acid

substitution.
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4. Functional investigation of DNMT3L R278G utilising brain atrophy data and

in silico modelling

4.1. Preface

In the VITACOG cohort of individuals with MCI, significant interactions between B
vitamin treatment, DNMT3L R278G genotype, and performance in visuospatial
associative memory and verbal semantic memory were observed. An interaction was
discovered between B vitamin treatment and APOE E4 for visuospatial associative
memory. To provide additional evidence to support these findings, the relationship
between genotype, cognitive performance, and brain atrophy data was analysed
within the VITACOG cohort. In silico modelling tools were applied to DNA
methyltransferase protein models in order to characterise the functional impact of the
DNMT3L R278G variant.

4.2. Results

4.2.1. Baseline analyses

In addition to variables such as age and sex, a number of key factors outlined in
previous published work assessing brain atrophy in the VITACOG cohort were
provided to our study (Smith et al., 2010). These included a number of
measurements related to the B vitamin treatment provided during the VITACOG trial
such as folate, cobalamin (vitamin B12), and creatinine. Diastolic blood pressure
(BP) was included because hypertension is a reported risk factor for dementia from
middle age onwards and therefore may manifest at the MCI stage (Kennelly et al.,
2009).

Baseline total brain volume was examined to ensure that any differences in brain
volume between individuals present at the beginning of the study are accounted for.
Baseline tHcy was also examined because of its influence on cognitive performance
in the VITACOG cohort, as detailed in the previous chapter. Finally, the Geriatric
Depression Scale (GDS) was included as research has linked depressive symptoms
with cognitive impairments (Burt et al., 1995), and performance on the GDS has also
been implicated in predicting the conversion from MCI to AD (Modrego and
Ferrandez, 2004).
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First correlations between the baseline scores in these key variables and yearly rate
of brain atrophy (ROA) were investigated in the placebo group alone. This revealed
that age, tHcy, and creatinine at baseline all correlated positively with ROA, whilst
brain volume and diastolic BP at baseline correlated negatively with ROA.
Subsequently, correlations were investigated in the treatment group alone and found
only a positive correlation between creatinine levels and ROA remained. This is
despite the observation that, in the cohort as a whole, age, tHcy, brain creatinine,
and brain volume were all significantly correlated with ROA. Correlations between
baseline measurements of the aforementioned variables and ROA are presented in
Table 4.1.

The absence of association between key baseline variables and ROA in the
treatment group suggested that this was an effect of the B vitamin treatment. In other
words, the risk associated with these significant correlations between key covariates
and ROA has been mitigated in the B vitamin treatment group. To investigate this
further, the baseline variables that were significantly correlated with ROA in the
whole VITACOG cohort were examined more closely in order to see if they
presented any notable differences between groups. The results are presented in
Table 4.2.

From these results, there was no difference in baseline brain volume between the B
vitamin treatment and placebo groups, between males and females, and between
DNMT3L R278G A/A homozygotes and G carriers. No difference was observed
between APOE E4 carriers and non-carriers in the whole VITACOG cohort.
However, within the placebo group, APOE E4 carriers showed significantly lower
baseline brain volume compared to non-carriers (t = -2.076, p = 0.041). Those with
high baseline tHcy showed significantly smaller brain volume compared to those with
low baseline tHcy. No difference in baseline tHcy was observed between the B
vitamin treatment and placebo groups, between DNMT3L R278G A/A homozygotes
and G carriers, or between APOE E4 carriers and non-carriers. Males recorded

significantly higher baseline tHcy levels than females.

112



TABLE 4.1. Correlations between baseline scores in key variables and ROA

Variables

ROA (placebo)

ROA (treatment )

ROA (overall)

Age

R =0.317, p = 0.004*

R =0.140, p =0.201

R =0.200, p = 0.009*

Brain volume

R =-0.319, p = 0.003*

R =-0.116, p = 0.292

R =-0.217, p = 0.005*

Log tHcy

R = 0.492, p < 0.001*

R =-0.037, p=0.735

R = 0.225, p = 0.003*

Log folate

R =-0.062, p = 0.580

R =0.073, p = 0.508

R=0.023,p=0.764

Log cobalamin

R =-0.052, p = 0.644

R =-0.058, p = 0.599

R =-0.051, p = 0.514

Log creatinine

R =0.258, p = 0.019*

R =0.239, p = 0.028*

R = 0.246, p = 0.001*

Diastolic BP

R =-0.310, p = 0.004*

R =0.095, p =0.388

R =-0.108, p = 0.163

Log GDS

R =0.150, p=0.175

R =0.001, p =0.996

R =0.122, p=0.117

ROA = Yearly rate of brain atrophy; BP = Blood pressure; tHcy = Total
homocysteine; GDS = Geriatric depression scale
** = gignificant at the 0.01 level, * = significant at the 0.05 level

TABLE 4.2. Results of demographic analyses for significant variables

_ Baseline DNMT3L
Variables Treatment Sex APOE
tHcy R278G
_ t=0.978, t=-1.842, t=2.135, t=-1.018, t=-1.849,
Brain volume
p =0.330 p = 0.067 p = 0.034* p =0.310 p =0.067
t =-0.545, t =-2.456, t=0.827, t=-0.418,
Log tHcy -
p =0.586 p =0.013* p = 0.400 p=0.677
Log t =-0.885, t = -8.964, t=-6.528, t=0.711, t=-0.922,
creatinine p =0.377 p <0.001* p<0.001** p=0.481 p =0.358
A t=0.295, t=0.214, t=-4.199, t =-0.188, t=-0.521,
e
g p=0.769 p =0.831 p < 0.001** p =0.851 p =0.603

tHcy = Total homocysteine

** = significant at the 0.01 level, * = significant at the 0.05 level
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No difference in baseline creatinine was observed between the B vitamin treatment
and placebo groups, between DNMT3L R278G A/A homozygotes and G carriers,
and between APOE E4 carriers and non-carriers. Again, males recorded significantly
higher baseline creatinine levels than females. In addition, those with high baseline
tHcy showed significantly higher levels of baseline creatinine than those with low
baseline tHcy. No difference in age was observed between the B vitamin treatment
and placebo groups, between males and females, between DNMT3L R278G A/A
homozygotes and G carriers, and between APOE E4 carriers and non-carriers.
Those with high baseline tHcy were significantly older than those with low baseline
tHcy.

Once again, these results emphasise the modulating role of Hcy, with high levels of
baseline tHcy recurring as a risk factor for the other significant variables in this study.
Interestingly, there were no differences at baseline between the B vitamin treatment
and placebo groups for any of these key covariates. This supports the idea that the
absence of association between these key covariates and ROA in the treatment
group was an effect of the treatment on ROA over the course of the VITACOG trial,
rather than culminating from differences between the groups at baseline.
Nevertheless, there were crucial differences between the treatment groups relating to
these baseline covariates. For instance, both brain volume and tHcy showed
respective positive (R = 0.410, p < 0.001) and negative (R =-0.240, p = 0.014)
correlations with visuospatial associative memory performance in the placebo group,

but no such correlation in the treatment group.

4.2.1.1. Geriatric Depression Scale

The GDS is a self-completion questionnaire where low scores indicate a normal
response, mid-range scores indicate a mild depressive response, and high scores
indicate a severe depressive response (Yesavage et al., 1982). Although baseline
GDS score was not correlated with ROA (Table 4.1), the potential link between
depression and cognitive impairment warranted further investigation. Therefore, |
looked to see if either baseline GDS scores or AGDS scores over the course of the
trial presented any notable group differences in the VITACOG cohort. The results are

summarised in Table 4.3.
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TABLE 4.3. Results of demographic analyses for GDS

Baseline DNMT3L

Treatment Sex APOE
tHcy R278G
Baseline log t=-2.470, t=1.197, t=1.101, t=1.023, t=0.180,
GDS p = 0.014* p=0.232 p =0.260 p =0.307 p =0.857

t=-0.106, t=0.488, t=-0.998, t=-1.709, t=0.188,
p=0916 p=0.626 p=0319 p=0.088 p=0.851

AGDS

* = gignificant at the 0.05 level
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There was no difference in baseline GDS score between males and females,
between high and low baseline tHcy groups, between DNMT3L R278G A/A
homozygotes and G carriers, and between APOE E4 carriers and non-carriers.
Individuals in the treatment group showed significantly lower baseline GDS score in
comparison to those in the placebo group. Despite this, no difference in AGDS was
observed between the treatment groups. In addition, no correlation was observed
between baseline GDS score and visuospatial associative memory (R = 0.007, p =
0.920) or verbal semantic memory (R = -0.033, p = 0.638) performance. No
difference in AGDS was observed for sex, baseline tHcy, DNMT3L R278G, and
APOE. There was, however, an effect of baseline tHcy in the placebo group, where
those with high baseline tHcy levels showed an increase in GDS score over the
course of the trial whilst those with low baseline tHcy showed a decrease in GDS
score. This supports a clear body of work associating hyperhomocysteinemia with
depressive symptoms (Bottiglieri, 2005).

Analysis of baseline values in key variables with respect to ROA has uncovered
many significant relationships in the placebo group that are absent in the treatment
group, pointing to an influence of the B vitamin treatment. The significant influence of
baseline tHcy levels as a key modulating variable was again corroborated, where
those with high levels of Hcy are at risk of smaller brain volume, higher creatinine

levels, and a higher score on the GDS.

4.2.1.2. Rate of brain atrophy

Having explored the key baseline measurements, our analysis progressed to
examine yearly whole brain ROA. Using the data from VITACOG, the findings of
Douaud et al. (2013) were corroborated in that there was a significant difference in
ROA between the B vitamin treatment and placebo groups, and that this difference

was exacerbated in those with high levels of baseline tHcy.

4.2.2. ROA and cognition

In the previous chapter, it was demonstrated that a pharmacogenetic interaction of
DNMT3L R278G and B vitamin treatment which was associated with respective

improvement and decline in visuospatial associative memory and verbal semantic
memory. A similar pattern was also observed for APOE E4 carriers with respect to

visuospatial associative memory. Moreover, it was discovered that, along with B
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vitamin treatment, baseline tHcy levels could have a significant moderating influence

on cognitive performance.

In order to assess whether the improvement and decline in cognitive performance
was reflected in reduced and accelerated ROA in the VITACOG cohort, the
relationship between the DNMT3L R278G or APOE genotypes and cognitive
performance with respect to ROA was investigated. In addition, the key variables
identified in the whole cohort (age, baseline brain volume, baseline tHcy, and
baseline creatinine) along with B vitamin treatment group were included in the
statistical models. The modelled ROA was then used to examine the genotype-
dependent relationships between brain atrophy and cognitive performance in the
VITACOG cohort.

4.2.2.1. Influence of DNMT3L R278G on ROA and cognition

To begin with, the influence of the DNMT3L R278G variant on the relationship
between cognitive performance and ROA prior to the modelling of key variables was
assessed. A significant negative correlation between visuospatial associative
memory performance and ROA was observed for G carriers (R? = 0.276, p < 0.001),
but was absent in A/A homozygotes (R? = 0.029, p = 0.116). Conversely, a significant
negative correlation between verbal semantic memory performance and ROA was
observed for A/A homozygotes (R? = 0.057, p = 0.026), but was non-significant in G
carriers (R>=0.044, p = 0.081).

When modelling ROA, it was found that adjustment for covariates strengthened the
negative correlation between ROA and visuospatial associative memory performance
for G carriers (R? = 0.420, p < 0.001), whilst the non-significant correlation for A/A
homozygotes became weaker (R? = 0.015, p = 0.264) (Figure 4.1A). Similarly,
covariate adjustment strengthened the negative correlation between ROA and verbal
semantic memory performance for A/A homozygotes (R? = 0.294, p < 0.001), whilst
the non-significant correlation for G carriers also became weaker (R? = 0.003, p =
0.652) (Figure 4.1B).
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FIGURE 4.1. Influence of DNMT3L R278G on the relationship between cognitive
performance and ROA. The predicted ROA output is adjusted for the influence of key
covariates (age, baseline brain volume, baseline tHcy, baseline creatinine). Data
presented for visuospatial associative memory (A) and verbal semantic memory (B).
Best of fit lines included for DNMT3L R278G A/A homozygotes (red) and G carriers
(blue).
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FIGURE 4.2. Influence of APOE E4 on the relationship between cognitive
performance and ROA. The predicted ROA output is adjusted for the influence of key
covariates (age, baseline brain volume, baseline tHcy, baseline creatinine). Data
presented for visuospatial associative memory (A) and verbal semantic memory (B).
Best of fit lines included for APOE E4 carriers (orange) and non-carriers (blue).
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4.2.2.2. Influence of APOE on ROA and cognition

As with DNMT3L R278G, the effect of the APOE E4 genotype on the relationship
between cognitive performance and ROA prior to the modelling of key variables was
assessed. A significant negative correlation between visuospatial associative
memory performance and ROA was observed for both APOE E4 carriers (R?= 0.108,
p = 0.026) and non-carriers (R? = 0.130, p < 0.001). Further, a significant negative
correlation between verbal semantic memory performance and ROA was observed
for APOE E4 non-carriers (R? = 0.052, p = 0.016), but was absent in carriers (R? =
0.038, p = 0.193).

When modelling ROA, it was found that adjustment for covariates strengthened the
negative correlation between ROA and visuospatial associative memory performance
for APOE E4 carriers (R? = 0.324, p < 0.001), whilst the correlation for non-carriers
became weaker (R? = 0.120, p < 0.001) (Figure 4.2A). Similarly, covariate adjustment
strengthened the negative correlation between ROA and verbal semantic memory
performance for APOE E4 non-carriers (R? = 0.086, p = 0.002), whilst the correlation
for carriers remained non-significant (R? = 0.072, p = 0.072) (Figure 4.2B).

4.2.3. In silico protein modelling

A clear relationship was observed between cognitive performance and ROA that was
discrepant for visuospatial associative or verbal semantic memory based upon the
DNMT3L R278G genotype. To improve our understanding of the possible functional
impact of this genetic variant, a number of in silico tools were utilised to specifically
model features related to protein structure and protein surface dynamics. Further, the
reliability of this modelling approach was tested by including other relevant DNA
methyltransferase variants to act as comparative positive and negative controls,
presented previously in Table 2.12. DNMT3A R749C and DNMT1 Y495C are both
clinically associated variants and, along with DNMT3L R271Q, are the positive
controls. DNMT3A R749C has been identified as causing a syndromic form of
intellectual disability (Tatton-Brown et al., 2014) and, like DNMT3L R278G, is located
close to the DNMT3A-3L interaction sites. DNMT1 Y495C has been reported to
cause a rare form of neurodegeneration named Hereditary Sensory and Autonomic
Neuropathy type 1 (HSAN1) (Klein et al., 2011) and falls within the DNA replication
foci-targeting sequence of DNMT1. DNMT3L R271Q is not clinically associated but
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has been reported to result in significant hypomethylation events in young people (El-
Maarri et al., 2009) and is located close to DNMT3L R278G. Finally, DNMT3L H313Y

was used as the negative control as it has no known clinical importance.

To investigate each of these genetic variants, Protein Data Bank (PDB) models were
acquired for each respective methyltransferase protein, outlined previously in Table
2.13. Full length PDB models for DNMT3L, DNMT3A, and DNMT1 were produced
from their amino acid sequences using the RaptorX tool. In addition, previously
created models were obtained from the PDB online repository. One of the main
functions of DNMT3L is to form a complex with DNMT3A to stabilise and improve the
efficiency of DNA methylation deposition. A full model of the DNMT3A-3L complex
was utilised, a model of the DNMT3A-3L C terminal domain which contains the DNA
recognition domain and active site loops required for methylation deposition, and a
model of DNMT3A-3L in complex with histone H3. DNMT3A-3L exists in an
autoinhibitory complex, but histone H3 stimulates the complex to initiate
methyltransferase activity (Guo et al., 2015), making this a key complex to study. In
addition, two models of the N terminal domain of DNMT1 which is responsible for
autoinhibitory and allosteric regulation of the protein (Zhang et al., 2015) were
utilised. One model contains the majority of the N terminal domain and one contains

only the replication foci targeting sequence.

4.2.3.1. Protein structure

Alterations in secondary structure were assessed using PyMOL. The DNMT3L
R278G change resulted in the disruption of hydrogen bonds adjacent to one of the
DNMT3A-3L interaction sites (Figure 4.3A). This disruption of hydrogen bonds was
also seen in the clinically associated variants DNMT3A R749C (Figure 4.3D) and
DNMT1 Y495C (Figure 4.3E), supporting the idea that disruption in protein structure
may be clinically important and associated with key changes in protein behaviour. In
contrast, DNMT3L R271Q showed no such structural change (Figure 4.3B) whilst the
negative control variant DNMT3L H313Y resulted in the creation of new hydrogen

bonds (Figure 4.3C), potentially conferring improved protein stability.
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FIGURE 4.3. In silico comparison of wild-type and variant methyltransferase models.
PyMOL mutagenesis was used to create the wild-type and variant models, where
green residues indicate the variant residues and yellow dashed lines indicate
hydrogen bonds. Models presented are DNMT3L R278G (A), the nearby DNMT3L
R271Q (B), a negative control DNMT variant (C), and two clinically associated DNMT
variants (D, E).
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FoldX was subsequently implemented to provide a quantitative element to the protein
structure modelling by estimating changes in free energy (AG) related to the variant
amino acid substitutions, where a lower AG value indicates a more stable protein.
Change in AG (AAG) was calculated by comparing WT models with the mutated
variant models. Both clinically associated variants presented destabilising increases
in AG, with DNMT1 Y495C highly destabilising across all protein models and
DNMT3A R749C highly destabilising in both the auto-inhibitory and active DNMT3A-
3L-H3 complex models. DNMT3L R278G and R271Q resulted in slight to moderate
destabilising AAG in the native models and auto-inhibitory DNMT3A-3L complex
models, but were highly destabilising in the active DNMT3A-3L-H3 complex model.
The destabilising AAG in the active complex model further suggests that the
DNMT3L R278G variant has a functional impact akin to those with clinical
importance or those which result in changes to DNA methylation patterns. In
contrast, the negative control variant DNMT3L H313Y showed no AAG in the native
models or active DNMT3A-3L-H3 complex models. However, it also presented a
highly destabilising AAG in the auto-inhibitory DNMT3A-3L complex models, perhaps
illustrating that the H313Y variant is not functionally benign despite this behaviour not

being of clinical importance. The results are presented in Figure 4.4.

4.2.3.2. Protein surface

Using PyMOL, changes in elementary structure and surface area were assessed for
the regions immediately surrounding the variants of interest. Modelling revealed that
the DNMT3L R278G variant resulted in a loss of surface area more substantial than
all of the other methyltransferase variants included in this analysis, as depicted by
the lack of structure (yellow) for the Gly278 variant found adjacent to a DNMT3A-3L
interaction site (purple) in Figure 4.5A. The clinically associated DNMT3A R749C
(Figure 4.5D) and DNMT1 Y495C (Figure 4.5E) variants both resulted in similar
reductions in surface area, whilst a smaller reduction in surface area was observed
for DNMT3L R271Q (Figure 4.5B). In comparison, the negative control variant
DNMT3L H313Y resulted in the only observed increase in surface area, consistent
with the results from the protein structure analysis (Figure 4.5C). The surface area
calculations of whole protein surface area and the 6A area around the variant of

interest are presented in Table 4.4.
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Average AAG scores (runs = 3)

| - = highly stabilising

= stahilising

3A-3LC t. (x2)|3A-3L-H3 (x1)|3A-3L-H3 (x2)

Gene |Variant DNMTSL‘ 3A-3L ‘3A-3LCt. (x1)

DNMT3L|R278G | 1.057  0.902 0.576 0.527 1.627 = slightly stabilising

DNMT3L|R271Q | 0.635 0.598 0.414 1.18 179 = neutral

DNMT3L| H313Y | -0.156 -0.328 _ 0.44 -0.035 = slightly destabilising

= destabilising
Gene |Variant DNMTSA‘ 3A-3L |3A-3LCt. (x1)|3A-3LC t. (x2)|3A-3L-H3 (x1)|3A-3L-H3 (x2)
DNMT3A| R749C | 0.844 1.571 1.13
Gene |Variant| DNMT1 |[Nt. (x1)] Nt (x2) RFTS (x1) RFTS (x2)
DNMT1 | Y495C

FIGURE 4.4. Comparison of change in free energy quantifications between wild-type
and variant methyltransferase models. x1 refers to models with 1 WT and 1 variant
model in a dimer complex, X2 refers to models with 2 variant models in a dimer
complex, 3A-3L refers to the DNMT3A-3L complex, C t. and N t. refer to the C and N
terminal domains, H3 refers to histone H3, and RFTS refers to the replication foci
targeting sequence. All numbers indicate the change in free energy from wild-type to
variant. Models included are DNMT3L R278G, the nearby DNMT3L R271Q, a
negative control DNMT3L H313Y variant, and two clinically associated variants in
DNMT3A and DNMT1.

= highly destabilising

TABLE 4.4. Surface area changes associated with methyltransferase variants

Gene Variant ~ Awhole area (A?) A 6A area (A?)
R278G -92.055 -93.402
DNMT3L R271Q -20.024 -24.968
H313Y 24.265 24.651
DNMT3A R749C -58.168 -59.649
DNMT1 Y495C -53.505 -55.121
A = Angstrom
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FIGURE 4.5. In silico surface area assessment of wild-type and variant
methyltransferase models. Yellow areas indicate variant residues, green refers to
carbon element areas, grey refers to hydrogen element areas, blue refers to nitrogen
element areas, and red refers to oxygen element areas. Models presented are
DNMT3L R278G (A), the nearby DNMT3L R271Q (B), a negative control DNMT
variant (C), and two clinically associated DNMT variants (D, E).
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The Adaptive Poisson-Boltzmann Solver (ABPS) was then utilised to investigate
whether the observed changes to protein surface associated with these variants
were having a functional impact on protein dynamics crucial to behaviours such as
protein-protein binding. The DNMT3L R278G variant resulted in a distinct transition
from positive to negative electrostatic surface potential stretching over the DNMT3A-
3L interaction sites (Figure 4.6A). Whilst far less pronounced, the DNMT3L R271Q
variant also resulted in greater negative electrostatic surface potential around the
DNMT3A-3L interaction sites (Figure 4.6B), suggesting that changes in surface
dynamics around the DNMT3A-3L binding regions may influence the establishment
of DNA methylation patterns. Similar transitions from positive to negative electrostatic
surface potential were also observed for the clinically associated variants, DNMT3A
R749C (Figure 4.6D) and DNMT1 Y495C (Figure 4.6E). In contrast, no observable
change in electrostatic surface potential was found for the DNMT3L H313Y negative
control variant (Figure 4.6C).

Taken together, our in silico analyses suggest that both structural and electrostatic
perturbations are putatively caused by the DNMT3A R278G variant. Moreover, the
proximity of these disruptions to the DNMT3A-3L interaction sites suggests a
potential impact on this protein complex. As the nearby DNMT3L R271Q variant has
been associated with changes in global methylation patterns in healthy individuals,
one would predict that the R278G variant could have a similar effect on the DNA

methylation landscape.
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FIGURE 4.6. In silico electrostatic surface potential estimations for wild-type and
variant methyltransferase models. APBS was used to estimate the surface potential,
where green ball and stick figures denote variant residues, blue areas refer to
positive electrostatic potential, and red areas refer to negative electrostatic potential.
Models presented are DNMT3L R278G (A), the nearby DNMT3L R271Q (B), a
negative control DNMT variant (C), and two clinically associated DNMT variants (D,
E).
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4.3. Discussion

In chapter three, a relationship between B vitamin treatment, homocysteine levels,
and the DNMT3L R278G and APOE E4 genotypes was demonstrated with respect to
particular facets of cognitive performance. The focus of this chapter was to further
investigate these relationships using brain atrophy data from the VITACOG cohort. In
addition, one aim was to better understand the functional impact of the DNMT3L
R278G variant and subsequently provide evidence for altered DNA methylation
associated with this variant.

Following assessment of brain atrophy within the VITACOG cohort, the previously
observed relationships between cognitive performance and our genotypes of interest,
DNMT3L R278G and APOE E4, were corroborated. A significant negative correlation
was discovered between visuospatial associative memory and ROA that was present
in DNMT3L R278G G carriers but absent in A/A homozygotes. Conversely, a
significant negative correlation was discovered between verbal semantic memory
and ROA that was present in DNMT3L R278G A/A homozygotes but absent in G
carriers. A significant negative correlation was also discovered between visuospatial
associative memory and ROA that was present in APOE E4 carriers but absent in

non-carriers.

Owing to the contrasting findings regarding DNMT3L R278G and the comparative
lack of literature surrounding the function of DNMT3L compared to APOE, the
influence of the R278G variant was assessed using in silico modelling tools. Using
models for multiple methyltransferase proteins, structural changes associated with
the DNMT3L R278G variant were observed that were also seen in clinically
associated methyltransferase variants. This resulted in moderate destabilising effects
in the DNMT3A-3L active complex, changes that were not observed for the benign
control variant. Due to the role of DNMT3L in forming a complex with DNMT3A,
protein surface dynamics were also examined and found that the R278G negatively
influenced electrostatic potential at the interaction sites between DNMT3A and
DNMTS3L. This provides some evidence for a disruption of the DNMT3A-3L complex
associated with the R278G variant that may result in altered deposition of DNA

methylation patterns.
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4.3.1. Atrophy data and in silico techniques

As detailed earlier, access was granted to rate of whole brain atrophy data generated
from the duration of the VITACOG study that was then processed to create a yearly
percentage rate of whole brain atrophy. It is perhaps surprising that conclusive
genotype-dependent relationships between ROA and cognitive performance were
observed using data from the whole brain. This is because published research
examining ROA in the VITACOG cohort had specifically measured regions of grey
matter pertinent to the progression of dementia, such as medial temporal areas
including the hippocampus, entorhinal cortex, and parahippocampal gyrus (Douaud
et al., 2013).

Previous studies had led one to hypothesise that visuospatial associative memory
changes in DNMT3L R278G G carriers would manifest in these medial temporal
areas, whilst changes in verbal semantic memory in A/A homozygotes would involve
both frontal and medial temporal areas associated with semantic processing. Such
changes are commonly observed in the frontotemporal dementia subtype called
semantic dementia (Hodges et al., 1999). For example, work using individuals from
the OPTIMA cohort found that visuospatial associative deficits were most strongly
associated with atrophy in the medial temporal lobes (Zamboni et al., 2013). Similar
findings using the PAL test have been observed in individuals with MCI concerning
specific hippocampal atrophy (de Rover et al., 2011). In comparison, application of a
battery of semantic memory tests in MCI individuals showed that impairments were
correlated with the medial temporal regions (McDonald et al., 2012). Studies which
included individuals with MCI and AD showed that particular semantic memory
deficits were associated with atrophy of the anterior temporal lobes and the inferior
prefrontal cortex, regions that are both linked to semantic cognition (Joubert et al.,
2010).

Nevertheless, it would appear that brain atrophy changes associated with both
cognitive factors are likely to be more complicated and certainly a matter for debate.
Previous work assessing ROA in the VITACOG cohort showed that poorer
performance in the HVLT-R and CF tests was associated with greater grey matter
loss in the left hippocampus and entorhinal cortex, but with no mention of the frontal
cortex (Douaud et al., 2013). In contrast, poorer performance in the MMSE test was
associated with grey matter loss bilaterally in the amygdalohippocampal complex and

entorhinal complex, whilst the PAL and GNT tests were not assessed. These findings
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suggest that the medial temporal lobe areas are most relevant to both visuospatial
associative and verbal semantic memory performance, and that the distinction
between both of these factors may not be linked to interactions with other brain
regions but could be related to more minute alterations within the medial temporal
areas. For example, studies of semantic memory in MCl and AD have consistently
highlighted the perirhinal and entorhinal cortices (Barbeau et al., 2012, Davies et al.,
2004, Du et al., 2004), whilst visuospatial associative memory ability has been more
robustly associated with the hippocampus alone (Golomb et al., 1994, Johnson et al.,
2008, Longoni et al., 2015). However, this pattern is by no means definitive as other
brain regions have been implicated in both forms of memory (Blacker et al., 2006,
Gardini et al., 2011). This underlines the complexity in understanding the brain
regions relevant to each cognitive factor, and highlights the need for deeper analysis
of these brain regions in this cohort using our cognitive factors.

The second arm of this chapter was the functional analysis of the DNMT3L R278G
variant using in silico modelling tools. Short of carrying out molecular assays of
DNMTS3L function using in vitro systems, these in silico approaches offer an
opportunity to interrogate the function of DNMT3L using well-characterised tools. An
advantage of the in silico approach utilised in this chapter was the availability of
multiple PDB files, both within each protein and between proteins to provide greater
depth to our comparative analysis. Our use of clinically associated variants in other
methyltransferases, particular DNMT3A due to its interaction with DNMT3L, added a

level of credence to our interpretations that would be difficult to assert otherwise.

Whilst the breadth of PDB models available to our analysis provides some
advantages, it also raises questions over the reproducibility of our findings. Where
possible, both publically available (created during other studies and uploaded to the
PDB database) and in-house (created from the FASTA sequence using online
prediction tools) PDB files were incorporated for the native protein models. However,
it was observed that differences can occur between these publically available and in-
house files. For instance, the level of hydrogen bond disruption associated with the
DNMT3L R278G was greater in the publically available model compared to the in-
house model. In this case, the result from the publically available model was chosen
as it has been used in previous studies. However, it is possible that this model
contains specific features (solvent accessibility, binding sites, contact map
estimations) that differ from the templates used in our in-house models (Peng and
Xu, 2011).
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There are certain properties within the in silico modelling tools utilised in this chapter
that were generally kept at default settings. However, more could be done to improve
the accuracy of our modelling by amending these default properties. Hydrogen bond
estimations within PyMOL are calculated using the standard Dictionary of Secondary
Structure of Proteins (DSSP) algorithm and cannot be altered within this tool,
although adapted methods have been presented that appear to provide more
accurate estimations of hydrogen bonds (Andersen et al., 2002). To quantify the
effects seen in PyMOL, FoldX was utilised to estimate changes in free energy across
the protein. FoldX was initially used to remedy any issues within our PDB models,
providing a standardised starting point before assessing changes in free energy.
However, as explained in the methods, the default options were applied for the
standardising process and these options use information from the PDB file itself,
such as the estimation of water and metal bonds. As the lab-made and publically
available PDB files can contain different features, it is possible that these differences
could influence the FoldX standardisation process. Rather than overlooking these
default options, more expertise may be required to alter these options and ensure
that the standardisation process has a uniform effect on all of the PDB models

utilised.

FoldX estimates changes in free energy associated with the stability or instability of
genetic mutations. The program was designed and relies upon empirical data
regarding the stability of particular mutations and has been independently verified on
548 mutations in 22 genes (Tokuriki et al., 2008). In comparison to FoldX, there are
more sophisticated molecular dynamics tools such as NAMD that can provide
complex simulations of the free energy changes associated with a genetic variant
and animate precise features of protein stability. In support of our analysis, the
predictive accuracy of FoldX has been exemplified in multiple studies of genetic
mutations (Rallapalli et al., 2014, Studer et al., 2014b). Moreover, the contrasting
optimisation of dimer models containing either one or two instances of a genetic

mutation of interest has also been used to good effect (Studer et al., 2014a).

With regards to protein surface dynamics, the Adaptive Poisson-Boltzmann Solver
(APBS) was applied to estimate electrostatic surface potential measurements for our
PDB files. Again, there are features within the application of APBS that can be
scrutinised. To begin with, the process of generating electrostatic information for a
PDB model requires the use of the PDB2PQR program. Whilst this tool is

increasingly robust, the authors admit that inconsistencies in the quality of PDB files
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can hinder the accurate estimation of electrostatics (Dolinsky et al., 2007). The
application of the Poisson-Boltzmann equation (PBE) to estimate electrostatics in
biomolecular systems has also been dissected, with suggestions that the PBE
applies well to molecules with low charge density or in simple salt solutions but not to
molecules with high charge density or in multivalent solutions (Baker, 2004). Finally,
there is a body of research dedicated to the assessment of force fields used within
such experiments. The PARSE (parameters for solvation energy) default force field
that treats the solution as a single medium was applied (Chung et al., 2010).
However, multiple force fields exist that are tailored towards specific features of
protein secondary structure, providing further opportunity to improve the accuracy of
our electrostatic estimations (Beauchamp et al., 2012, Cino et al., 2012).

4.3.2. Mechanisms of action

In the previous chapter, the biological mechanisms that could explain how B vitamin
treatment, high Hcy levels, and the DNMT3L R278G genotype in particular resulted
in distinct changes in cognitive performance were discussed. Key processes were
outlined that are likely to be involved in the observed cognitive changes, including the
reduction of Hcy neurotoxicity in the brain and improved dynamics within the one-
carbon cycle that could allow for genotype-dependent methylation changes to be

actualised.

The relationship between the DNMT3L R278G genotype and cognitive performance
has been substantiated by outlining associated changes in ROA. Taking into account
the importance of B vitamins and Hcy levels, there are a number of possible
mechanisms that could explain the observed ROA changes. The neurotoxic effects
of Hcy within the brain have previously been highlighted. Work has consistently
shown that Hcy exerts its excitotoxic influence through activation of N-methyl-D-
aspartate (NMDA) receptors, one of the major excitatory glutamate receptors within
the brain. NMDA receptor stimulation leads to calcium (Ca?*) influx and it is
excessive Ca?" influx that can trigger cell death. Studies have found multiple
pathways associated with Hcy-induced excitotoxicity, including activation of the
apoptotic signaller caspase-3, generation of damaging reactive oxygen species
(ROS), phosphorylation of the ERK-MAP kinase, and induction of lipid peroxidation
(Jara-Prado et al., 2003, Kim et al., 2007b, Lipton et al., 1997, Poddar and Paul,
2009). In comparison to the reduction of Hcy levels through B vitamin, research has

also demonstrated that treatment with NMDA receptor antagonists or antioxidants

131



can protect cells against the Hcy toxicity (Flott-Rahmel et al., 1998, Jara-Prado et al.,
2003, Zieminska et al., 2006). Thus, it is likely that high levels of Hcy have a direct
influence on brain atrophy, as exemplified in studies of individuals with

hyperhomocysteinemia (Bleich et al., 2003).

In addition to the influence of Hcy, there are other features of the one-carbon cycle
that could contribute to ROA changes. Disturbances in the one-carbon cycle that
lead to increasing levels of Hcy are likely to disrupt the transsulfuration pathway, part
of the one-carbon cycle that deals with the conversion of Hcy into cysteine and
glutathione. Glutathione is an antioxidant that is essential in the clearance of ROS,
and amelioration of glutathione levels has been shown to contribute to neuronal
damage (Vitvitsky et al., 2006). As with Hcy, a number of pathways have been
identified by which glutathione depletion could contribute to cell death, including
sensitivity to nitric oxide levels, susceptibility to mitochondrial dysfunction, clearance
of lipid peroxidation, and disposal of multiple ROS (Butterfield et al., 2006, Chen et
al., 2005, Dringen, 2000, Sasaki et al., 2001). A large amount of work has also
investigated glutathione levels in AD. Reduced glutathione levels have been reported
in AD individuals and transgenic rodent models, although discrepant results have
also been published (Butterfield et al., 2002, Liu et al., 2005, Zhang et al., 2012a).
Moreover, genetic studies have identified specific polymorphisms in the glutathione-
S-transferase (GST) gene that, like APOE E4, increase risk for AD (Pinhel et al.,
2008). These observations support a role for glutathione alongside Hcy in explaining
ROA changes, particularly the relationship between improved one-carbon cycle
dynamics such as increased SAM levels and increased glutathione activity
(Cavallaro et al., 2010). Interestingly, research has demonstrated that direct injection
of glutathione into the hippocampus of rodents blocked neuronal cell death,
exemplifying the potential role of glutathione in key brain regions such as the

hippocampus (Saija et al., 1994).

Our assumption is that disruption of the one-carbon cycle, exemplified by high Hcy
levels and reduced glutathione levels, impacts upon production of methyl groups and
thus influences the ability of methyltransferases to carry out normal methylation.
Whilst methylation levels may not directly influence ROA, changes to gene
transcription related to methylation patterns could influence the functional state of
neuron cells in key brain regions. For example, base-excision repair (BER) is the

primary mechanism initiated by cells to deal with DNA damage. It is also the process
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by which the further methylation derivatives 5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC) are converted back into unmethylated cytosine bases.
Research has shown significant BER deficiency in AD but not limited to areas of
DNA damage, suggesting that deficient demethylation may also be implicated in AD

pathogenesis (Weissman et al., 2007).

BER activity has been found to decrease with increasing age, allowing for age-
related methylation changes in the promoters of AD risk genes (Xu et al., 2008). As
an example, hypomethylation of the presenilin 1 gene promoter can lead to
increased amyloid beta production, a key risk factor for the disease (Wang et al.,
2008). However, elevation of SAM levels silences this effect, highlighting an
important relationship between one-carbon cycle dynamics, changes in DNA
methylation, and subsequent impact on disease phenotypes (Scarpa et al., 2003).
That an identical relationship has been reported in the B-secretase gene, another risk
factor for dementia, provides further support for the role of methylation in dementia
pathogenesis (Fuso et al., 2005). With respect to cognitive decline rather than
dementia, research has highlighted that a decline in neurogenesis with age coincides
with increasing levels of DNA hypomethylation, providing a potential link between
change in methylation patterns and neuronal function (Liu et al., 2009). Deletion of
the methyltransferase DNMT1 in neuronal precursor cells led to the development of
highly demethylated neurons that were quickly eliminated via apoptosis (Fan et al.,
2001). Methyltransferases may also have an indirect effect on neuronal survival
through the altered methylation of genes associated with neuronal health and
plasticity, such as BDNF (Chen et al., 2003).

This involvement of methyltransferases could provide an explanation for the
DNMT3L R278G genotype-dependent changes observed in our study, whether that
be in areas of neurogenesis in the adult brain such as the hippocampus or across
more widespread brain areas during development, depending on the respective
presence of DNMT3L in the adult and developing brain. Without additional detailed
experimental data on the function of DNMT3L or the pathology of individuals within
the VITACOG cohort, it would be remiss to favour one of these explanations over
another. Given the close interactions between B vitamins, Hcy, glutathione, and
methylation in the one-carbon cycle, it is likely that all of these factors contributed to

the changes in cognitive performance and ROA described in this chapter.
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4.3.3. Data considerations

In addition to the brain atrophy data, information was granted on key variables such
as folate levels, cobalamin (vitamin B12) levels, diastolic blood pressure, and
creatinine levels. In the previous chapter, the influence of B vitamin treatment on
cognitive performance was assessed by examining the placebo and treatment
groups respectively. With the addition of the folate and cobalamin data, there
remains an opportunity to replicate our analyses of cognitive performance and ROA
by taking into account those who have higher B vitamin levels and those who have

lower B vitamin levels.

The original VITACOG study accounted for the effect of these measurements by
classifying individuals within the treatment and placebo groups as being compliant or
non-compliant. For the individuals who received B vitamin treatment, compliance was
defined as an increase in folate of >10 nmol/L and an increase of vitamin B12 of
>150 pmol/L. For the individuals who received the placebo, compliance was defined
as an increase in folate of <10 nmol/L and an increase of vitamin B12 of <150
pmol/L. Of the 167 individuals included in the atrophy analysis, they characterised
136 individuals as being biologically compliant. When filtering only those who are
compliant, they found that the effect of B vitamin treatment on ROA was slightly
improved (Smith et al., 2010). Therefore, it is possible that applying biological
compliance to our analyses could strengthen the observed genotype-dependent

relationship between B vitamin treatment and cognitive performance.

In addition, amongst the covariate data supplied by VITACOG was the Geriatric
Depression Scale (GDS). On the GDS, low scores indicate a normal response, mid-
range scores indicate a mild depressive response, and high scores indicate a severe
depressive response. The initial reports characterising MCI as a discrete disease
showed that individuals with MCI had lower GDS scores than individuals with AD,
providing a possible clinical distinction between the prodromal and developed stages
of dementia (Petersen et al., 1999). The only observation regarding GDS
performance was that individuals who received B vitamin treatment showed lower
scores on the GDS, but no change compared to the placebo group throughout the
trial. This baseline difference mirrors another coincidental finding seen in the
previous chapter, where DNMT3L R278G G carriers performed better on the

baseline CF test compared to A/A homozygotes.
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The reliability and validity of the GDS has been corroborated in recent studies of
depressed and non-depressed individuals, making it unlikely that the result is
spurious (Sivrioglu et al., 2009). However, there is no obvious reason why the
treatment group should be less depressed than the placebo group before the trial
has begun. A significant association between depressive symptoms and memory
performance has been reliably demonstrated in a meta-analysis of 147 studies into
depression and cognition (Burt et al., 1995). However, the lack of correlation
between baseline GDS scores and visuospatial associative memory, verbal semantic
memory, or ROA diminishes the likelihood that our results were influenced by this
baseline effect.
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5. Replication of DNMT3L R278G analyses concerning cognitive performance
in the NCDS 1958 and TwinsUK control cohorts

5.1. Preface

In the VITACOG cohort of individuals with MCI, altered visuospatial associative
memory and verbal semantic memory performance was observed dependent upon
the DNMT3L R278G variant. Corresponding changes in rate of brain atrophy were
discovered that were also dependent upon genotype. To replicate our previous
findings, data was used from two general population control cohorts to analyse
vitamin variables, cognitive performance, and DNMT3L R278G.

5.2. Results

5.2.1. Cognitive factors in NCDS 1958 and TwinsUK

With the aim of replicating our analysis of vitamins, Hcy, DNMT3L R278G, and
cognitive performance data conducted using the VITACOG cohort, Principal
Component Analysis was applied to selected cognitive variables from the NCDS

1958 and TwinsUK general population control cohorts.

PCA was initially applied to word recall (WR), delayed word recall (DWR), animal
naming (AN), Ps & Ws Scanned, and Ps & Ws Missed from the NCDS 1958 cohort.
This resulted in two cognitive factors; PCA Factor 1 which consisted of WR, DWR,
and AN, and PCA Factor 2 which consisted of Ps & Ws Scanned and Ps & Ws
Missed. However, Ps & Ws Missed was not negatively loaded into the PCA as would
be expected for a variable which inversely records performance (i.e. higher scores
indicate poorer performance). Therefore, this PCA analysis was repeated but
replacing Ps & Ws Missed with Ps & Ws Identified, a new variable derived by
subtracted Ps & Ws missed from Ps & Ws Scanned. The repeated PCA resulted in
the same two cognitive factors, but with the expected positive loading of Ps & Ws
Identified.

Although sampling adequacy (KMO & Bartlett’s test) greater than 0.6 is generally
expected for PCA analysis, our analysis resulted in a value of 0.550 (p < 0.001). | did
not feel that this was discrepant enough to prohibit further analysis using these

cognitive factors. PCA Factor 1 was interpreted to be reflective of verbal semantic
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memory due to the segmentation of WR, DWR, and AN, semantic memory tests
which have all been used in the evaluation of MCI progression (Coen et al., 1997,
Cooper et al., 2004, Purser et al., 2005). In contrast, PCA Factor 2 was interpreted to
be reflective of visual scanning due to the inclusion of both letter cancellation tasks
(Uttl and Pilkenton-Taylor, 2001). PCA results and correlation coefficients for the

NCDS 1958 cognitive data are presented in Figure 5.1.

In the TwinsUK cohort, PCA was applied to Delayed matching to sample (DMS) Total
Correct and Mean Latency scores, Pattern recognition memory (PRM) Total Correct
and Mean Latency scores, Paired associates learning (PAL) Total Errors, Spatial
span (SSP) Length, Spatial working memory (SWM) Within Errors, Five Choice
Reaction Time, and Intra-extra dimensional (IED) Set Shift Total Errors. As explained
in the methods, these particular variables were chosen in order to avoid linear
dependencies within each cognitive test. Sampling adequacy (KMO & Bartlett’s test)
reached an appropriate value of 0.697 (p < 0.001). This PCA analysis resulted in
three cognitive factors; PCA Factor 1 which consisted of DMS Total Correct, PRM
Total Correct, PAL Total Errors, and SSP Length, PCA Factor 2 which consisted of
DMS Mean Latency and PRM Mean Latency, and PCA Factor 3 which consisted of
SWM Within Errors, Five Choice Reaction Time, and IED Set Shift Total Errors.

The grouping of PAL, DMS, and PRM performance, all visuospatial tests that have
applied to the study of dementia progression (Fowler et al., 1995, Galloway et al.,
1992), led to the interpretation of this factor as being reflective of visuospatial
associative memory. In comparison, due to the segmentation of both latency
variables from DMS and PRM respectively, this factor was interpreted to be reflective
of visual scanning performance. The final factor containing SWM Errors, Five Choice
Reaction Time, and IED Errors appeared to be reflective of visual discrimination
performance. However, because this factor was not identified in VITACOG or NCDS
1958, it was not included in our analysis. Instead, the focus remained on the
comparison between the VITACOG and TwinsUK visuospatial associative memory
factors, the VITACOG and NCDS 1958 verbal semantic memory factors, and the
NCDS 1958 and TwinsUK visual scanning factors. PCA results and correlation

coefficients for the TwinsUK cognitive data are presented in Figure 5.2.
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FIGURE 5.1. PCA of select cognitive tests from the NCDS 1958 cohort. This analysis
resulted in the identification of two cognitive factors (A) that were reflective of visual
scanning and verbal semantic memory respectively (B). Correlation coefficients
between the tests and the resultant factors are presented (C). *=p <0.01, *=p <
0.05 (2 tailed, Pearson).
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FIGURE 5.2. PCA of select cognitive tests from the TwinsUK cohort. This analysis
resulted in the identification of three cognitive factors, one of which was not included
in subsequent analysis (A). The remaining two factors were reflective of visuospatial
associative memory and visual scanning (B). Correlation coefficients between the
tests and the retained factors are presented (C). DMS = Delayed Matching to
Sample; PRM = Pattern Recognition Memory; PAL = Paired Associates Learning;
SSP = Spatial Span. ** = p < 0.01, * = p < 0.05 (2 tailed, Pearson).

139



5.2.2. Baseline analyses in NCDS 1958 and TwinsUK

As with the cohorts from the OPTIMA program, the DNMT3L R278G genotype was
assessed for Hardy-Weinberg equilibrium in the NCDS 1958 and TwinsUK cohorts.
For this genotype, the NCDS 1958 (p = 0.63) and TwinsUK (p = 0.54) cohorts both

conformed to Hardy-Weinberg equilibrium.

Having identified key cognitive factors in our general population control cohorts, the
influence of baseline variables on cognitive performance was assessed. For NCDS
1958, all of the participants were the same age and so no effect of age was
analysed. When investigating the influence of sex, it was found that females
performed significantly better than males on both verbal semantic memory (t = -
6.859, p < 0.001) and visual scanning (t = -8.521, p < 0.001). Conversely, for the
TwinsUK cohort, all of the participants were female and so no effect of sex was
analysed. As the TwinsUK cohort have been assessed for different variables at
multiple times, age was examined when and where necessary for those respective
variables. However, homocysteine (Hcy) levels from serum were also taken in the
TwinsUK cohort and the age variable from this measurement was the most complete
of the age variables provided. Using this age variable, an association was found
between age and both visuospatial associative memory (R = 0.208, p = 0.002) and
visual scanning (R = 0.137, p = 0.046), with older individuals showing poorer
performance on both factors. There was no association between Hcy levels and
either visuospatial associative memory (t = -0.395, p = 0.693) or visual scanning (t =
0.937, p = 0.350).

5.2.3. Vitamin influence in NCDS 1958 and TwinsUK

As the members of NCDS 1958 and TwinsUK were not subjected to any
interventions in the same manner as the B vitamin treatment undertaken in the
VITACOG cohort, vitamin levels recorded from blood serum in TwinsUK and self-
reported vitamin supplement intake from both NCDS 1958 and TwinsUK were

investigated instead.

For the NCDS 1958 cohort, self-reported qualitative data on daily single, combined,
and folate vitamin use was provided. These variables were summated to ascertain

regular, irregular, and non-reported vitamin supplement intake. Interestingly, a
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significant relationship was observed between vitamin supplement intake and both
verbal semantic memory (F = 26.932, p < 0.001) and visual scanning (F =4.314, p =
0.013) performance (Figure 5.3A & B). Upon further investigation, it was found that
single, combined, and folate vitamin use all significantly influenced verbal semantic
memory performance, but only folate was associated with better visual scanning
performance. Removal of those individuals whose vitamin intake was non-reported
led to a loss of statistical significance in both models. Post hoc analysis with
Bonferroni correction revealed that those who recorded regular vitamin intake
performed significantly better than those whose vitamin intake was non-reported for
both verbal semantic memory (p < 0.001) and visual scanning (p = 0.010). In the
case of verbal semantic memory, those with regular vitamin intake also showed a
trend towards significantly better performance than those with irregular vitamin intake
(p = 0.083).

For the TwinsUK cohort, self-reported qualitative data on overall daily vitamin use
was provided. By reviewing the precise vitamins taken by participants, a further
variable classifying specific B vitamin intake was extrapolated. Vitamin B12 and
folate were also measured from blood serum to provide biochemical vitamin levels.
Promisingly, individuals with regular vitamin intake had higher levels of vitamin B12
and folate, although this was only significant in the case of folate levels (t = -3.938, p
< 0.001). Furthermore, individuals who specifically took B vitamins had higher levels
of vitamin B12 and folate, but neither of these observations reached statistical

significance.

Beginning with vitamin intake, individuals who regularly took vitamins had
significantly lower Hcy levels than individuals who had non-reported vitamin intake (t
=4.462, p < 0.001). Moreover, those who specifically took B vitamins had lower Hcy
than those who took other vitamins, but this was not statistically significant (t = 1.251,
p = 0.211). Examining serum vitamin B12 and folate levels also showed a significant
effect on Hcy levels (F = 6.364, p = 0.002). Post hoc analysis with Bonferroni
correction revealed that individuals with low levels of both vitamin B12 and folate had
significantly higher Hcy levels than individuals with high levels of both B vitamins (p =
0.003) or individuals with high levels of one B vitamin and low levels of the other (p =
0.018).
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FIGURE 5.3. Relationship between vitamin intake and cognitive performance in the
NCDS 1958 cohort. Data presented for verbal semantic memory (A) and visual
scanning (B). Errors bars indicate +/- 1 SE.
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Assessment of the TwinsUK cognitive factors revealed no association between
serum vitamin B12 or folate levels and performance in visuospatial associative
memory (F = 1.221, p = 0.297) or visual scanning (F = 0.954, p = 0.387) (Figure 5.4A
& B). When investigating vitamin supplement intake, there was also no association
between regular vitamin use and performance on visual scanning (t = 0.245, p =
0.806) (Figure 5.4D). However, regular vitamin intake was associated with
significantly better performance on visuospatial associative memory (t = -3.931, p <
0.001) (Figure 5.4C). Moreover, within those regularly taking vitamins, specific use of
B vitamins was associated with significantly better visuospatial associative memory
performance (t = -2.462, p = 0.015).

In both general population control cohorts, a notable influence of vitamin intake on
cognitive performance was observed, but no conclusive influence of vitamin levels.
With respect to replicating the results seen in the VITACOG cohort, our analysis of
Hcy in the TwinsUK cohort supports the findings that B vitamins can help to reduce
Hcy levels. That only visuospatial associative memory performance was influenced
by B vitamin use in the TwinsUK cohort provides direct support for the sensitivity of
this cognitive factor, as well as for the benefit of B vitamins on tests linked to early
cognitive decline. That folate intake was the most significant predictor of cognitive
benefit amongst the vitamin variables within NCDS 1958 cohort further also supports

the importance of B vitamins.
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5.2.4. Baseline genotype analyses in NCDS 1958 and TwinsUK

Next, our replication analysis turned to the DNMT3L R278G genotype which had an
allele-specific influence on cognitive performance in the VITACOG cohort. As with
the VITACOG analyses, genotypes for this variant have been grouped as either
major allele A/A homozygotes or minor allele G carriers (made up of A/G
heterozygotes and G/G homozygotes). Minor allele frequencies and genotype
frequencies for the DNMT3L R278G genotype for both the NCDS 1958 and TwinsUK
cohorts can be found in Table 5.1 and Table 5.2 respectively.

For the NCDS 1958, no relationship between the DNMT3L R278G variant and either
verbal semantic memory (t = 0.269, p = 0.788) or visual scanning (t =-1.248, p =
0.212) was observed. For the TwinsUK cohort, there was no relationship between
the DNMT3L R278G variant and Hcy levels (t = -0.238, p = 0.812), vitamin B12
levels (t = 1.428, p = 0.154), or folate levels (t = 0.950, p = 0.343). With regards to
cognition, no relationship between the DNMT3L R278G variant and either
visuospatial associative memory (t = 0.744, p = 0.457) or visual scanning (t = 1.512,

p = 0.132) was observed.

5.2.5. Interaction of genotype and vitamins on cognitive performance

As the NCDS 1958 cohort lacks information on Hcy measurements, the opportunity
for complete replication in these individuals is lacking. However, it still allows for
assessment of the DNMT3L R278G genotype and its relationship with cognitive
performance in a general population control cohort. The DNMT3L R278G genotype

and vitamin supplement intake was first examined in this cohort.
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TABLE 5.1. DNMT3L R278G minor allele frequencies for NCDS 1958 and TwinsUK

Cohort DNMT3L R278G
NCDS 1958 0.18
TwinsUK 0.16

TABLE 5.2. DNMT3L R278G genotype frequencies for NCDS 1958 and TwinsUK
Cohort DNMT3L R278G
AIA  AIG GIG
NCDS 1958 0.523 0.398 0.078
TwinsUK 0.541 0.386 0.064
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FIGURE 5.5. Further investigation of the relationship between vitamin intake and
cognitive performance in the NCDS 1958 cohort. Data presented for verbal semantic
memory (A) and visual scanning (B), and grouped by DNMT3L R278G A/A
homozygotes (red) and G carriers (blue). Errors bars indicate +/- 1 SE.
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Beginning with verbal semantic memory, there was no significant statistical
interaction between DNMT3L R278G and vitamin intake (F = 1.641, p = 0.194)
(Figure 5A). Although G carriers who regularly took vitamins performed better than G
carriers who irregularly took vitamins, post hoc analysis with Bonferroni correction
showed that this pattern was not significant (p = 0.528) (Figure 5.5A). With regards to
visual scanning, there was again no significant statistical interaction between
DNMT3L R278G and vitamin intake (F = 1.282, p = 0.277). Post hoc analysis with
Bonferroni correction showed that G carriers who regularly took vitamins showed a
trend towards significantly better performance compared with G carriers whose
vitamin intake was non-recorded (p = 0.054), but not G carriers who irregularly took
vitamins (p = 1.000) (Figure 5.5B). In contrast, both of these comparisons were non-
significant for A/A homozygotes. Finally, sex had a significant baseline influence on
cognitive performance in NCDS 1958, but addition of this as a covariate within these
models did not alter the result for either verbal semantic memory (F = 1.646, p =
0.193) or visual scanning (F = 1.324, p = 0.266).

For the TwinsUK cohort, our examination began by looking at the influence of the
DNMT3L R278G genotype on the relationship between vitamins and cognitive
performance. Beginning with serum vitamin measurements, DNMT3L R278G had no
influence on the non-significant relationships between vitamin B12 and folate levels
and performance on visuospatial associative memory (F = 0.906, p = 0.406) or visual
scanning (F = 0.276, p = 0.759). Having observed no association with vitamin levels,

self-reported vitamin intake was subsequently analysed.

With regards to visuospatial associative memory, where regular vitamin intake and
specifically B vitamin intake was associated with better performance, these
relationships only remained significant in A/A homozygotes and not in G carriers. A/A
homozygotes who regularly took vitamins performed significantly better than those
with non-reported vitamin intake (t = -3.471, p = 0.001), an association that was non-
significant for G carriers (t = -1.794, p = 0.076) (Figure 5.6A). Moreover, A/A
homozygotes who specifically took B vitamins performed significantly better than
those who took other vitamins (t = -2.516, p = 0.014), an association that was again
non-significant for G carriers (t = -0.856, p = 0.398) (Figure 5.6B). With regards to
visual scanning performance, A/A homozygotes with non-reported vitamin intake
showed worse performance (higher values indicate greater latency of scanning) than
G carriers (t =-2.298, p = 0.025) (Figure 5.6C). However, no similar pattern was

observed when assessing the specific use of B vitamins (Figure 5.6D).
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When incorporating Hcy levels into the TwinsUK analysis, no significant association
was found between Hcy levels and vitamin B12 levels on visuospatial associative
memory (F = 1.229, p = 0.300) or visual scanning performance (F =1.881, p =
0.134), or between Hcy levels and folate levels on visuospatial associative memory
(F =0.867, p = 0.459) or visual scanning performance (F = 0.358, p = 0.783).
Furthermore, the DNMT3L R278G genotype did not influence any of these
relationships (or the lack thereof). Nevertheless, it was observed that A/A
homozygotes with high Hcy and high B vitamin levels performed better in
visuospatial associative memory, whilst G carriers with low Hcy and low B vitamin
levels performed worse (Figure 5.7A). This comparison did not reach statistical
significance in our post hoc analysis with Bonferroni correction due to high levels of
variance (p = 1.000). Conversely, it was observed that A/A homozygotes with high
Hcy and high B vitamin levels performed worse in visual scanning, whilst G carriers
with high Hcy and low B vitamin levels performed better (Figure 5.7B). Whilst this
observation is at odds with our expectations, this comparison again did not reach

statistical significance in post hoc analysis with Bonferroni correction (p = 1.000).
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FIGURE 5.6. Further investigation of vitamin intake and cognitive performance in the
TwinsUK cohort. Data presented for visuospatial associative memory (A, B) and
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Having observed no significant association with vitamin levels, self-reported vitamin
intake was assessed. With regards to visuospatial associative memory, there was a
significant effect of Hcy levels and vitamin intake on performance (F = 6.014, p =
0.001). Post hoc analysis with Bonferroni correction confirmed that individuals with
low Hcy & non-reported vitamin intake performed significantly worse than individuals
with low Hcy & regular vitamin intake (p = 0.004) or individuals with high Hcy &
regular vitamin intake (p = 0.001). Addition of the DNMT3L R278G genotype to this
model did not have a significant influence (F = 0.041, p = 0.839), nor a significant
statistical interaction with Hcy levels and vitamin intake (F = 1.126, p = 0.298).
However, post hoc analysis with Bonferroni correction revealed that the best
performing group, A/A homozygotes with high Hecy & regular vitamin intake,
performed significantly better than A/A homozygotes with low Hcy & non-reported
vitamin intake (p = 0.037) (Figure 5.7C).

Age had a significant baseline influence on cognitive performance in TwinsUK, but
the addition of age as a covariate within these models did not alter the statistical
interaction of Hcy levels and vitamin intake (F = 7.990, p < 0.001) or the inclusion of
DNMT3L R278G (F = 0.804, p = 0.493). Replication of these analyses with quartile
Hcy levels corroborated the results, whereby the effect of Hey levels and vitamin
intake was significant (F = 5.459, p = 0.001), the statistical interaction with DNMT3L
R278G was non-significant (F = 1.754, p = 0.158), and post hoc analysis with
Bonferroni correction showed that the A/A homozygotes with upper quartile Hcy &
regular vitamin intake performed significantly better than those with low and middle
Hcy & non-reported vitamin intake (p = 0.045). Finally, investigation of B vitamin
intake as opposed to overall vitamin intake resulted in no effect of B vitamin intake
and Hcy levels on cognitive performance (F = 1.588, p = 0.196), as well as no
statistical interaction with DNMT3L R278G (F = 1.170, p = 0.324). However, B
vitamin intake and quartile Hcy levels did result in a statistical interaction with
DNMT3L R278G (F = 3.329, p = 0.022), but post hoc analysis with Bonferroni

correction could not reveal any specific differences that were driving this result.

With regards to visual scanning, although there was no significant effect of Hcy levels
and vitamin intake (F = 1.429, p = 0.236) or the DNMT3L R278G genotype (F =
3.005, p = 0.085), there was a statistical interaction between Hcy levels, vitamin
intake, and DNMT3L R278G (F = 4.502, p = 0.004). Addition of age as a covariate
did not alter this statistical interaction (F = 4.088, p = 0.008). As shown in Figure

5.7D, whilst the A/A homozygotes show reasonably consistent performance across

151



the conditions, G carriers showed better performance with high Hcy & regular vitamin
intake (p = 0.068) or low Hcy & non-reported vitamin intake (p = 0.117) compared to
low Hcy & regular vitamin intake. However, neither of these comparisons reached

statistical significance in a post hoc analysis with Bonferroni correction.

Replication of these analyses with quartile Hcy levels corroborated the results for
visual scanning, whereby the effect of Hcy levels and vitamin intake was non-
significant (F = 1.266, p = 0.287), the statistical interaction with DNMT3L R278G was
significant (F = 3.142, p = 0.027), and there were no significant results following post
hoc analysis with Bonferroni correction. Furthermore, investigation of B vitamin
intake as opposed to overall vitamin intake resulted in no effect of B vitamin intake
and Hcy levels on cognitive performance (F = 1.808, p = 0.150), as well as no
statistical interaction with DNMT3L R278G (F = 1.379, p = 0.253). Replication of this
analysis with quartile Hcy levels did not influence the results.

To summarise, in the NCDS 1958 cohort there was little influence of the DNMT3L
R278G genotype, despite a trend towards improved performance in G carriers for
both visual scanning and verbal semantic memory. In the TwinsUK cohort, G carriers
also performed better on visual scanning, including when the influence of Hcy was
taken into account. For visuospatial associative memory, it was the A/A homozygotes
that appeared to show more consistent performance, in contrast to the improved

performance of G carriers in the VITACOG analyses.
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5.3. Discussion

In chapter three, a relationship was reported between B vitamin treatment,
homocysteine levels, and the DNMT3L R278G genotype with respect to particular
facets of cognitive performance. In chapter four, these relationships were
substantiated by uncovering genotype-dependent relationships between cognitive
performance and brain atrophy, before providing evidence for the functional impact of
the R278G variant on the DNMT3A-3L methyltransferase complex. The focus of this
chapter was to replicate the analyses of chapter three as closely and as accurately
as possible in two general population control cohorts, providing a comparison with
our findings in the VITACOG MCI cohort.

The NCDS 1958 and TwinsUK control cohorts contained self-reported vitamin intake
information that was utilised as a comparison with the B vitamin treatment carried out
in VITACOG. It was observed that regular self-reported vitamin intake was
associated with improved visuospatial associative memory (TwinsUK), verbal
semantic memory (NCDS 1958), and visual scanning (NCDS 1958 only)
performance. B vitamin intake was derived from the self-reported vitamin intake
information in TwinsUK and visuospatial associative memory benefits were
discovered in individuals taking B vitamins compared to other vitamins. The TwinsUK
cohort had biochemical measurements of B vitamin levels taken from blood, but no
association between B vitamin levels and visuospatial associative memory or visual
scanning were observed. However, both regular vitamin intake and higher B vitamin
levels were associated with lower Hcy levels in the TwinsUK cohort. These findings
confirm the beneficial effects of B vitamin intake on Hcy levels and specific cognitive

domains previously drawn from the VITACOG study.

The DNMT3L R278G genotype was then included in the analyses. In the NCDS
1958 cohort, no influence of the R278G variant was observed with regards to the
significant relationship between regular vitamin intake and verbal semantic memory
or visual scanning performance. Similarly in TwinsUK, no influence of the R278G
variant was observed on the non-significant relationship between B vitamin levels
and visuospatial associative memory or visual scanning performance. However, it
was discovered that A/A homozygotes who regularly took vitamins showed better
visuospatial associative memory performance in TwinsUK. Furthermore, A/A
homozygotes with high Hcy levels who regularly took vitamins showed better

visuospatial associative memory performance than those with low Hcy whose vitamin
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intake was non-reported. Here, a genotype-dependent relationship between vitamin
intake and visuospatial associative memory was again observed, but with the A/A
homozygotes within the TwinsUK controls compared to the G carriers within the
VITACOG MCI individuals, illustrating an intriguing allele-specific difference between

the two cohorts.

5.3.1. Regular vitamin intake in the control cohorts

Having sought to replicate our analysis of B vitamins, Hcy levels, and the DNMT3L
R278G genotype on particular facets of cognitive performance, two significant but
possibly unexpected findings were observed in our two control cohorts. The first was
that self-reported regular vitamin intake, but not biochemical measurements of
vitamin levels, was associated with better visuospatial associative memory and
verbal semantic memory performance in the general population controls. The second
was that A/A homozygotes who had high Hcy and regularly took vitamins performed
better on visuospatial associative memory, contrasting with the same relationship
observed in G carriers in VITACOG.

Concerning the first finding, no influence of B vitamin treatment alone on either of our
derived cognitive factors was previously observed in the VITACOG cohort. That said,
the VITACOG cohort had previously reported a vitamin effect on cognition when
assessing specific cognitive tests, such as a stabilising of Clox test performance (De
Jager et al., 2012). More striking is the observation that those who self-reported as
taking B vitamins showed particular visuospatial associative memory benefit over
those who took other vitamins. Although a number of studies have assessed the
influence of particular vitamins in the NCDS 1958 and TwinsUK studies, very few of
them appear to have focused on the relationship with cognitive performance. In
NCDS 1958, one study investigated the link between genetic variants that influence
specific nutrients such as vitamin B12 and cognitive ability, but found no associations
(Alfred et al., 2013).

Much of the literature examining the relationship between vitamins and cognition is,
understandably, carried out using supplementation protocols such as the one used in
VITACOG or through biochemical measurement of vitamin levels. However, whilst
the research regarding vitamin levels is more consistent in identifying a relationship
with cognitive function, supplement studies have been mixed at best in reporting

effects on cognitive performance. For example, compared to the isolated effects
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seen in the VITACOG study of MCI, B vitamin supplementation has been largely
ineffective in studies of AD and controls (Aisen et al., 2008, Sun et al., 2007, van
Uffelen et al., 2008). Further, B vitamin supplementation in healthy individuals has
been shown to both reduce Hcy levels and lead to beneficial effects on multiple
cognitive domains, but also reduce Hcy levels with no influence on cognition (Clarke
et al., 2014, Durga et al., 2007). When looking at biochemical measurements of B
vitamins levels, high folate levels are associated with reduced risk for MCI and
general cognitive impairment (Agnew-Blais et al., 2015, Doets et al., 2014). In
addition, higher B vitamin levels have been associated with improved performance
on specific tests of memory, hippocampal learning, semantic fluency, and general
executive function (Kobe et al., 2016, Moorthy et al., 2012, Tucker et al., 2005,
Vogiatzoglou et al., 2013). Therefore, it is perhaps surprising that such a relationship
between B vitamin levels and cognitive performance was not observed in the

TwinsUK controls.

Studies of self-reported B vitamin intake are rare in comparison to those examining
supplementation or biochemical measurements. However, studies that have looked
at self-reported B vitamin intake suggest a positive association with cognition,
particularly memory function and protection against cognitive decline (Bryan and
Calvaresi, 2004, Morris et al., 2005). Therefore, it is promising to see a similar
relationship between self-reported vitamin intake and cognitive performance in our
control cohorts. Despite this, there remains a discrepancy between the significant
relationship between vitamin intake and visuospatial associative memory in TwinsUK
that was absent when examining B vitamin levels in the same cohort. One would
assume that vitamin levels should be the more accurate measure of this relationship,
calling into question the validity of self-reported questionnaire data. It is possible that
the self-reported data, rather than highlighting a causal relationship between vitamin
intake and cognition, has instead acted as a proxy for other environmental factors.
Indeed, individuals who report regular vitamin intake may be more health-conscious
and more likely to exercise regularly, behaviour that is generally agreed to benefit
cognition. As further nutritional and lifestyle information was not available from NCDS

1958 or TwinsUK, one can only speculate as to such underlying relationships.

In a similar manner, those that regularly took vitamins may be benefiting from the
influence of a supplement other than B vitamins. Considering that individuals who
self-reported having regular vitamin intake may take some form of multivitamin, the

literature was searched for studies of multivitamin supplementation. However, the
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majority of these showed no relationship with cognition, despite individual effects
reported on contextual memory and Stroop test performance respectively (Cockle et
al., 2000, Grodstein et al., 2013, Harris et al., 2012, Pipingas et al., 2014, Wolters et
al., 2005). Whilst comparatively more studies have been carried out into vitamins D
and E, they appear to show the same pattern as that described for B vitamins, where
biochemical measurements correlate with cognitive function but supplementation is
inefficacious. For instance, whilst vitamin D and E levels have been correlated with
certain measures of cognitive, supplementation of either vitamin D or E has proven
largely ineffective (Annweiler et al., 2012, Cherubini et al., 2005, Littlejohns et al.,
2014, Lloret et al., 2009). Promisingly, however, is the body of work showing that
polyunsaturated fatty acid (PUFAS) levels and supplementation can positively
influence cognitive performance and risk of dementia (Chiu et al., 2008, Conquer et
al., 2000, Eriksdotter et al., 2015, Kalmijn et al., 2004). A recent study using the
VITACOG cohort showed an interactive influence of PUFAs and B vitamins, where
the effect of B vitamins on cognitive decline was only observed in those with high
PUFA levels (Oulhaj et al., 2016). This would suggest that future work examining
self-report data and biochemical measurements for both B vitamins and PUFAs may

provide further insight into the findings presented in this chapter.

5.3.2. Discrepant DNMT3L R278G findings in MCI and controls

The second notable finding discovered in our control replication was that A/A
homozygotes who regularly took vitamins performed better on visuospatial
associative memory. Moreover, A/A homozygotes who had high Hcy and regularly
took vitamins performed better than those who had non-reported vitamin intake. This
contrasts with the finding in our VITACOG MCI individuals, where G carriers who had
high Hcy and underwent B vitamin treatment performed better on visuospatial
associative memory. Taken together, these results suggest a model in which healthy
middle age DNMT3L R278G A/A homozygotes who regularly take vitamins
demonstrate better visuospatial associative memory performance. However, once
individuals decline to MCI levels, B vitamins appear to boost the visuospatial

associative memory performance of G carriers (Figure 5.8).
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DNMT3L R278G

Healthy
middle Vitamin Vitamin
age supplements supplements
(TwinsUK)
Disease status Visuospatial associative Non-significant visuospatial
memory benefit associative memory benefit
il B vitamin treatment B vitamin treatment
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Visuospatial associative Visuospatial assaciative
memory decline memory improvement

FIGURE 5.8. lllustrated model of the relationship between disease status, methionine
pathway components, and the DNMT3L R278G variant with respect to cognitive
performance. Beneficial (green arrow) or detrimental (red arrow) cognitive outcomes
in visuospatial associative memory are associated with interactions between vitamin
intake, Hcy risk, and the DNMT3L R278G genotype.
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This model provides further support for the idea that alterations in the relationship
between Hcy levels, B vitamins, and DNA methylation within the one-carbon cycle
can influence specific measures of cognitive function. In the previous chapters, the
mechanisms by which this could occur were discussed, initially focusing on the
reduction of Hcy neurotoxicity and restoration of glutathione levels stimulated by
improved one-carbon cycle dynamics. These factors almost certainly have a part to
play in the overall picture of B vitamin supplementation and its influence on both
cognitive performance and brain atrophy. However, the discrepant genotype-
dependent differences in visuospatial associative memory discovered in MCI and
controls respectively call for a mechanistic explanation centred on the differences in
methylation patterns related to the DNMT3L R278G genotype.

As previously mentioned, the hypomethylation hypothesis provides a general
explanation for the impairment of normal DNA methylation patterns caused by
disruption of the one-carbon cycle. Whilst this hypothesis is normally applied to
cognitive dysfunction, the principles can be applied to cognitive improvement by
emphasising that lowering of Hcy levels and restoration of one-carbon cycle function
can allow beneficial DNA methylation activity to occur (i.e. the silencing of risk-
related gene expression or the promotion of beneficial gene expression). In this
study, the measurement of visuospatial associative memory appears to have
highlighted a particular change in cognitive function that would otherwise have gone
undetected. Discussion in the previous chapter exemplified the sensitivity of
visuospatial associative memory in measuring medial temporal lobe function,
particularly that of the hippocampus. Changes to DNA methylation patterns are
known to occur in the hippocampus during memory formation and consolidation, and
these mnemonic processes can be disrupted through inhibition of methyltransferase
and demethylase proteins (Feng et al., 2010, Miller and Sweatt, 2007, Rudenko et
al., 2013). Thus, it is in the hippocampus that one would expect the DNMT3L R278G

genotype-dependent changes in DNA methylation patterns to occur.

There are certain additional factors that must be taken into account when reviewing
this model. To begin with, our findings using control cohorts included regular vitamin
intake, not B vitamin intake alone. This suggests the involvement of other vitamins,
or indeed other pathways, that can act as the trigger for changes in DNA methylation
patterns. A notable example would be the potential involvement of PUFAs within the
pathways described above. Previous evidence suggests that the relationship

between B vitamins and cognitive performance may only occur in the presence of
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high PUFA levels (Oulhaj et al., 2016). Further, the authors suggest that the
formation of particular fatty acids such as phosphatidylcholine is facilitated by the
presence of B vitamins, as increased Hcy has been correlated with decreased
phosphatidylcholine in AD, cementing the relationship between B vitamins and
PUFAs (Selley, 2007).

Separate to the interactions with the one-carbon cycle, research has also shown that
PUFASs can have a direct impact on brain function. For example, the key synaptic
processes long-term potentiation (LTP) and long-term depression (LTD), as well as
the release of key neurotransmitters such as serotonin, are inhibited in the
hippocampal regions of mice on PUFA-deficient diets (Chalon, 2006, Delpech et al.,
2015, Thomazeau et al., 2017). All of these deficits, as well as the effects on
neurogenesis and memory performance, could be rescued with PUFA treatment
(Crupi et al., 2012, Kavraal et al., 2012, Plamondon and Roberge, 2008, Vancassel
et al., 2008).

Many other vitamins commonly included in multivitamin supplements have also been
investigated in relation to DNA methylation events. Beginning with vitamin D, studies
of maternal vitamin D deprivation in rodents found that the offspring showed some
small changes in methylation, but no change in gene expression (Xue et al., 2016).
However, vitamin D supplementation in human mothers was found to have a
significant influence on differential methylation patterns in the respective infants
(Anderson et al., 2016). Moreover, a recent randomized control trial in African-
Americans found that vitamin D supplementation resulted in global increases in DNA
methylation (Zhu et al., 2016). There is less research into the influence of vitamin D
and methylation in disease compared to B vitamins, but vitamin D has been shown to
play a beneficial role in models of autoimmune disease, seemingly through
corresponding genome-wide changes in methylation patterns (Zeitelhofer et al.,
2017). However, unlike PUFAs, work has illustrated that vitamin D appears to
influence DNA methylation independently of one-carbon cycle dynamics, pointing to
an as-of-yet unknown mechanistic relationship with methylation (Beckett et al.,
2016).

Aside from vitamin D, studies of vitamin C supplementation in maternal smokers
have presented positive effects on infant health associated with differential
methylation patterns (Shorey-Kendrick et al., 2017). Interestingly, a recent study has

discovered that both vitamins A and C can stimulate differential methylation patterns

159



in vitro by modulating TET-mediated demethylation activity (Hore et al., 2016). This
outlines a possible pathway independent of one-carbon cycle methyl donation
through which vitamins could influence methylation patterns through demethylation
dynamics, drawing parallels with the association between increased BER activity and
age-related DNA methylation changes in dementia discussed in the previous
chapter. However, as DNMT3L R278G is putatively a methyltransferase rather than a
demethylase, the findings observed in this study are likely associated with the
deposition of methyl marks rather than their removal.

As observed with the nearby R271Q variant in DNMT3L, genetic variants in
methyltransferase genes have been shown to cause changes in DNA methylation
patterns (ElI-Maarri et al., 2009). Similar influences on the deposition of methylation
patterns have been linked to splice variants within the maintenance and de novo
DNA methyltransferases (Bonfils et al., 2000, Weisenberger et al., 2004).
Furthermore, variants in methyltransferases have been associated with methylation
changes observed in diseases such as schizophrenia and specific cancers
(Saradalekshmi et al., 2014, Tahara et al., 2009). With regards to the potential
methylation changes associated with DNMT3L R278G stemming from our findings,
there are multiple factors that could act as the trigger that differentiates our control
and MCI groups. For example, the burden of high levels of Hcy coupled with B
vitamin treatment could be the only necessary factors to stimulate genotype-
dependent change in methylation patterns in MCI. The difference in age between the
MCI (76 years old) and control (NCDS 1958 = 45-50 years old; TwinsUK = 57 years
old) could play a role, as methylation levels are known to alter with aging (Bollati et
al., 2009).

Disease-specific methylation changes have been observed in MCI compared to AD
and control individuals (Ellison et al., 2017). This could result in a situation where the
control and MCI individuals are primed to exhibit disease-specific behavior stemming
from differential methylation patterns, with the genotype-dependent activity of
DNMT3L simply exacerbating these differences. In a similar vein, DNMT3L R278G
genotype-dependent change in methylation patterns could be acting upon other risk
genotypes to enact disease-specific behavior. For example, APOE contains multiple
methylations sites with research suggesting that the E4 allele alters methylation
levels both within APOE and downstream of the gene (Foraker et al., 2015, Wang et
al., 2008, Yu et al., 2013). APOE methylation levels have been shown to change

significantly with age but not with disease (Ma et al., 2015, Tannorella et al., 2015).
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Thus, it is possible that methylation-dependent change in APOE transcription can

account for some of the difference between our control and MCI cohorts.

Finally, there could be other disease-associated changes that influence DNMT3L
function. DNMT3L is known to interact with histone H3 proteins during the deposition
of DNA methylation. However, histone H3 can be disrupted in dementia, potentially
leading to further disruption of normal methylation patterns (Lithner et al., 2013,
Ogawa et al., 2003). In addition, genetic variants have been also been shown to
disrupt the binding between DNMT3L and histone H3, providing another mechanism
that could influence differential methylation (Ooi et al., 2007). Thus, whilst the
influence of Hcy and vitamins in the one-carbon cycle is a favorable model, | have
demonstrated that multiple biological mechanisms may underline the visuospatial
associative memory differences between MCI and controls in our study.

5.3.3. Methodological questions

Understandably, attempting to carry out an exact replication of the VITACOG
analyses would have been difficult given the number of variables included in the
study and the length of the B vitamin treatment trial. Our combination of the NCDS
1958 and TwinsUK longitudinal general population cohorts has succeeded in
replicating the main analyses from VITACOG, with information on brain atrophy and
the APOE genotype much harder to come across. However, there are a number of

methodological issues that could be raised with our replicative analysis.

A number of these issues have been raised already. One of these is the difference in
age between our MCI and control cohorts. Whilst this may have contributed to the
discrepant findings between MCI and controls, the identification of a genotype-
dependent change in middle age that contrasted with the change in MCl is arguably
more interesting than a straight comparison with age-matched controls. Another was
the comparison of self-reported and biochemical levels of vitamins, which has
already been discussed within this chapter, as well as the comparison of these two
measures with the vitamin treatment methodology used in VITACOG. There are
other B vitamin trials carried out in healthy participants that could have been used as
our control cohort (Bryan et al., 2002, Eussen et al., 2006, Hvas et al., 2004,
Kennedy et al., 2010). However, many of these other trials did not include DNA

sample collection and genetic analysis within their design and therefore sequencing
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could only have been carried out if blood samples were available from these studies,

incurring further financial and time costs.

There are questions of accuracy regarding the variables used within our replication
analyses. To begin with, the nature of serial assessment within these longitudinal
control cohorts means that data is provided for the same individuals from different
time points. This retrospective analysis of longitudinal data requires the integration of
isolated data from individuals irrespective of the age at which it was taken. Difficulty
in controlling for the relationships between these variables means that temporal bias
(one cannot estimate causality because the temporal information for each variable is
absent or omitted) influences the control observations to a greater extent than those
from VITACOG. Moreover, the TwinsUK may suffer from selection bias as cognitive
data was only available for a minority of individuals.

For the self-reported vitamin intake in NCDS 1958, new variables were derived that
summated vitamin intake. This may also suffer from a selection bias as the
parameters of the new variable were decided by myself. One could also question the
inclusion of individuals whose vitamin intake data is non-reported, as one cannot be
entirely sure that their vitamin intake is reduced compared to those who provided
self-report data. Indeed, removal of the non-reported individuals resulted in both
verbal semantic and visual scanning results becoming non-significant. Nevertheless,
assessment of the original vitamin intake variables from NCDS 1958 showed that
single vitamin and folate intake also showed the same assaociation with verbal
semantic memory performance, whilst folate intake showed an association with
visual scanning (Appendix 25), providing support for the use of our derived vitamin

intake variables.

The sensitivity of our analysis to changes in cognitive performance is dependent
upon the accuracy of the PCA factors. It would not be feasible to locate and gain
access to cohorts from different studies that have data from identical cognitive tests.
Instead, shared cognitive tests were identified between the VITACOG study and our
control cohorts to ensure that our derived PCA factors could be compared
accurately. The presence of PAL in both the VITACOG and TwinsUK visuospatial
associative memory factors is key, whilst the inclusion of the visuospatial tests DMS,
PRM, and SSP add further support to the similarity of these factors. However, these
abstract recognition tests were not coupled with a test of semantic memory such as
GNT, the key difference between the VITACOG and TwinsUK factors. With regards
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to verbal semantic memory, there was no such inclusion of identical tests between
VITACOG and NCDS 1958. Nevertheless, the measures seem relate well, as both
VITACOG and NCDS 1958 contained measures of delayed recall (HVLT-R and
DWR) and semantic fluency (CF and AN). Thus, whilst the tests within the respective
cognitive factors from each cohort are not identical, one can be confident that they

are reflective of similar underlying cognitive processes.

The visual scanning factor was retained although it was not present in the VITACOG
cohort in order to provide a “control” measure of cognitive performance in both of our
control cohorts. PCA in the TwinsUK cohort also resulted in a visual discrimination
factor that was removed from further analysis, as a “control” cognitive factor was
already included and there was no comparable factor from VITACOG or NCDS 1958.
As outlined in the methods, some data had to be omitted from the PCA analysis due
to issues with linear dependencies between extrapolated variables from the same

cognitive tests.

The National Adult Reading Test (NART) verbal 1Q score also had to be omitted as
the scale of performance could not be ascertained or how the verbal IQ had been
calculated within the original NART test. However, further analysis of these cohorts
may wish to include this test, as this more general indicator of premorbid intelligence
could influence the segregation of the PCA factors. Longitudinal studies have shown
that premorbid intelligence is associated with disease risk (Koenen et al., 2009,
Zammit et al., 2004). Moreover, differences in cognitive performance between
individuals with a brain disease are associated with their premorbid intelligence
(Wells et al., 2015). In the VITACOG cohort, one could offer some control for
individual differences by using change in cognition rather than cognitive performance
at one time point. This was not possible in either of the control cohorts, making it
more likely that normal variation in intelligence could influence the results and

underlining the need to include a more general intelligence test such as NART.
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6. Examination of rare variants within DNA and RNA methylation genes in
learning disability and comorbid psychiatric disease cohorts

6.1. Preface

Our analysis of one specific methyltransferase variant, DNMT3L R278G, had
discovered previously unknown relationships with cognitive performance. Following
this analysis, genetic variation in additional genes involved in DNA and RNA
methylation were investigated. To accomplish this, next-generation sequencing
(NGS) data was used from individuals with intellectual disability (ID) and ID comorbid
with psychiatric conditions, autism spectrum disorder (ASD), and general population

controls.

6.2. Results

6.2.1. Descriptive summary of variants

Genetic variation was investigated within a selection of genes associated with DNA
and RNA methylation, specifically assessing the relationship between rare and low-
frequency missense variants and specific brain disorders. These methylation genes
can be divided into different categories based on the function of the encoded
proteins; namely, readers, writers, and erasers of the methyl modification (Table 6.1).
Missense variants were chosen because of their influence of protein function. Other
variants that similarly disrupt protein function, such as loss-of-function (LoF) variants,
will be included in future work. Rare variants are those that have a minor allele
frequency (MAF) < 0.01 and low-frequency variants are those that have a MAF <
0.05.

The TwinsUK cohort of 1854 individuals was utilised as a general population control
cohort. The ID group comprised 290 individuals from the Rare FIND (Familial
Intellectual Disability) and Muir cohorts. The Rare FIND cohort includes individuals
with moderate to severe ID while the Muir cohort includes individuals with learning
disabilities, many of whom also presented with comorbid psychiatric disease. Finally,
the ASD group comprised 620 individuals from the Gallagher, IMGSAC, MGAS, and
Skuse cohorts. In total, 57,787 variants were identified across 30 DNA and RNA
methylation genes. MECP2 was initially included in the list but was omitted from the

analysis due to problems with ploidy during the NGS processing pipeline.
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TABLE 6.1. DNA and RNA methylation genes and their functional categories

DNA methylation

RNA methylation

Writers Readers Erasers Writers Readers Erasers
DNMT1 MBD1 TET1 METTL3 YTHDF2 ALKBH5
DNMT3A MBD3 TET2 METTL14 YTHDF3 FTO
DNMT3B UHRF1 TET3 WTAP HNRNPA2B1
DNMT3L UHRF2 GADDA45A ELAVL1
TDG GADD45B
NEIL1 MBD2
NEIL3 MBD4
WDR76 ELP3
THYN1

165



6.2.1.1. Characterising missense variants

In total, 855 missense variants were identified in all of the methylation genes within
our cohorts. 274 missense variants were found in the controls individuals, 220 in the
ID cohorts, and 361 in the ASD cohorts. The majority of these were within DNA
methylation genes (736) compared to RNA methylation genes (119), particularly
within DNA methylation eraser category (377).

Each variant position was annotated where possible with a reference MAF from the
EXAC consortium database, a large aggregated catalogue of sequencing data
covering 60,706 individuals from healthy and disease populations, thus providing a
large general population reference MAF. Following this annotation, 52 missense
variants were discovered with a MAF in the control or case cohorts which differed
from the EXAC reference MAF. The majority of these variants (46) were found in the
DNA methylation genes. Two-thirds of the missense variants (35) were found at a
higher MAF in our cohorts than the EXAC reference. SIFT and PolyPhen functional
annotation for each variant left 24 of the 52 missense variants that were predicted to
have a damaging effect on the protein. Full details for these variants can be found in

Appendix 26.

114 missense variants were also highlighted as missing an ExXAC reference MAF.
This could either be because the variant is especially rare, as appeared to be the
case in the majority of these variants (106), or because our automated annotation
process using EXAC has failed to pick up that particular variant position. The majority
of these variants (97) did not appear to have previously been identified (i.e. lacking
an “rs” accession number), but this could in part be due to gaps in the annotation
pipeline as this process is dependent upon up-to-date external databases. In addition
to these rare missense variants, 6 low-frequency and common missense variants
were identified that had been annotated as functionally damaging (Appendix 27). Of
interest, DNMT3L R278G was included in this group, possibly providing other targets
similar to R278G which could be investigated further for their relationship with

cognitive function.
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6.2.1.2. Rare and low-frequency missense variants

The percentage of rare and low-frequency missense variants within the total number
of variants were assessed. The number of rare and low-frequency variants which
were predicted to be functionally damaging using the SIFT and PolyPhen functional
annotation tools were also taken into account. Both rare and low-frequency missense
variants were found more frequently in the case cohorts than in controls, a pattern
that was largely retained for those variants that were annotated as functionally
damaging. Of note was the comparatively greater number of rare missense variants

in the ID cohorts compared to controls (Figure 6.1A).

The percentage of rare and low-frequency missense variants within the total number
of missense variants were then considered. The majority of missense variants in the
controls were rare, but this could be due to the whole-genome sequencing used in
the TwinsUK cohort picking up a greater proportion of rare missense variants
compared to the whole-exome sequencing using in the case cohorts. Despite this,
the proportion of rare damaging variants did not differ between cases (0.36%) and
controls (ID = 0.57%, ASD = 0.42%). Low-frequency missense variants were again
found more frequently in the case cohorts than controls, with no difference in the

proportion of predicted damaging variants between cases and controls (Figure 6.1B).

6.2.1.3. Missense variants within DNA and RNA methylation functional
categories

To acquire a more detailed picture of these specific methylation genes, our
assessment of these rare and low-frequency missense variants was divided by DNA
and RNA methylation genes and by functional categories (writers, readers, and
erasers). All categories of DNA methylation genes showed a higher proportion of rare
missense variants in the controls. In most categories for both DNA and RNA
methylation genes, the proportion of rare missense variants was higher in ID than
ASD cohorts. However, for the RNA methylation eraser category, 100% of all
missense variants were rare in controls and ID whilst over 90% were rare in ASD
(Figure 6.1C). The lack of common or low-frequency missense variants in the RNA
methylation erasers could indicate that this category is comparatively intolerant to

genetic disruption and therefore a biologically important category.
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FIGURE 6.1. Rare and low-frequency variants in DNA and RNA methylation genes
from the ASD, ID, and control cohorts. Green represents the control cohorts, orange

represents the ID cohorts, and purple represents the ASD cohorts. Rare and low-

frequency variants are presented as a proportion of the total number of variants (A)
and the total number of missense variants (B). The proportion of rare (C, D) and low-
frequency (E, F) missense variants are compared between DNA and RNA

methylation genes.
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The number of rare missense variants that were predicted to be functionally
damaging was then taken into account. Most functional categories for DNA and RNA
methylation genes again showed a higher proportion of rare damaging missense
variants in the controls and a lower proportion in ASD. However, the RNA
methylation readers showed the reverse picture with a higher proportion of rare
damaging missense variants in both case populations and lower in controls (Figure
6.1D). This contrasts with the previous observations that greater numbers of rare
damaging missense variants in controls compared to cases may be caused by the
use of whole-genome sequencing in the controls. Moreover, it suggests that the RNA
methylation readers could be a functionally important category for genetic risk in our
ASD and ID cohorts.

Low-frequency missense variants (Figure 6.1E) and damaging low-frequency
missense variants were also assessed (Figure 6.1F) in each of our DNA and RNA
methylation categories. However, the number of these low-frequency variants was
comparatively low, making it difficult to draw any clear patterns from this data.
Nevertheless, a greater proportion of low-frequency missense variants in the ASD
cohorts was observed compared to controls, and this pattern was retained when

looking only at functionally damaging low-frequency missense variants.

In summary, our initial assessment of variant counts has identified key patterns
associated with ID and ASD in each of the RNA methylation gene categories.
Namely, a greater number of rare missense variants were found in ID compared to
controls, a contrasting proportional increase in rare damaging missense variants
were found in both ASD and ID compared to controls, and a proportional increase in

low-frequency damaging variants in ASD compared to controls.

6.2.2. Case-control analysis of variants

In an effort to identify any variants associated with risk or protection for ASD and ID,
a candidate gene set (30 DNA and RNA methylation genes) case-control analysis
was performed akin to the methodologies used in GWAS statistical analysis. A total
of 32,987 variants across all methylation genes remained after removal of non-
shared variants (variants that contained missing data in at least one cohort) and
erroneous genotypes (such as cases where the reference and alternative allele have
been flipped during genetic imputation), as well as the removal of any supplementary

variants which were added from the imputation panel. For the statistical analysis,
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variants were retained that were present in all of the cohort datasets (shared
variants) and missense variants, totalling 1422 variants. Table 6.2 presents a

breakdown of these 1422 variants across the methylation genes.

The case-control analysis was run using the Fisher’s exact test. The test was applied
at two thresholds of genetic imputation and with two methods of aggregating the
variants. The two thresholds of imputation were 0.25 (i.e. if 25% or more of the
genotype calls in a cohort are imputed, that variant is removed from the analysis)
followed by a more stringent threshold of 0.125. The two methods of aggregation
were gene-wide (test run on each individual gene before aggregating the results)
followed by a more stringent all-gene analysis (test run on all of the genes merged
together). The analysis was run using all cases (combined ASD and ID) versus
controls before splitting the case cohorts for more detailed disease-specific results.

The case-control analysis began by using the 0.25 threshold and gene-wide
aggregation. This resulted in the identification of 14 significant variants, 9 that
reached the GWAS level of significance and 5 that reached the suggestive level of
significance (Figure 6.2A; red and blue lines respectively). This included 6 missense
variants, highlighted in green in the Manhattan plots. This analysis was repeated
retaining the 0.25 threshold but applying the all-gene aggregation method. This
resulted in the identification of 13 significant variants, 7 that reached the GWAS level
of significance and 6 that reached the suggestive level of significance (Figure 6.2B).
Both gene-wide and all-gene analyses identified the same group of significant
variants, including a missense variant in UHRF2 which did not reach significance in

the latter analysis.

Next, the imputation threshold was increased to 0.125 and carried out the case-
control analysis beginning with gene-wide aggregation. This resulted in the
identification of 10 significant variants, 6 that reached the GWAS level of significance
and 4 that reached the suggestive level of significance (Figure 6.3A). This included 4
missense variants, again highlighted in green in the Manhattan plots. This analysis
was repeated retaining the 0.125 threshold but applying the all-gene aggregation
method. All 10 variants identified in the gene-level analysis were also identified in the
all-gene analysis, with only one of the variants dropping from GWAS to suggestive

significance (Figure 6.3B).
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TABLE 6.2. Breakdown of variants included in case-control analysis

Total Missense % missense Missense s missense
Gene _ _ _ and shared and shared
variants  variants variants _ )
variants variants
DNMT1 1409 35 2.48% 143 10.15%
DNMT3A 1857 13 0.70% 66 3.55%
DNMT3B 1114 20 1.80% 87 7.81%
DNMT3L 473 14 2.96% 60 12.68%
MBD1 443 24 5.42% 65 14.67%
MBD3 475 4 0.84% 19 4.00%
UHRF1 1190 0 0.00% 66 5.55%
UHRF2 2104 14 0.67% 42 2.00%
TDG 538 10 1.86% 35 6.51%
NEIL1 331 12 3.63% 31 9.37%
NEIL3 1054 24 2.28% 59 5.60%
WDR76 728 12 1.65% 41 5.63%
THYN1 229 6 2.62% 25 10.92%
TET1 2291 60 2.62% 98 4.28%
TET2 2210 48 2.17% 92 4.16%
TET3 1227 33 2.69% 81 6.60%
GADD45A 137 0 0.00% 0 0.00%
GADD45B 122 4 3.28% 7 5.74%
MBD2 1259 4 0.32% 22 1.75%
MBD4 276 14 5.07% 28 10.14%
ELP3 1758 13 0.74% 47 2.67%
METTLS3 357 5 1.40% 38 10.64%
METTL14 468 8 1.71% 36 7.69%
WTAP 686 6 0.87% 29 4.23%
YTHDF2 644 9 1.40% 23 3.57%
YTHDF3 763 8 1.05% 30 3.93%
HNRNAP2B1 574 2 0.35% 55 9.58%
EVAVL1 909 3 0.33% 20 2.20%
ALKBH5 626 5 0.80% 20 3.19%
FTO 6735 24 0.36% 57 0.85%
TOTAL: 32,987 434 - 1422 -

Shared variants = variants that are present in all of the cohort datasets
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FIGURE 6.2. Manhattan plots for case-control analysis with 0.25 threshold. The red
lines indicate GWAS significance and the blue lines indicate suggestive significance.
The green dots represent missense variants. Data presented for gene-wide (A) and
all-gene (B) aggregation of variants.
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FIGURE 6.3. Manhattan plots for case-control analysis with 0.125 threshold. The red
lines indicate GWAS significance and the blue lines indicate suggestive significance.
The green dots represent missense variants. Data presented for gene-wide (A) and
all-gene (B) aggregation of variants.
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The results of the most stringent analysis were retained, namely the application of
the 0.125 threshold and all-gene aggregation, which are presented in Table 6.3. Of
the 10 variants that were significant in this case-control analysis, 8 were found more
in the disease cohorts (risk) and 2 were found more in the control cohort (protective).
8 were found in the DNA methylation genes and 2 in the RNA methylation genes.
The majority of these were methylation readers (6), with the remainder made up of 2
writers and two variants within the DNA eraser TET2. Alongside the 4 missense
variants, an intronic duplication was identified, a substitution which could influence
exon splicing, a non-coding exonic duplication, a substitution in a gene-flanking
region, a synonymous variant, and a deletion. Assessment of the genetic imputation
quality showed that 3 of the 10 variants (in UHRF2, HNRNPA2B1, and DNMT1) had
undergone 100% control imputation. However, all 3 were found only in the ID cohorts
and not in the ASD cohorts, suggesting that these variants are associated with
specific risk for ID.

The 4 variants that were significant at the 0.25 threshold (bottom of Table 6.3) were
also assessed. This list included 3 DNA methylation variants and 1 RNA methylation
variant. The DNA readers UHRF1 and UHRF2 were again present in this list,
alongside a DNA eraser and RNA writer. The variant in TET3 was found more in the
controls (protective) with the remainder being found more in the cases (risk). In
addition to the 2 missense variants, an insertion and a non-coding substitution was
identified. However, investigation of the genetic imputation quality showed that both
missense variants had undergone 100% control imputation. As these missense
variants were found in both the ID and ASD controls, a case cannot be made for
these variants being disease-specific. This increases the likelihood that they would
also be present in the controls had the data not required imputation, and therefore

these variants were disregarded from the analysis.

SIFT and PolyPhen annotation were subsequently used to further characterise the
influence of these variants on protein function. 3 of the 4 missense variants that were
significant at the 0.125 threshold were annotated as functionally damaging by either
SIFT or PolyPhen (Table 6.4). All of these variants had previously been identified as
evidenced by their rs accession numbers, although the change in THYN1 is more
commonly an Arginine to Threonine substitution as opposed to the Arginine to
Proline substitution observed in our cohorts. Interestingly, 3 of the 4 variants were
Arginine substitutions. Arginine residues are involved in creating hydrogen bonds,

key to protein structural stability, and have been shown to be concentrated in
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particular genes associated with particular phenotypes (Luleyap et al., 2006). More
importantly, 3 of these variants were previously found only in the ID cohorts.
Assessment of the 4™ variant revealed that it was also found only in the ID cohorts
and not in the ASD cohorts, again suggesting the identification of a group of variants
associated with specific risk for ID. Due to this, the distribution of these variants was
assessed within our two ID cohorts and the majority were present in the Muir cohort
compared to the Rare FIND, with the HNRNPA2B1 variant present only in Muir
(Appendix 28). This suggests that these variants could be more closely associated
with individuals who have learning disabilities and comorbid psychiatric disease.
However, the information needed to confirm the precise clinical characteristics of the

individuals carrying these variants was not available.

6.2.3. Burden analysis of variants

Having performed a case-control analysis for each of the 1422 variants across the 30
DNA and RNA methylation genes, the burden of variants was examined within each
gene and the relationship of this burden with disease. As with our previous analysis,
the various burden tests were performed at the 0.25 threshold of genetic imputation

before applying the more stringent 0.125 threshold.

Simple burden and adaptive burden tests were conducted at the 0.25 threshold, but
the results of these tests were difficult to validate as they did not return detailed p
values (Appendix 29). Only the KBAC adaptive burden test of rare missense variants

returned accurate estimates of genetic burden.
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TABLE 6.3. Significant variants identified in case-control analysis

Gene Category Class Change p value Direction
UHRF2 DNA reader Missense €.1925G>T 4.19E-21 Risk
NEIL3 DNA reader Intronic €.413+10dupA  9.06E-20 Protective
HNRNPA2B1 RNA reader Missense €.1048A>G 3.65E-14 Risk
Sequence )
TET2 DNA eraser €.4182+119C>A 2.42E-11 Risk
feature
DNMT1 DNA writer Missense €.1064G>C 3.28E-11 Risk
Non-coding ]
UHRF1 DNA reader _ n.2552dupC 2.73E-07 Risk
exonic
METTL3 RNA writer Intronic C.*3749G>A 5.63E-06 Protective
TET2 DNA eraser Synonymous c.4203T>C 7.94E-06 Risk
Sequence )
MBD1 DNA reader c.111-125delG  7.94E-06 Risk
feature
THYN1 DNA reader Missense €.296G>C 1.06E-05 Risk
Upstream ) )
TET3 DNA eraser ) c.-67_-66insC 7.37E-22  Protective
variant
UHRF1 DNA reader Intronic n.2394+56C>G  1.17E-10 Risk
METTL14 RNA writer Missense Cc.511C>A 2.27E-09 Risk
UHRF2 DNA reader Missense C.2222A>C 6.74E-06 Risk
TABLE 6.4. Further details regarding significant missense variants
Gene Change AA change Known SIFT PolyPhen
UHRF2 €.1925G>T p.Cys432Phe rs79300900 Deleterious Prob. dam.
HNRNPA2B1 c¢.1048A>G p.Arg350Gly rs117917826 Tolerated Benign
DNMT1 €.1064G>C p.Arg355Pro rs201945078 Tolerated Prob. dam.
THYNL1 €.296G>C  p.Arg99Pro rs372232379 Deleterious Prob. dam.

176



6.2.3.1. Variance-component and combined tests

Variance-component analysis of rare missense variants was then conducted at the
0.25 threshold. In comparison to simple and adaptive burden tests, variance-
component tests also take into account the distribution of variants within a genetic
region. Of the 28 DNA and RNA methylation genes that remained for burden analysis
(UHRF1 and GADDA45A contained no missense variants following quality control), 5
reached GWAS significance (Table 6.5). These were DNMT1, UHRF2, THYN1,
HNRNPA2B1, and METTL14. Interestingly, all 5 of these genes contained at least
one rare missense variant that was highly significant in the previous case-control
analysis (METTL14 contained a variant discarded after the 0.25 threshold analysis
for having 100% control imputation). In addition, the level of significance correlated
between the variance-component tests and the case-control analysis, with UHRF2
being most significant and THYN1 being least significant. Application of combined
variance-component and burden tests, which combine the power of burden tests with
the sensitivity of variance-component tests, resulted in the same 5 genes reaching
GWAS significance (Table 6.5). These findings suggest that the burden analysis
could be driven by single variants with large effects as opposed to the accumulation

of many variants with small effects.

Extension of the variance-component analysis to all rare variants again returned the
same 5 genes at either GWAS or suggestive significance, along with MBD1 and
TET2. Further inclusion of common variants alongside rare missense variants also
returned the same 5 genes (minus DNMT1), along with MBD1, TET2, and TET3.
These three additional genes also contained at least one variant that was highly
significant in the case-control analysis, providing further evidence that the burden

analysis appears to be driven by individual rare variants with large genetic effects.
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TABLE 6.5. p values from combined variance-component and burden tests

0.25 threshold

0.125 threshold

Combined variance-

Combined variance-

Gene variance- component and Variance- component and
component component

burden burden
DNMT1 6.06E-14** 2.66E-13** 6.2E-14** 2.91E-13*
DNMT3A 0.112813 0.033345 0.110171 0.010206
DNMT3B 0.037565 0.047009 0.038654 0.05348
DNMT3L 0.194045 0.245947 0.208274 0.312856
MBD1 0.098537 0.001002 0.241051 0.016593
MBD3 0.10618 0.023286 0.10618 0.023286
UHRF1 - - - -
UHRF2 4.04E-28** 2.83E-27** 2.55E-26** 1.79E-25**
TDG 0.011238 0.018081 0.011071 0.017323
NEIL1 0.061138 0.084281 0.170481 0.272229
NEIL3 0.368139 0.529283 0.364966 0.524317
WDR76 0.141014 0.107906 0.141014 0.107906
THYN1 9.55E-09** 1.17E-09** 9.55E-09** 1.17E-09**
TET1 0.001402 5.17E-04 0.11196 0.047281
TET2 0.497043 0.369823 0.493132 0.33176
TET3 0.024871 9.25E-04 0.025822 0.001592
GADD45A - - - -
GADD45B 0.071128 0.036502 0.071128 0.036502
MBD2 0.060373 0.087608 0.060373 0.087608
MBD4 0.006033 0.004109 0.005906 0.002774
ELP3 0.031954 0.058997 0.028763 0.044704
METTL3 0.002676 0.001331 0.002676 0.001331
METTL14 2.43E-11** 1.70E-10** 2.43E-11** 1.70E-10**
WTAP 0.918271 1 0.918271 1
YTHDF2 0.011999 4.10E-05 0.011999 4.10E-05
YTHDF3 0.043605 0.037129 0.043605 0.037129
HNRNAP2B1 5.32E-17** 1.38E-16** 5.32E-17** 1.38E-16**
EVAVL1 - - - -
ALKBH5 0.305042 0.131406 0.305042 0.131406
FTO 0.105337 0.179362 0.104058 0.17696

** = gignificant at GWAS significance levels (p <5 x 10%)
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Finally, the common and rare variant analysis were re-run but without the application
of the 0.25 threshold, thus including all flagged variants included in our data. Of the
28 remaining DNA and RNA methylation genes, 19 reached GWAS or suggestive
significance. Notably, GADD45B reached the plainly spurious p value of 1.1E-111
despite having not reached significance in any of the previous burden or case-control
analyses. This analysis demonstrates the importance of applying stringent quality
control measures within an NGS processing protocol, as well as revisiting the data to
ensure that erroneous variants are flagged before statistical analysis is applied. The
results for all of these variance-component and combined analyses are presented in
Appendix 30.

Next, the variance-component and combined variance-component and burden
analysis of rare missense variants was repeated, but with the application of the more
stringent 0.125 threshold. As with the analysis at the 0.25 threshold, DNMT1,
UHRF2, HNRNPA2B1, THYNL1, and METTL14 all reached GWAS significance
(Table 5). Extension to all rare variants again returned these 5 genes (minus
METTL14), along with MBD1 and TET2. Finally, the addition of common variants to
the rare missense variants returned these 5 genes (minus DNMT1), along with TET2.
The loss of METTL14 in the all rare tests, as well as MBD1 and TET3 in the common
and rare tests, could be because the driving effect of any single significant variants

had been masked by the addition of further non-significant rare or common variants.

6.2.3.2. Case cohort specific analysis

To assess the specific relationships between genetic burden in these DNA and RNA
methylation genes and our disease cohorts, the variance-component and combined
variance-component and burden analysis were repeated at the 0.125 threshold in the
ID and ASD cohorts separately. Analysis of the rare missense variants revealed that
DNMT1, UHRF2, THYN1, and HNRNPA2B1 all reached GWAS significance in the ID
cohorts but not in the ASD cohorts. Similarly, METTL14 was the only variant which
reached significance for the ASD cohorts but did not reach significance in the 1D
cohorts. This corroborates our earlier discovery of disease-specific variants in the

case-control analysis.

In the ID cohorts, extension of the variance-component analysis to all rare variants
identified the same 4 genes, with the addition of MBD1. Moreover, the inclusion of

common variants alongside rare missense variants again identified these 4 genes.
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For the ASD cohorts, extension to all rare variants resulted in DNMT3B and TET2
reaching suggestive significance, whilst inclusion of common variants alongside rare
missense variants identified METTL14 and TETZ2. These results provide strong
evidence that genetic variation in methylation genes confers disease-specific risk. In
addition, the complete burden analyses suggest that burden of rare variants in DNA
and RNA methylation genes is particularly associated with risk for ID in comparison
to ASD.
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6.3. Discussion

In the last three experimental chapters of this study, a number of relationships have
been demonstrated between a genetic variant in a DNA methyltransferase, DNMT3L
R278G, and cognitive performance in both MCI and control cohorts. Our findings
show that concentrating on particular measures of cognitive performance can
elucidate the contribution of otherwise-overlooked variants. The focus of this chapter
was to characterise the presence of genetic variants within a candidate gene set of
DNA and RNA methylation genes using next-generation sequencing (NGS) data
from individuals with autism-spectrum disorder (ASD), individuals with moderate to
severe intellectual disability (ID) and ID comorbid with psychiatric disease, as well as
general population controls.

A NGS pipeline was designed to retrieve, annotate, process, and analyse data
concerning nearly 60,000 variants from 30 DNA and RNA methylation genes, with
the emphasis of our analysis being on rare damaging missense variants that may not
have been identified using classic GWAS array approaches. Upon first assessment
of rare and low-frequency variants across all 30 methylation genes, a pattern of
increased rare damaging missense variants was discovered in the RNA readers in
our ID and ASD cohorts. This contrasted with the higher proportion of rare damaging
variants observed in the control cohort in all other methylation categories,
highlighting a potentially important class of RNA methylation genes with respect to
risk for ASD and ID.

The number of variants was subsequently filtered down to leave only the missense
variants and variants that were shared across our control, ASD, and ID cohorts,
which resulted in a total of 1422 variant positions. Single variants analysis on
controls versus all cases revealed 10 variants that reached suggestive or GWAS
significance thresholds. This included 4 missense variants that were found in the ID
cohorts but not in the ASD cohorts. Application of burden analysis techniques also
resulted in the identification of the same 4 genes that harboured these significant
missense variants. Moreover, case-specific analysis confirmed that these 4 genes
were significantly associated with ID but not ASD. Thus, a pattern of genetic risk has
been identified in specific DNA and RNA methylation genes that is associated with
rare moderate to severe ID and ID comorbid with psychiatric disease as opposed to
ASD.
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6.3.1. RNA readers in ID and ASD

Our examination of rare and low-frequency variants in controls, ID, and ASD showed
a higher proportion of rare missense variants were identified in controls compared to
cases. In contrast, a higher proportion of low-frequency missense variants were
identified in cases than controls. Further, the number of rare variants within the total
number of variants was not higher in controls, reducing the likelihood that this is a
biased observation. This pattern could be an example of the increased efficiency of
whole-genome sequencing (WGS) used in the control cohorts compared with whole-
exome sequencing (WES) used in the case cohorts. Studies of rare variants using
WGS and WES have shown that, whilst both techniques identify the vast majority of
exonic mutations, WGS could detect further coding positions that were missed in
WES (Belkadi et al., 2015). This could be related to the sensitivity of WES to reduced
read depth (Meynert et al., 2014).

After examining the functional categories (readers, writers, erasers) for DNA and
RNA methylation genes, it was discovered that most categories showed a greater
proportion of rare and rare damaging missense variants from the total number of
missense variants in controls than the cases. However, RNA readers showed the
opposite pattern, with a greater proportion of rare damaging missense variants in the
cases compared to controls. This functional category includes the genes YTHDF2,
YTHDF3, HNRNPA2B1, and ELAVL1.. YTHDF2 and YTHDF3 have been implicated
in N®-methyladenosine (m®A) methylation-mediated mRNA decay (Shi et al., 2017,
Wang et al., 2014a). HNRNPA2B1 has been associated with méA methylation-
mediated alternative splicing and ELAVL1 has been associated with m®A methylation
mediated mRNA stability (Alarcon et al., 2015, Wang et al., 2014b).

The study of RNA methylation and cognition is in its infancy compared to that of DNA
methylation. Few studies have been carried out into the individual roles of RNA
readers and there have been no investigations into mutations within these genes for
neurodevelopmental or neuropsychiatric disease. With regards to YTHDF2, the few
studies of mutations in this gene have provided evidence for an association with
cancer risk. For example, work has shown that mutations and copy number
variations in a number of RNA methylation genes (including YTHDF2) were
significantly linked to risk of acute myeloid leukemia, whilst another study has
discovered chromosomal translocations affecting YTHDF2 present in this disease

(Kwok et al., 2017, Nguyen et al., 2006). Research has also shown that increased
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homozygosity of a particular polymorphic region (QM376-400) in YTHDF2 was

associated with longer lifespan (Cardelli et al., 2006).

In comparison, YTHDF3 has only been investigated in relation to multiple sclerosis
and no polymorphisms showed an association with this disease (Varade et al.,
2012). Both YTHDF2 and YTDHF3 have been shown to bind exclusively to the m6A
modification (Dominissini et al., 2012). In silico structural techniques have elucidated
the key residues involved in m®A RNA binding for these proteins, describing the
creation of an “aromatic cage” (made up of three aromatic amino acids) around the
mPA nucleotide to facilitate direct interaction with this mark (Li et al., 2014, Zhu et al.,
2014). This highlights a potential mechanism where genetic variants in YTHDF2 or
YTHDF3 could disrupt the aromatic cage required for m®A binding and subsequently
influence RNA methylation patterns in disease.

There has been greater interest in the disease risk associated with HNRNPA2B1 due
to its involvement in cancer and elements of multisystem proteinopathy (MSP), which
involves body myopathy, Paget disease of bone, frontotemporal dementia, and
amyotrophic lateral sclerosis. Beginning with cancer, HNRNPA2B1 facilitates
epithelial-mesenchymal transition in pancreatic cancer, key in the initiation of the
cancer invasion-metastasis cascade, whilst down-regulation of HNRNPA2B1
promotes the apoptotic removal of pancreatic carcinoma cells (Barcelo et al., 2014,
Chen et al., 2011, Dai et al., 2017). Moreover, HNRNPA2B1 overexpression has
been demonstrated in breast and lung cancer tissue (Dowling et al., 2015, Hu et al.,
2017). With regards to MSP, patient population studies have struggled to identify
disease-associated mutations in HNRNPA2B1, despite their presence in family
studies of MSP, with the authors affirming that these mutations were rare and
required greater sample sizes (Benatar et al., 2013, Le Ber et al., 2014, Seelen et al.,
2014). Promisingly, mutations such as HNRNPA2B1 P310L have been reported in
patients with the MSP-constituent diseases Paget disease of bone and amyotrophic
lateral sclerosis (Qi et al., 2017, Soong et al., 2014). Aside from its interactions in key
disease pathways such as those highlighted in the cancer literature, HNRNPA2B1
contains a prion-like domain that is prone to pathological behaviour such as stress
granule formation when mutated (Kim et al., 2013). Finally, the HNRNPA2B1 can
bind to m®A and regulate alternative splicing. Recent work has linked this to disease
pathogenesis, with mutations in HNRNPA2B1 shown to splice out an exon of the D-

amino acid oxidase gene associated with ALS (Martinez et al., 2016).
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As exemplified by its name, ELAVL1 (also known as HuR) or embryonic lethal,
abnormal vision, drosophila-like 1, is necessary for embryonic development due to its
role in the posttranscriptional regulation of gene expression associated with
morphogenesis and ontogeny (Katsanou et al., 2009). Polymorphisms in ELAVL1
have linked to risk for subtypes of skin cancer but not breast cancer (Su et al., 2017,
Upadhyay et al., 2013). Antagonisation of particular mi-RNA binding patterns and
alternative splicing of key genes by ELAVL1 has been associated with pathological
angiogenesis (Chang et al., 2014, Lu et al., 2014). Similarly, ELAVL1 appears to
stabilise and promote expression of mMRNA transcripts linked to the development of
acute respiratory distress syndrome (Hoffman et al., 2017). Further studies have
raised questions over the role of ELAVL1 in alternative splicing, but in vitro research
has confirmed its role in regulating translation alongside HNRNPA2B1 (Uren et al.,
2011, Zhang et al., 2017). Interestingly, ELAVLL1 is necessary for spermatogenesis
as it controls the translation of spermatogenic regulators, and a relationship with
spermatogenesis has also been documented for DNMT3L (Chi et al., 2011).
Moreover, folate deficiency has been shown to reduce the expression of ELAVL1
and correlated with both azoospermia and low sperm count, providing further

evidence for a link between B vitamins and methylation genes (Yuan et al., 2017).

Evidence has been presented for the involvement of RNA reader proteins in a
number of diseases, but can any relationships between RNA methylation and mRNA
processing in ID or ASD be deciphered? Beginning with ID, mutations within a tRNA
methyltransferase gene, NSUN2, have been reported to cause autosomal-recessive
forms of ID (Khan et al., 2012). Molecular work has shown that NSUN2 mutations
lead to a loss of tRNA methylation and subsequent abnormal RNA processing, whilst
models of NSUN2-related ID have rescued some phenotypic deficits by increasing
expression of the protein (Abbasi-Moheb et al., 2012, Hussain et al., 2013).
Mutations in other genes associated with RNA methylation such as TCOF1 can also
result in particular forms of ID (Gonzales et al., 2005). As discussed, RNA readers
are associated with methylation-mediated alternative splicing of mRNA or regulation
of MRNA stability. Research has illustrated that impaired function of mRNA
alternative splicing effectors such as PQBP1 can cause X-linked mental retardation
(Kalscheuer et al., 2003). Indeed, further investigation has confirmed that the loss of
PQBPL1 is associated with diminished dendritic growth (Wang et al., 2013).
Furthermore, dysregulation of mRNA stability has been outlined in multiple forms of
ID (Bassell and Warren, 2008, Kuechler et al., 2015).
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For ASD, there has been no research concerning RNA methylation and associated
genes despite work showing differential DNA methylation patterns in ASD compared
to controls (Ladd-Acosta et al., 2014). However, work outside of RNA methylation
has alluded to the involvement of mMRNA alternative splicing and stability regulation.
For example, disruption of the RNA binding protein RBFOX1 is observed in ASD and
this protein has been associated with alternative splicing events in various ASD risk
genes (Ray et al., 2013, Weyn-Vanhentenryck et al., 2014). The primary genetic risk
factor associated with the intellectual disability Rett syndrome, MECP2, appears to
influence alternative splicing and thus a role in ASD has been posited (Young et al.,
2005, Zappella et al., 2003). Similarly, the causative gene FMRP for the intellectual
disability Fragile-X syndrome is also associated with risk for ASD, with disrupted
FMRP shown to result in dysregulated mRNA translation and subsequent deficits in
synaptic function (Steinberg and Webber, 2013, Zalfa et al., 2003).

It could be proposed that RNA methylation and regulation of mMRNA translation is
important for cognitive function and brain disease and may relate to the synaptic
tagging hypothesis. This hypothesis concerns the role of local protein synthesis
during LTP or LTD in synapses and how these processes are organised in these
tagged synapses (Frey and Morris, 1997). Work has shown that local protein
synthesis is necessary for the long-term strengthening of synapses and that
translational control of RNA is key to the dynamics of this (Martin et al., 1997).
Needless to say, there are far too many proteins involved to cover here but the RNA
translation aspects have been well reviewed by Richter and Klann (2009). However,
the discovery of NSUN2 and FMRP localisation in neuronal dendrites is of particular
note to our findings (Hussain and Bashir, 2015). With regards to RNA methylation,
mCA levels have been associated with memory formation in rodent studies (Widagdo
et al., 2016). Thus, it is possible that RNA readers could influence the course of ID

and ASD through alterations in mRNA translation at the synaptic level and beyond.

6.3.2. DNA methylation missense variants and intellectual disability

From our single variant, variance-component, and combined variance-component
burden analysis, 4 genes each containing a rare missense mutation were identified
as significantly associated with ID. These genes were UHRF2, HNRNPA2B1,
DNMT1, and THYN1. HNRNPAZ2B1, the only RNA methylation gene, has already
been discussed and so the ensuing discussion will concentrate on the three

remaining DNA methylation genes.
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Beginning with DNMT1, the main function of this gene is well known as it encodes
the maintenance methyltransferase within humans (Bestor et al., 1988). Although this
role has been established for a long time, insights into the details of DNMT1 activity
are still being made. For instance, DNMT1 has been shown to strongly favour
hemimethylated CpG sites over unmethylated when carrying out maintenance
methylation, with autoinhibitory mechanisms in specific domains of DNMT1 ensuring
that unmethylated CpGs are obstructed from interacting with the target recognition
domain (Hermann et al., 2004, Song et al., 2011). As outlined in our in silico
modelling presented in chapter four, mutations in DNMT1 have been shown to cause
a neurodegenerative condition, Hereditary Sensory and Autonomic Neuropathy type
1 (HSAN1) (Klein et al., 2011, Smets et al., 2017). Mutations in DNMT1 also cause
other neurological conditions such as autosomal dominant Cerebellar Ataxia,
Deafness, and Narcolepsy (ADCA-DN) (Pedroso et al., 2013, Winkelmann et al.,
2012). Interestingly, DNMT1 methylation contributes to pathological gene silencing
events in cancer cells independently of the other DNA methyltransferases,
highlighting the possible disease risks associated with maintenance versus de novo
methylation (Robert et al., 2003).

UHRF2 encodes for a ubiquitin-protein ligase, a family most commonly associated
with protein degradation. UHRF2 has been shown to bind to 5hmC as well as
promote TET oxidation of 5mC into 5hmC (Spruijt et al., 2013, Zhou et al., 2014).
UHRF2 also plays a role in linking DNA methylation and histone dynamics,
interacting with histone deacetylases, DNA methyltransferases, methylated histone
H3, and methylated DNA (Mori et al., 2012, Pichler et al., 2011). This protein also
has a number of functions aside from its role in DNA methylation. UHRF2 is involved
in the facilitation of DNA damage repair as well as acting as a sumo ligase, a post-
translational modification involved in a range of cellular functions (Luo et al., 2013,
Oh and Chung, 2013). The majority of studies investigating UHRF2 in disease have
been specifically in cancer, where disruption of UHRF2 function influences cancer
cell growth (Lu and Hallstrom, 2013, Wu et al., 2012). However, key mutations in
Parkinson’s disease have been associated with UHRF2 dysregulation (Reinhardt et
al., 2013). Meanwhile, mice carrying a UHRF2 genetic knockout demonstrate

seizures, abnormal brain activity, and alterated 5mC patterns (Liu et al., 2017).

Finally, THYN1 (also known as THYN28) has been identified as a reader of 5hmC
methylation in a proteomic study of DNA methylation binding partners (Spruijt et al.,

2013). However, little further work has been carried out involving this gene. Analysis
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of the crystal structure of THYNL1 revealed domains normally associated with RNA
binding (Yu et al., 2009). Findings from disease related studies have highlighted
unusual THYN1 expression in cancer patients and a deletion of chromosome 11
(including THYN1) in two cases of Jacobsen syndrome, a rare developmental
disability that can include symptoms of ID (Papasotiriou et al., 2017, Sheth et al.,
2014).

How might differences in 5mC levels associated with disruption in DNMT1 or altered
reading of 5hmC levels associated with disruption to UHRF2 and THYNL1 relate to ID
pathology? To begin with, the pathogenesis of a number of important ID subtypes
involves changes in DNA methylation. Fragile-X syndrome is caused by a lack of
FMRP protein, needed for normal development, due to a CGG repeat expansion in
the FMR1 gene. However, an established body of work has shown that abnormal
hypermethylation of the FMR1 promoter is responsible for the resultant lack of gene
transcription due to the loss of a DNA methylation boundary upstream of FMR1
(Naumann et al., 2009, Sutcliffe et al., 1992). Not only can this abnormal methylation
identify Fragile-X syndrome mutants before birth, but the degree of impairment
associated with the disease is correlated with the level of methylation present (Devys
et al., 1992, McConkie-Rosell et al., 1993). Another two examples are Angelman and
Prader-Willi syndromes, both associated with disruption of chromosome 15q11-q13
and both disorders of genetic imprinting, as a cluster of imprinting genes is located in
this chromosomal region (Perk et al., 2002). Angelman and Prader-Willi syndromes
show distinct patterns of DNA methylation in this region, posited as imprinting
regulation (Driscoll et al., 1992, Zeschnigk et al., 1997). As DNMT1 is necessary for
genetic imprinting with mutations in DNMT1 interfering with imprinting patterns, this
provides a tangible link between genetic variants in DNMT1 and changes in DNA

methylation associated with ID (Hirasawa et al., 2008, Howell et al., 2001).

There is comparatively less work looking into the role of 5hmC and any associated
readers of this modification in ID. However, some insights can be drawn from studies
of Fragile-X syndrome and Rett syndrome. Beginning with Fragile-X syndrome,
alongside the aforementioned changes in 5mC in FMR1, increases in 5hmC levels
has been observed in the FMR1 promoter as well as neuron-specific gains across
the FMR1 gene (Esanov et al., 2016, Yao et al., 2014). In turn, differentially
hydroxymethylated regions observed during neuronal development are enriched in
ID risk genes regulated by the FMRP protein (Wang et al., 2012). Rett syndrome is a

rare form of ID that can be caused by mutations in the DNA methylation reader
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MECP2. MECP2 has been shown to bind to both 5mC and 5hmC with the latter
being enriched in actively transcribed genes. Moreover, disease mutations in MECP2
can specifically inhibit binding with 5ShmC (Mellen et al., 2012). MECP2 deficits are
correlated with increasing levels of 5hmC, with MECP2 able to halt the conversion of
5mC to 5hmC by TET proteins (Szulwach et al., 2011). As MECP2 is involved in
transcriptional activation and repression, it could be that many downstream
processes following 5hmC binding are involved in ID pathology, drawing particular
parallels with the multifunctional UHRF2 identified in our analysis.

An interesting additional point linking the work from this chapter with the previous
three experimental chapters can be found in studies of another neurodevelopmental
disease, Down’s syndrome. Differential methylation patterns have been observed in
Down’s syndrome individuals compared to controls, particularly in studies of
lymphocytes (Kerkel et al., 2010). Moreover, polymorphisms in MTHFR, which
encodes an enzyme involved in the remethylation of Hcy to methionine, have been
consistently associated with risk for this disease (Hobbs et al., 2000, Scala et al.,
2006). As one may expect, Down’s syndrome individuals with these polymorphisms
and differential methylation patterns also presented with decreased levels of Hcy,
methionine, SAM, SAH, and glutathione, whilst treatment with folinic acid and methyl-
B12 improved the health of cultured cells from these individuals (Al-Gazali et al.,
2001, Pogribna et al., 2001). Thus, the relationship between one-carbon cycle
components such as B vitamins and Hcy, DNA methylation, and genetic variants
associated with methylation predicted to underline our findings in MCI and control

individuals has also been observed in ID.

6.3.3. Pipeline of next-generation sequencing analysis

The development of a NGS pipeline to process and analyse data from discrepant
sequencing technologies and multiple cohorts was a particular challenge, but not a
unique one. Recent large-scale analyses of sequencing data for over 200,000
individuals from different sequencing facilities using different platforms have
highlighted similar downstream analysis issues (Auer et al., 2016). There are
undoubtedly more established automated NGS pipelines that could eliminate some
of issues with the processing steps outlined in our methods. However, the innate
biases within some of the most popular commercial and open-source NGS pipeline
packages raise questions over the validity of inputting data into a “black-box”

pipeline, where the user may not understand the processes involved and the issues
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to be considered when interpreting any subsequent genetic analysis (Hwang et al.,
2015). With this in mind, | will look to discuss some of the issues associated with our

NGS pipeline and how these could inform similar analyses in the future.

In our search for an effective variant annotation tool, the use of the Variant Effect
Predictor (VEP) from Ensembl was decided upon to provide functional prediction
scores and minor allele frequency (MAF) information from the Exome Aggregation
Consortium (EXAC) database. When inputting our genetic variant data, the cDNA
change associated with the canonical gene transcript was used. However, given the
focus of this study is on cognitive function and brain disease, it may be prudent to
also consider analysing brain-specific gene transcripts (McCarthy et al., 2014). This
could be carried out using data from the Genotype-Tissue Expression (GTEXx)
consortium that has collected data from 54 areas in the human body (Consortium,
2015).

Regarding MAF annotation, the size of the EXAC database (>60,000 individuals) and
breadth of variant coverage from this database was a positive. Questions could be
raised over our application of SIFT and PolyPhen scores to categorise variants as
being functionally damaging. As outlined in similar NGS analysis, there is no gold
standard in the field of functional prediction (Auer et al., 2016). There have been
criticisms of the specificity of these programs in dealing with gain-of-function
mutations in particular (Flanagan et al., 2010). Other tools such as MutationTaster
and FATHMM appear to offer more accurate annotation, but their gene or genome-
wide data cannot be downloaded for in-house annotation and is not included in
generic annotation tools such as VEP (Schwarz et al., 2014, Shihab et al., 2013).
Moreover, uploading our VCF files to tools such as MutationTaster was prohibited.
Therefore, inclusion of more accurate functional prediction scores into our study

would require a considerable time commitment.

The most contentious element of our NGS pipeline was the use of genetic
imputation. The merging of multiple cohort datasets from differing sequencing
platforms meant that gaps in the data for particular variants in particular cohorts were
inevitable. To limit the effect of this, our analysis (and imputation) focused only on
rare and low-frequency missense variants. Although imputation successfully filled in
these gaps, there appeared to be issues in estimating homozygotes as only wild-type
calls were properly imputed. Whilst this is not a major issue for the interpretation of

rare variants, it would be more difficult to assess common variants using this method.
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As outlined in the methods, the flipping of the reference alleles in the VCF files was
resolved by inputting our variant details into the required legend files. It was
suspected that this could influence imputation accuracy, but re-running imputation

with an original legend file did not alter the pattern of wild-type estimations.

A possible resolution may lie in the choice of imputation tool and imputation panel
utilised in this chapter, as other studies have reported heterozygotic imputation using
other programs and multiple reference panels, increasing the pool of haplotype
information available (Kreiner-Moller et al., 2015). Nevertheless, it is also possible
that further optimisation of these genetic imputation tools is required within our NGS
pipeline. Thresholds were applied to the imputation to reduce the likelihood of false
positive signals emerging from our analysis. However, a few significant variants were
retained that were entirely imputed in the controls because they were present in only
one of our case cohorts. Whilst this supports the identification of disease-specific
genetic variance in our data, one must also accept that replication in a control cohort

with adequate sequencing coverage would be necessary to validate these findings.

To comprehensively examine the effect of genetic variation in our DNA and RNA
methylation genes, single variant statistical testing and burden analysis approaches
were applied. Whilst the single variant testing was successful, the inclusion of burden
analysis tools proved to be more difficult. RVTESTS and PLINK/SEQ could not
properly parse imputed VCF files and the results from the CMC, VT, and KBAC tests
were unreliable. SKAT, arguably the most popular burden analysis package in the
field at present and previously used in similar analyses using cohort data, appeared
to produce more accurate results (Consortium et al., 2015). However, SKAT
identified significant burden of genetic variants in genes that included a highly
significant variant identified in the single variant testing. It is possible that our sample
size lacked the statistical power necessary to assess true genetic burden, meaning
that only highly significant variants were identified by the SKAT tests. Our combined
case-control population was under 3000 individuals, likely to afford low statistical
power when investigating rare variants (Moutsianas et al., 2015). Adapted methods
such as backward elimination SKAT (BE-SKAT) could be used to confirm whether

our highly significant variants were driving our burden analysis results (Lin, 2016).
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7. Distribution of DNA methylation modifications in rodent and human brain

tissue

7.1. Preface

In order to develop our research beyond the analysis of genetic and cognitive data,
immunohistochemical fluorescence techniques were used to visualise and
characterise intermediate methylation modifications, 5-hydroxymethylcytosine
(5hmC) and 5-carboxylcytosine (5caC), in brain tissue. Rodent brain tissue was
initially used to optimise staining with antibodies for the methylation modifications as
well as optimisation of neuronal, glial, and neurogenesis markers. Human brain
sections from elderly control individuals were then assessed for the distribution of
methylation modifications in key regions of the brain.

7.2. Results

7.2.1. Rodent neuronal staining

In order to characterise the methylation marks 5hmC and 5caC, a neuronal cell
marker was included during our optimisation. This was to enable one to identify
neuronal-specific methylation staining patterns as it is difficult to identify specific cell
populations from the nuclear fluorescent signal alone. In addition, neuronal marker
reference staining allowed one to identify any inaccurate or unexpected staining

patterns.

NeuN was chosen as our neuronal reference marker because of its wide use in the
literature, making it arguably the most common fluorescence biomarker of mature
adult neurons in a variety of species and tissues. Optimisation of the neuronal
reference staining was first performed in rodent tissue obtained from the University of
Nottingham animal house. Rodent tissue was used for the optimisation because of
the comparative worth and scarcity of our human tissue samples. Initial staining with
NeuN using our standard immunohistochemistry protocol was unsuccessful, as
evidenced by the staining of the rodent midbrain in Figure 7.1. DAPI staining
confirmed the presence of cells within the midbrain tissue, but no NeuN signal was
picked up. Increasing the magnification to 63x only showed dim background signal,

but no neuronal specific staining.
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Subsequent attempts were made to optimise the standard protocol and rectify the
lack of NeuN staining. Our previous attempts had not included Triton X-100 in the
blocking buffer and had included the use of rockers to keep the blocking, primary
antibody, and secondary antibody solutions moving during each incubation step. The
latter could have caused issues during the incubation steps as the hydrophobic
barriers holding the solutions over the tissue are sensitive and could have been
compromised during rocking. The addition of Triton X-100 to the blocking solution
and removal of rocking during incubations resulted in successful staining of NeuN in
the rodent tissue (Figure 7.2). The staining of neuronal cells appeared to be specific
as evidenced by the lack of NeuN staining in the white matter tracts alongside the left
ventricle and in the areas surrounding the hippocampal dentate gyrus and CA
regions. Some background staining was evident, but did not compromise the
specificity of the neuronal staining.

7.2.2. Rodent 5hmC and 5caC

With the standard protocol consistently providing immunoreactivity for neuronal cells,
an adapted protocol was used to perform immunofluorescence using antibodies
specific for the 5hmC and 5caC methylation modifications. With the adapted protocol,
a form of antigen retrieval is required in the form of hydrochloric acid treatment, along
with a signal amplification step after the secondary antibody has been applied. This
is because the detection of 5caC had proved difficult with the available antibodies.
However, the work of our colleague, Alexey Ruzov, had identified this adapted
protocol as a successful method of detecting 5caC signal in brain tissue. The 5hmC
and 5caC antibodies were chosen because of their previous inclusion in the work of
our colleague, giving confidence that the two marks could be efficiently co-stained

with these antibodies.
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Initial optimisation of this adapted protocol focused on optimising the concentration of
hydrochloric acid used. The application of hydrochloric acid is required to ensure that
the 5¢caC antibody can efficiently penetrate the tissue but a high molarity of
hydrochloric acid also interferes with the DAPI fluorescence included in the mounting
media, which could be useful in identifying cell populations during microscopy. Our
preliminary efforts used 2M hydrochloric acid in an attempt to balance the 5caC and
DAPI staining. However, these efforts were unsuccessful as both signals were not
present. This, the original adapted protocol was used which uses 4M hydrochloric
acid, concentrating our efforts on the successful staining of 5caC and ignoring the
potential staining of DAPI.

Previous studies assessing the levels of 5ShmC and 5caC in rodent brain tissue using
immuno-staining techniques have shown staining of 5hmC across most developing
and adult brain regions (Munzel et al., 2010). As a general conclusion, levels of
5hmC in previous work appeared to be higher in neocortical regions and lower in
hindbrain regions. 5caC staining has been reported in a wide range of developing
cell and tissue types in rodent but there has been less evidence of 5caC staining in
adult rodent brain tissue (Wheldon et al., 2014). Our initial staining of 5hmC and
5caC in adult rodent brain both supported and contrasted with previous findings. In
line with earlier work, clear 5hmC staining was observed in the nuclei of cells in all
brain regions examined. This is exemplified in layers 1 to 3 of the parietal cortex and
in the hippocampus (Figure 7.3). In comparison, weak staining of 5caC was also
seen in some areas of the adult rodent brain. As presented in Figure 7.3B & E, 5caC
abundance is low but distinguishable from the background signal. This contrasts with
earlier studies that failed to successfully stain 5caC in adult rodent brain, confirming
that the presence of this modification can be characterised in adult tissue using

immunofluorescence staining.
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Following the success of the adapted protocol on the fluorescence microscope, the
adapted protocol was repeated for image analysis on the confocal microscope. For
this analysis, serial sections were also included from the same animal to compare
NeuN immunostaining with methylation modification distribution. As with the previous
analysis using the fluorescence microscope, 5hmcC signal was observed clearly in all
adult rodent brain regions assessed using the confocal microscope (Figure 7.4). This
staining was particularly pronounced in the hippocampal dentate gyrus, a region
associated with adult neurogenesis. Indeed, the 5caC signal was also most
pronounced in this region, albeit at a much weaker signal intensity. In comparison, no
5caC signal was observed in layers 1 and 2 of the temporal cortex, suggesting that
5caC displays a tissue specific pattern of abundance in comparison to the almost
ubiquitous 5hmC staining. Finally, NeuN neuronal reference staining indicates the
specificity of 5hmC and 5caC to the granule cells of the dentate gyrus. The
comparison within the temporal cortex was more difficult to interpret, appearing to
show 5hmC staining in neuronal cells but also in other surrounding cell types. 5hmC
has been identified in glial cells as well as neuronal cell types, making this a likely
explanation for the additional 5hmC staining observed in the non-neuronal layer 1 of

the temporal cortex (Lister et al., 2013).

7.2.3. Rodent GFAP and DCX

The optimisation of immunofluorescence in rodent tissue resulted in successful
staining of the methylation modifications 5hmC and 5caC, as well as neuronal NeuN
reference staining. When assessing 5hmC and 5caC abundance, there was
evidence of non-neuronal 5hmC deposition which was presumed to be evidence of
5hmC staining in glial cells. There was also evidence of staining in the dentate gyrus
of the hippocampus, a key area of neurogenesis in the adult brain. This is consistent
with previous work using adult rodent tissue which has reported 5caC staining in the

subventricular zone, a second area of neurogenesis.
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To investigate whether glial or developing neuronal cells could be co-stained to
assess alongside our methylation modifications, the standard immunohistochemistry
protocol was used to stain adult rodent brain tissue sections with the GFAP and
doublecortin (DCX) antibodies. GFAP was chosen because, much like NeuN, it is the
gold standard for assessment of a specific type of glial cell, astrocytes, in the
nervous system. Astrocytes are also abundant in the dentate gyrus and can be used
as a marker of radial glial stem cells (Figure 7.5). In addition, where NeuN is a
marker for mature neurons, DCX is a marker for precursor or immature neuronal
cells as well as later stage cell differentiation during adult neurogenesis (Couillard-
Despres et al., 2005).

The results indicated a similar pattern in abundance for the methylation modifications
5hmC and 5caC, where 5hmC was clearly observed but 5caC was barely
identifiable. Assessment of GFAP showed successful staining of astrocytes cells, as
observed by the characteristic star-shaped astrocytic cells (Figure 7.6). In contrast,
DCX did not show immunoreactivity in any brain regions, including in areas of
potential neurogenesis such as the hippocampus and the subventricular zone
(located in the olfactory bulb in the rodent). The DCX antibody thus required further
optimisation in rodent brain tissue before it could be successfully implemented in the
human tissue. Unfortunately, this lay beyond the scope of the present project and will

be continued by subsequent members of the research group.
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FIGURE 7.5. Depiction of antibodies during the different stages of neurogenesis.
NeuN was applied to identify adult neuronal cells, DCX to identify precursor neuronal
cells, and GFAP to identify astrocytic glial cells but also as a marker for radial glia

stem cells. This image was adapted from Roybon et al. (2009).
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FIGURE 7.6. 5hmC, 5caC, GFAP, and DCX staining in rodent midbrain at 20x
magnification on the LSM-710. Scale bars indicate 66um in length. 5hmC is
represented by teal, 5caC by red, GFAP by purple, and DCX by yellow. 5hmC (A)
and GFAP (C) signals were clear in this region, whilst 5caC (B) signal was weak and

DCX (D) was absent.
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5hmC and 5caC abundance in rodent tissue provided a few key insights. Evidence
was found to support previous accounts suggesting that 5hmcC is widespread in the
adult rodent brain, as well as showing particularly high abundance in cells in specific
areas such as the hippocampus. Novel insight was provided into the detection of
5caC staining in the rodent brain, albeit with only weak signal intensity in regions
such as the hippocampus, which disproves previous studies that failed to find any
5caC signal in the adult brain. Initial characterisation of neuronal specific patterns of
5hmC and 5caC was carried out, providing evidence of brain regions that exhibit
differentially lesser and greater non-neuronal abundance. Finally, attempts at co-
staining with astrocytic and developing neuronal stem cell antibodies were initiated in
order to provide a stronger panel of reference staining to compare with the
methylation modifications.

7.2.4. Human 5hmC and 5caC

Following the optimisation studies in adult rodent brain tissue, focus turned to human
brain tissue. This tissue was from ten healthy elderly individuals acquired through the
Nottingham Health Science Biobank, with six brain regions provided from each
individual. As with the literature concerning 5hmC and 5caC patterns in rodent brain,
5hmC presence has been reported throughout the adult human brain. However, in
contrast with the rodent studies, 5hmC has been observed at increased levels during
ageing in the cerebellum, where 5hmC was reported to be at low levels in the rodent
(Kraus et al., 2015). Compared to 5hmC, 5caC has received much less attention in
the methylation literature and this extends to immunofluorescence staining studies in
human brain. Studies of AD have assessed levels of 5¢caC, showing them to be
comparable to 5mC levels in controls in the entorhinal cortex and cerebellum
(Condiliffe et al., 2014). However, they did not characterise patterns of abundance in
particular cell types or further brain regions. Thus, our study aims to characterise

5hmC and 5caC in human brain at a cellular and regional level.
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FIGURE 7.7. 5hmC and 5caC staining in all available human brain regions at 20x
and 40x magnification on the LSM-710. Scale bars indicate 66um in length. 5hmC is
represented by teal and 5caC by red. In line with the rodent work, 5hmC staining was
seen clearly in all brain regions (A, D, G, J, M, P). 5caC was seen faintly in the
hippocampus and clearly in the cerebellum (K & Q). The staining in the hippocampus
could be of large neuronal or glial cells that are 5caC specific, but further
investigation using other reference markers would be required to validate this.
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FIGURE 7.7 (continued from page 203).
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The adapted immunohistochemistry protocol was performed on tissue from each of
the six brain regions provided for the elderly human brain tissue. Assessment of
5hmC staining revealed results similar to those seen in the adult rodent brain tissue
and in keeping with published work on 5hmC levels in human brain. Namely, 5hmC
signal was observed clearly in the caudate/putamen (which includes the
subventricular zone), cingulate gyrus, middle frontal gyrus, hippocampus, occipital
cortex, and cerebellum (Figure 7.7). This staining appeared to be particularly strong
in the neocortical regions, the middle frontal gyrus and the occipital cortex, and most
apparent in the cerebellar granule cells.

Assessment of 5caC staining revealed a striking contrast in abundance between the
brain regions. 5caC was virtually absent in the caudate/putamen, cingulate gyrus,
middle frontal gyrus, and occipital cortex. In the hippocampus, faint staining of 5caC
was observed that could indicate either neuronal or glial cells that are 5caC specific.
However, without further reference markers such as NeuN or GFAP, one cannot be
sure that these are not faint aberrant signals. The patterns in these five brain areas
contrast starkly with the results in the cerebellum, which showed the strongest 5caC

signal of any brain region in rodent or human throughout the analyses (Figure 7.7).

7.2.5. Human cerebellum and caudate/putamen

In light of the discovery of clear 5caC staining in the human cerebellum tissue
sections, it was decided to perform further staining to confirm and further
characterise the patterns of 5hmC and 5cacC in this region. As shown in Figure 7.8,
immunoreactivity of both 5hmC and 5caC is clearly seen in the granule cells of the
cerebellum, with 5hmC staining appeared stronger than 5caC in line with our
previous experiments. Interestingly, there appears to be two notable cells stained
strongly for 5¢caC but absent for 5hmC (Figure 7.8B). Their location suggests that
these could be Purkinje cells, large neurons that make wide and deep projections
into the cerebellar cortex and exert inhibitory signals to modulate cerebellar activity.
Without confirmation with a Purkinje cell marker such as PCP4, one cannot
definitively confirm the true location of this 5caC signal. Nevertheless, this provides

possible evidence of 5caC specific staining of neuronal cells in the human brain.
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Although evidence of clear 5caC staining in the caudate/putamen was not seen
during our initial immunohistochemistry, this region is of particular interest as it
contain the subventricular zone, one of the few regions in the adult human brain that
retains the ability to develop new neuronal cells. Without a properly optimised marker
for developing neurons such as DCX, it is impossible to draw accurate conclusions
about the location of 5ShmC and 5caC staining. In spite of this, repeated
immunohistochemistry of the caudate/putamen did reveal areas of 5caC staining
which mirrored the already clear 5hmC staining (Figure 7.9). This provides further
evidence that 5caC staining can be identified in the human brain, setting the scene
for further work to better characterise the location and abundance of 5hmC and 5caC
in key brain regions.

207



‘(3 ® g) panIasqo ag ued [eubis Deag swos ‘uoibal siyp Jo Bulurels [eniul
Ino 0] 1seNU0D U] "pal Ag Deag pue [ea) Aq paluasaldal si QWG ‘Yibua)
ul wrigg a1esipul sieq a1eas "0 /-INST 8y) uo uonedyiubew xQz e ureiq

uewny ul usweind/arepned ay Jo Bulurels JedG pue JWYs '6°2 34NOI4

(x02)
uswelnd/aiepne)

(x02)
usweind/alepne)

9349\ Jeag owys

208



7.3. Discussion

This thesis has demonstrated a relationship between a missense variant in a DNA
methyltransferase, DNMT3L R278G, and cognitive performance in MCI and controls,
before identifying further methylation genes and missense variants associated with
risk for ID and comorbid psychiatric disease in multiple NGS cohorts. The focus of
this chapter was to characterise 5hmC and 5caC in human brain tissue and lay the
foundations for further assessment in individuals with brain disease. Although this
chapter was mainly concerned with the optimisation and characterisation of these
modifications, the future potential and utility of this line of work will also be discussed.

Rodent brain tissue was initially used to optimise our two immunohistochemistry
protocols. The standard protocol was used to examine neuronal, glial, and stem cell
markers in brain tissue as reference stains for our methylation marks. The adapted
protocol was used to examine 5hmC and 5caC staining, due to the sensitivity of the
5caC antibody in particular. As expected, consistent 5hmC signal was observed in all
of the brain areas stained from both the human and rodent samples. In comparison,
little reliable 5caC signal was observed in the majority of rodent and human brain
sections. However, faint staining was observed in the hippocampus in both rodent
and human, as well as strong 5caC staining in the cerebellum of our human samples.
Thus, the immunohistochemistry protocols can successfully characterise methylation
modifications in brain tissue and these observations can be combined with key

neuronal, glial, and stem cell markers.

7.3.1. Methylation modifications in brain tissue

Consistent 5hmC staining was identified in cell nuclei across rodent and human brain
sections, as well as particular colocalisation with neuronal markers and possible
colocalisation with astrocytic markers. Although the majority of previous studies
looking at 5hmC levels have used next-generation sequencing methodologies rather
than immunofluorescent staining, there remains a burgeoning literature about the
localisation and function of this modification. For example, research has reported that
this methylation modification is enriched in the brain. Studies have estimated that
40% of the DNA methylation in the brain is 5hmC (lrier et al., 2014). When
comparing the different brain regions in rodents, 5hmC was found consistently in all
of these areas, corroborating our results in both rodent and human brain tissue

(Munzel et al., 2010). Further, Munzel et al. (2010) also discovered some interesting
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between-region patterns, with 5hmC levels found to be in higher abundance in

neocortical regions and the hippocampus but lower in the cerebellum or retinal areas.

Compared with other tissue types, 5hmC is 10 times more likely to be found in
neuronal tissue, an enrichment that appears to be conserved between species such
as amphibians and mammals (Almeida et al., 2012, Sun et al., 2014). Notable
studies have investigated cell-type specific 5ShmC distribution in the cerebellum and
observed patterns of 5hmC in Purkinje cells, granular cells, and Bergmann glia that
differed from 5mC or DAPI signal. Specifically, high levels of 5ShmC were observed
prominently in Purkinje cells, to a lesser extent in granular cells, and lesser still
Bergmann glia (Mellen et al., 2012, Szulwach et al., 2011). The authors suggested
that these high 5hmC levels in the cerebellum could indicate the presence of 5caC,
but that they could not accurately detect this mark. Our results would substantiate
their claims, as comparable levels of 5caC were observed in the cerebellum to that of
5hmC, positing a tissue-specific role for this further demethylation mark. In addition,
the observation of 5hmC in glial cell types could offer support for our observation of

non-neuronal 5hmC staining in human brain sections.

Further research has aimed to understand more about the functions of 5hmC and
how the deposition of this mark may change under certain healthy and pathological
conditions. 5hmC levels have been shown to increase in the hippocampus with
normal aging, but also in response to certain stress conditions (Chouliaras et al.,
2013, Li et al., 2015). With regards to pathology, one of the most studied diseases for
5hmC levels is AD. Nevertheless, the results from these studies are mixed at best.
Decreased levels of 5hmC across the AD brain have been observed, supported by a
negative correlation between 5hmC deposition and the Braak score of neurofibrillary
tangle pathology (Chouliaras et al., 2013, Condliffe et al., 2014). However,
contrasting increased levels of 5hmC in the frontal and temporal areas of the AD
brain have also been reported (Coppieters et al., 2014). Finally, as one may expect,
studies have also shown no change in 5mC or 5hmC levels in AD (Lashley et al.,
2015). Some of this discrepancy is likely down to the different techniques used by
each study to measure 5hmC levels, whether that be immunofluorescent staining or
sequencing, highlighting the caution one must take when interpreting findings

regarding differential methylation.

Sequencing studies in non-diseased individuals have reported differential

hydroxymethylation patterns in ID and ASD risk genes, whilst decreased levels of the
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Rett syndrome risk protein MECP2 correlate with a loss of 5hmC levels (Cheng et al.,
2015). However, as reported in the dementia literature, research has countered this
evidence by showing no enrichment of 5hmC levels in ASD risk genes (Wang et al.,
2012). The complexity of 5hmC patterns is once again exemplified in cancer tissue,
where 5hmC depletion has been observed in malignant glioma and breast cancer
tissue but 5hmC increase has been observed in low-grade tumours (Eleftheriou et
al., 2015, Orr et al., 2012). In our control human brain tissue, it would be difficult to
estimate increased or decreased levels of 5hmC between the brain regions and
would require high resolution quantification of staining intensity. However, the
ubiquitous nature of 5hmC in our brain sections would suggest that areas where
consistent increase of 5ShmC has been reported, such as the hippocampus, are of
key importance in understanding the function of this modification.

Our previous experimental chapters have highlighted the hippocampus as a potential
area where the influence of genetic variants in methylation genes could impact upon
cognitive function. Rather than a loss or gain of differential methylation patterns, it
could be that this influence is due to a change from one functional methylation
modification to another. TET-mediated demethylation has been documented in the
hippocampus, with genetic knockout of TET1 and the subsequent reduction in 5hmC
levels in this area shown to correlate with poorer memory performance in rodent
studies (Feng et al., 2015, Rudenko et al., 2013). As exemplified in the previous
chapter, there are also a myriad of 5hmC binding proteins that can affect
transcriptional activity directly or affect the binding of transcription factors (Zhubi et
al., 2014). Interestingly, certain vitamins have also been shown to associate with
5hmC. For example, vitamin C can induce TET-mediated DNA demethylation and is
thus associated with enhanced 5hmC levels (Dao et al., 2014, Santiago et al., 2014).
Rodent work has shown that B vitamin imbalance can lead to hypomethylation, but
these studies only assessed 5mC levels and not 5hmC (Fernandez-Roig et al.,
2012). Therefore, rather than the loss of methylation patterns, this vitamin imbalance
could actually result in increased levels of 5hmC or further demethylation
modifications, underlining the complexity of possible methylation changes associated

with our previous findings.

In comparison to the increasing amount of literature investigating 5ShmcC patterns and
the function of this mark, 5caC and a third oxidative derivative 5-formylcytosine (5fC)
have been understudied and the role of these demethylation marks has been

overlooked. Little reliable 5caC signal was observed in most of the rodent and human
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brain regions examined. Nevertheless, the unexpected finding of robust 5caC signal
in the human cerebellum, along with some fainter staining in the hippocampus,
illustrates that this methylation modification is present in the brain and likely has a

functional role in line with the other methylation marks.

Immunohistochemistry studies carried out by our collaborators had previously
confirmed the presence of 5caC signal in a range of embryonic mouse tissues, as
well as in the adult mouse subventricular zone (Alioui et al., 2012, Wheldon et al.,
2014). They also observed no 5caC signal in the mouse neocortex or hippocampus.
Although faint 5caC signal was observed in the rodent hippocampus, this staining
was not substantial in comparison to the 5hmC signal. Genome-wide sequencing of
5caC has indicated that this mark is found more frequently in intragenic regions of
highly expressed genes and in the promoters of lowly expressed genes, whilst
single-base resolution sequencing of 5caC observed the presence of this mark in
hypomethylated promoters of highly expressed genes, positing a similar role to
5hmC in transcriptional activation as opposed to repression (Neri et al., 2015, Shen
et al., 2013). In the few disease studies carried out using immunohistochemistry that
included 5caC, the picture is similar to that of 5hmC. For example, research has
shown both a decrease of 5caC in AD individuals as well as no change in 5caC
levels in AD (Bradley-Whitman and Lovell, 2013, Condliffe et al., 2014). Some
evidence has also been provided for the 5caC presence in glioma and breast cancer

tissue compared to the absence of 5caC in normal tissue (Eleftheriou et al., 2015).

5caC is converted from 5hmC by the DNA glycosylase thymine-DNA glycosylase or
TDG. Research has shown that genetic knockout of TDG influences both 5caC and
5fC patterns in mouse embryonic stem cells (Shen et al., 2013). Electrophoretic
assays of 5caC-TDG binding have shown that 5cacC is the preferential binding
partner to TDG in comparison to 5fC, likely due to the specific recognition of the
carboxyl moiety of 5caC (Zhang et al., 2012b). The main function of 5caC, like the
other methylation maodifications, appears to be a relationship with transcription
factors and modulation of transcriptional activity. 5caC shows some contrast with
5hmC, as 5caC was found to increase transcription factor binding whilst 5hmC
inhibited transcription factor binding (Sayeed et al., 2015). Interestingly, the same
authors also showed that 5caC decreased the thermal stability of the DNA whilst
5hmC increased thermal stability. Further work has not only corroborated this effect
on thermal stability, but also that binding of certain transcription factors was more

stable in the presence of 5caC (Golla et al., 2014).
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Given that many more DNA methylation readers have been associated with 5caC
binding than 5hmC, this mark could have a substantial but as-of-yet unknown
influence on transcriptional activity (Spruijt et al., 2013). Of note is the observation
that DNMT1 binds to 5caC, as 5hmC is known to block DNMT1 binding (Tahiliani et
al., 2009). Although DNMT1 itself does not appear to act as a transcription factor, it
does interact with transcription factors and this interaction is predicted to guide the
inheritance of some DNA methylation patterns (Chin et al., 2016, Hervouet et al.,
2010). Therefore, 5caC could play a role in the direction of maintenance methylation
deposition. Alternatively, members of the DNMT family have been shown to act as
both demethylases and dehydroxymethylases, under certain calcium and redox
states, outlining a further association between 5caC and demethylation activity (Chen
et al., 2012, Chen et al., 2013).

Could the presence of 5caC highlight alternative mechanisms that explain changes in
cognitive function? Aside from the many potential downstream effects of multiple
transcription factors binding to 5caC, this methylation modification does have a
unique effect upon DNA polymerase activity. Work has shown that DNA polymerases
stall in the presence of 5caC, as G:5caC pairings seem to be read as mismatches
and subsequently attract mismatch repair proteins, a process that could lead to the
activation of cell death pathways (Hickman and Samson, 1999, Shibutani et al.,
2014). With regards to variants in methylation genes, research has discovered cases
of mutations in transcription factors such as zinc finger protein 57 homolog (Zfp57)
that lead to altered 5caC binding (Liu et al., 2013). This is comparable to the Rett
syndrome mutation in MECP2, which inhibits the binding of MECP2 to 5hmC (Mellen
et al., 2012). In the current study, particular staining of 5caC and 5hmC was
observed in the cerebellum and to a lesser extent in the hippocampus. Both of these
areas share transcription factor expression profiles during glutamatergic
neurogenesis (Hevner et al., 2006). Therefore, altered 5hmC and 5caC profiles in
these key brain regions could influence the development of neurons and
glutamatergic signalling, and this could subsequently underlie discrepancies in

cognitive function.

7.3.2. Immunohistochemistry of brain tissue

As already highlighted in the discussion of this chapter, other research groups have
favoured the application of methylation sequencing technologies over

immunohistochemistry. Although the goal of our research group is to combine both
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methodologies along with traditional genotyping, the aim of this chapter was to
confirm that the immunohistochemical method is viable and that it can offer an
experimental opportunity to characterise these methylation marks in biological tissue,
rather than estimating their position using bisulfite sequencing or methylation

sequencing techniques.

With regards to our choice of investigating 5hmC and 5caC over 5mC and 5fC, the
reason was principally two-fold. In discussions with our collaborator, Alexey Ruzov, it
was clear that the antibodies for 5mC, 5hmC, and 5caC were more reliable than
those for 5fC at the start of this study, although our collaborators have since
successfully applied a 5fC antibody in immunohistochemistry (Abakir et al., 2016a).
More pertinent, however, was the biology of the marks themselves. It has been noted
a number of times in this discussion that research reporting hypomethylation may not
have been able to accurately study further demethylation modifications such as
5hmC and 5caC, and therefore the interpretation of their findings can be called into
guestion as our study has illustrated the multiple roles these further modifications
play. 5hmC is increasingly prominent in the field of DNA methylation, making it an
inevitable choice. Apart from the antibody concerns between 5fC and 5caC, the role
of 5caC as the last demethylation step before restoration of the cytosine base made

it an intriguing candidate for study.

There remained some issues with our application of this methodology. One of these
issues was the time needed to optimise the protocols for human brain tissue.
However, other issues were related to the approach itself and would require greater
optimisation of the protocols. To begin with, the rodent sections used were cut across
the coronal plane, as is common for human tissue but not for rodent tissue. Had this
chapter been focused on the characterisation of 5ShmC and 5caC in rodents, as
opposed to using this tissue simply to optimise the techniques, then the use of
coronal over sagittal tissue could cause difficulties in interpretation as previous
studies were more likely to use sagittal cuts. A more pressing concern regarding our
work in the human tissue was the inability to accurately locate the subventricular
zone in our caudate/putamen tissue sections. This specific region could not be
identified using images from previous immunohistochemistry studies and so turned to
the inclusion of a reference stain for stem cell markers, as the subventricular zone is
a principal area of adult neurogenesis in the human brain. However, our DCX
staining proved unsuccessful and therefore further work would be required to

optimise a stem cell reference stain to identify this brain region. Considering previous
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work had observed 5caC signal in the subventricular zone of adult mice, this would

be an important investigation of 5caC presence in the adult human.

With regards to the methodology applied here, there are some notable elements of
the standard and adapted protocols that are important to consider, particularly when
attempting to replicate this technique. During the optimisation of the standard
protocol, the antibody solution was applied to the whole of the slides rather than
drawing around the tissue sections with the hydrophobic barrier pen. However, this
approach did not yield successful staining and also used considerably more antibody
solution than the hydrophobic barrier approach. Whilst no noticeable issues were
observed with the application of the pen, certain complaints have been raised
whereby the hydrophobic solution may leach into the sections and interfere with the
fluorescent signal. To improve the clarity of our fluorescent signal and reduce the
background noise, particularly in the case of 5caC, the obvious solution would be to
apply an antigen retrieval step. However, our collaborators had found that antigen
retrieval interfered with the hydrochloric acid step necessary to the adapted protocol
(Abakir et al., 2016a). As the 5caC staining suffered from higher background signal
than 5hmC, likely due to the weakness of the antibody, further optimisation of this
stain is required. One possibility is that longer application of the TSA amplification kit
could enhance the weak 5caC signal, but this may also increase background signal.
Another is the use of Sudan Black B, a commercial dye that has been consistently
shown to reduce background auto-fluorescence in tissue sections. Our research
group has begun to use this dye to good effect, but the implementation of this step
into our adapted protocol may be detrimental and would require more optimisation to

ensure that Sudan Black does not interfere with the hydrochloric acid step.

Finally, any research that involves histochemical or fluorescent signal depends upon
the accurate use of microscopy and imaging software. Our microscopy was
principally carried out using a confocal microscope and Zen imaging software.
Although confocal imaging is easy to use and allows accurate imaging of most areas
within a cell or tissue, it is particularly temporally sensitive. Work has highlighted the
risks associated with photobleaching following long exposure times in confocal
microscopy (St Croix et al., 2005). Indeed, one can obtain quality wide-field images
without the same risk of bleaching, particularly at low magnification. Nevertheless,
the pressure within the scientific community to obtain ever-greater resolution
subsumes these arguments. Whilst quantification was not carried out using Pearson

correlation coefficients for colocalisation using Zen or other software such as ImageJ,
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the latter program was used to process the image files for this chapter. ImageJ was
utilised to add scale bars and to ensure that each fluorescent channel was
appropriately coloured. However, studies have emphasised the use of such software
to manipulate image files, even to small degrees, to ensure that images are of
publication quality (Cromey, 2010). Therefore, caution should always be advised
when analysing microscopy images to ensure that processing of the image files does
not become manipulation of the image data.
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8. General discussion

8.1. Review of findings from the experimental chapters

In this thesis, a number of experimental approaches have been used to investigate
the relationship between nucleotide methylation and neurocognitive phenotypes. The
main focus of the investigation centred on the study of one particular coding variant
in one of the DNA methyltransferase genes, DNMT3L R278G. Analysis of MCI and
control datasets was employed to examine the relationship between this variant
genotype, key components of the one-carbon cycle, and cognitive performance. To
extend our investigation of nucleotide methylation, next-generation sequencing
(NGS) datasets from intellectual disability (ID), ID comorbid with psychiatric disease,
and autism spectrum disorder (ASD) were examined to assess disease risk
associated with DNA and RNA methylation genes. Finally, an adapted
immunohistochemistry method was utilised to perform preliminary characterisation of

further DNA methylation modifications in rodent and human brain tissue.

In the first chapter, the combined OPTIMA cohorts including individuals with
Alzheimer’s disease (AD), mild cognitive impairment (MCI), and aged controls were
assessed. However, compared to a known risk genotype for AD (APOE E4), the
DNMT3L R278G was not conclusively associated with the progression of dementia.
Deeper analysis was then performed of specific dementia-sensitive cognitive factors,
visuospatial associative memory and verbal semantic memory, in the VITACOG B
vitamin treatment study of MCI. It was discovered that carriers of the DNMT3L
R278G minor allele who received B vitamin treatment showed an improvement in
visuospatial associative memory, markedly so in those who had high levels of
baseline homocysteine (Hcy). Conversely, the major allele homozygotes who

received B vitamin treatment showed an improvement in verbal semantic memory.

In the second chapter, this genotype-dependent relationship with cognitive function
was substantiated by interrogating rate of brain atrophy (ROA) data from the
VITACOG cohort. A negative correlation was discovered between ROA and
visuospatial associative memory for DNMT3L R278G minor allele carriers, and a
negative correlation between ROA and verbal semantic memory in major allele
homozygotes, mirroring the genotype-dependent effects observed in the first chapter.
To further explore the functional impact of this variant on the DNMT3L protein,

multiple in silico modelling techniques were applied. These tools predicted that the
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R278G variant would have a disruptive effect on the structure of DNMT3L and could
compromise the binding efficiency between DNMT3L and DNMT3A, a key complex

in the deposition of de novo methylation patterns.

In the third chapter, our analysis of the DNMT3L R278G variant was replicated in two
general population control cohorts, namely the NCDS 1958 and TwinsUK cohorts.
Neither of these studies had the potential to directly replicate the B vitamin treatment
performed in the longitudinal VITACOG study, but these cohorts did include self-
reported vitamin intake information and serum measurements of B vitamin levels.
Baseline analyses revealed that regular vitamin intake, particularly B vitamin intake,
was associated with better visuospatial associative memory performance in controls.
In addition, regular vitamin intake and high B vitamin levels were associated with
lower Hcy levels, supporting the findings from the VITACOG study. However, in
contrast to our results in VITACOG, it was discovered that major allele homozygotes
who regularly took vitamins performed better in visuospatial associative memory, not
minor allele carriers. This illustrated a genotype-dependent relationship with

visuospatial associative memory that manifested differently in MCI and controls.

In the fourth chapter, our investigation of methylation genes and cognitive
phenotypes was extended beyond the analysis of DNMT3L R278G and MCI. NGS
data from multiple ID and ASD cohorts was examined within the UK10K project
alongside general population control data from the TwinsUK cohort. A sequencing
pipeline was designed to process the combination of disparate NGS datasets into
one stream of analysis. Genetics variants, particularly rare missense variants, in
thirty DNA and RNA methylation genes were assessed for disease risk in ID and
ASD respectively. Evidence was discovered for enrichment of rare damaging
missense variants in RNA methylation “readers” in the ID and ASD cohorts
compared to controls. Furthermore, single variant and burden analysis revealed that
a small number of variants and their respective genes were associated specifically
with risk for ID. These findings highlight a potentially important relationship between

genetic variation in methylation genes and risk for ID.

In the fifth chapter, attempts were made to accurately measure the location of further
methylation marks in human brain tissue, with a view to recording more detailed
characterisation of these marks whilst taking into account genotype information for
key variants such as DNMT3L R278G. A standard immunohistochemistry protocol

was utilised in rodent and human brain tissue to identify reference markers for
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neuronal and glial cells, allowing validation of the nuclear presence of further
methylation marks in key cell types. An adapted immunohistochemistry protocol was
then implemented to identify 5hmC and 5caC staining within human brain tissue.
Initial characterisation corroborated and built upon previous reports by showing
widespread staining of 5hmC in the human brain, as well as localised 5caC staining
within the human cerebellum. The latter observation could help to shed light on the

function of this relatively unknown methylation mark.

8.2. How do these findings develop our understanding of methylation and

cognition?

8.2.1. Methylation genotypes and the one-carbon cycle

The analysis from the first three chapters illustrates a clear influence of the DNA
methyltransferase variant DNMT3L R278G on cognitive performance. This finding
adds to the growing body of literature linking genetic variants in methylation genes or
disruption of methylation proteins with the pathology of brain diseases. Some of
these variants have been causal mutations, such as those reported in DNMT1 and
DNMTS3A for a syndromic form of early neurodegeneration and a rare form of
intellectual disability respectively (Klein et al., 2011, Tatton-Brown et al., 2014).
Others have been observations noting the reduced expression of DNA
methyltransferases, DNA methylation “readers”, and genes associated with active

demethylation in dementia (Bihagi and Zawia, 2012, Sliwinska et al., 2017).

A core factor in our results associating the DNMT3L R278G genotype with cognitive
function involve particular components of the one-carbon cycle. Our findings in both
MCI and general population controls were dependent upon interactions with vitamins,
particularly B vitamins, and Hcy levels. The relationship between the one-carbon
cycle and DNA methylation has been well documented, as abnormal dynamics within
this cycle has been consistently shown to influence methylation activity (Ulrey et al.,
2005). Indeed, our observation of an interaction between the one-carbon cycle and
DNA methylation (in the form of the DNMT3L R278G variant) has been hypothesised
previously in multiple diseases. The hypomethylation hypothesis associated with
cognitive dysfunction, where loss of methylation potential affects methylation
patterns, and the redox/methylation hypothesis highlighted in ASD, where oxidative
stress disrupts normal methylation, are both forms of this observation (Calvaresi and
Bryan, 2001, Deth et al., 2008).
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Our analysis discovered that the influence of DNMT3L R278G on cognitive
performance was associated with different genotypes in MCl compared to general
population controls. A model was presented explaining how the interaction of one-
carbon cycle components and the R278G genotype may associate with dementia
progression. In healthy middle age, major allele homozygotes who took vitamins
showed better visuospatial associative memory performance. Once individuals
decline to MCI levels, minor allele carriers who take B vitamins show improved
visuospatial associative memory performance. Our prediction is that differential
methylation patterns associated with the respective R278G alleles primes the
potential for changes in cognition and that these changes are then triggered by
dynamics of the one-carbon cycle such as elevated vitamin intake or lowered Hcy
levels. This could be seen as an adapted form of the hypomethylation or
redox/methylation hypotheses. Whilst our findings are important in supporting the link
between methylation and the one-carbon cycle, assessment of a wider range of
cognitively impaired individuals including MCI and AD is needed to support our

particular model of genotype-dependent cognitive change.

An important caveat to our findings regarding DNMT3L R278G in both MCI and
general population controls is the particular importance of the cognitive factors
utilised in this study. No association was observed between this genotype and
performance on any individual test in VITACOG, bar a baseline difference in
Category Fluency. Similarly, no association was observed between this genotype
and performance on any individual test in NCDS 1958 or TwinsUK. Therefore, the
application of PCA to decipher cognitive factors from the test data available was key
to identifying subtle changes in cognition that would have otherwise gone
unobserved. Indeed, the use of PCA has been successfully applied in other genetic
studies looking at human intelligence (Davies et al., 2011). Furthermore, the results
of our study in individuals with MCI adds further credence to the sensitivity of
visuospatial associative memory in detecting cognitive changes associated with the

progression of dementia (Blackwell et al., 2004).
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8.2.2. Genetic risk for ID in methylation genes

Considering that our observations of a relationship between DNMT3L R278G and
cognition were striking and that a relationship between this variant and intelligence
had previously been identified (Haggarty et al., 2010), this variant appears to have
been largely overlooked in genetic analyses. This variant was chosen because it was
relatively common, providing more statistical power to perform analyses on the minor
allele carriers, and because it was predicted to be functionally damaging in a number
of protein prediction tools. However, the advent of genome-wide association studies
(GWAS) and the subsequent failure to identify large sources of heritability from
common variants has made variants such as DNMT3L R278G more unattractive as a
candidate.

As a consequence, assessment continued into coding variants that were predicted to
have a functional impact on protein expression. However, focus was placed on the
rare missense variants that would not be identified by GWAS array screening. In
doing so, four rare missense variants were identified in DNMT1, UHRF2,
HNRNPA2B1, and THYNL1 respectively that were associated with specific risk for ID.
The DNA methylation “writer” DNMT1 has established functions that can be linked to
the development of ID, such as the disruption of hormal maintenance methylation
patterns. The involvement of DNA methylation “readers” UHRF2 and THYN1 suggest
that transcriptional regulatory processes may also be involved in forms of ID,
supported by the Rett syndrome risk gene MECP2 which is heavily involved in
transcriptional regulation (Szulwach et al., 2011). Perhaps the most interesting result
is the identification of the RNA methylation “reader” HNRNPA2B1, as aberrant
alternative splicing caused by mutations in this gene have recently been identified in
other brain diseases (Martinez et al., 2016). The precise mechanisms associating
such diverse transcriptional and translational processes with the development of 1D
are not yet clear, but this finding provides further evidence for an association
between less prominent epigenetic modifications such as RNA methylation and risk

for brain disease.

Previous work has identified variants in DNA methylation genes, such as DNMT3A
and MECP2, which carry risk for certain forms of ID (Moretti and Zoghbi, 2006,
Tatton-Brown et al., 2014). Along with the findings from our research, this suggests a
clear link between the disruption of normal methylation function and normal

intellectual development. It is clear that genomic imprinting, the silencing of parental
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alleles via methylation during early development, has a substantial impact on the
growth of the brain and the differentiation of neural regions (Keverne et al., 1996).
Altered imprinting has been identified in forms of ID such as Angelman and Prader-
Willi syndromes (Perk et al., 2002), and our identification of variation in DNMT1
suggests that similar changes could be occurring in rare familial forms of ID and 1D
comorbid with psychiatric disease. More pertinent for future research is the
association between variation in “readers” of both DNA and RNA methylation and
risk for ID, as these regulators of transcriptional and translational activity could yet
underlie the neurological changes associated with ID (Zoghbi and Bear, 2012).

8.2.3. Localised presence of further methylation marks in the brain

The final experimental chapter within this study used an immunohistochemical
fluorescence approach to detecting further intermediate methylation modifications in
the human brain. The recent advances in multiple forms of methylation sequencing,
ranging from oxidative bisulfite sequencing or methylation assays for 5mC and 5hmC
to methylase-assisted sequencing for 5fC and 5caC, are making single-base
detection of these modifications at a genome-wide level attainable. However,
immunostaining techniques still provide a practical means of examining these

methylation marks at cellular resolution in tissue samples.

Our work confirmed a near ubiquitous presence of 5hmC in rodent and human brain
tissue. This corroborates research asserting that 40% of DNA methylation present in
the brain is 5hmC (Irier et al., 2014). As previously described, 5hmC plays a dynamic
role within DNA methylation as it is associated with transcriptional activation rather
than the transcriptional suppression associated with 5mC. Our results support the
idea that 5ShmC is a regulatory modification in its own right, rather than just an
intermediary mark in the demethylation process. This view is in keeping with the
developing landscape of methylation, one which will lead to re-evaluation of earlier
work assessing DNA methylation on the basis of 5mC levels alone (Jin et al., 2010).
Sequencing studies are helping to develop a deeper understanding of the distribution
and function of many CpG and CpH modifications. This is exemplified by 5ShmC
which has been shown to display bias towards G-rich sequences and low CpG
regions (Yu et al., 2012b). As our findings showed ubiquitous regional 5hmC
presence in the human brain, the goal for higher resolution immunofluorescence will
be characterise the cell type specific distribution of 5hmC in healthy and disease

brain tissues.
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In comparison to 5mC and 5hmcC, little work has been carried out into the function or
abundance of 5fC and 5caC. 5caC was investigated because of its position as the
final methylation modification before conversion back to unmethylated cytosine and
because of the availability of a 5caC antibody previously utilised by a colleague
(Alioui et al., 2012). An unexpected and striking specificity of 5caC staining was
observed in the cerebellum of the human brain, whilst 5caC staining was almost
absent in all other brain areas included in our experiments. 5caC has been
associated with regulation of transcriptional activity through the binding of multiple
transcription factors (Spruijt et al., 2013). It was posited that this highlights the
presence of certain transcriptional profiles occurring within the cerebellum, such as
those recorded during glutamatergic neurogenesis (Hevner et al., 2006). Indeed, our
findings support other work outlining evidence of a cerebellar-specific transcriptome
(Schuller et al., 2006). Potential 5caC specific staining of Purkinje cells, large
inhibitory neurons that project into the cerebellum, was also identified. Recent work
has shown that mature Purkinje cells are capable of large-scale demethylation and
remethylation events, behaviour that was only thought to occur during embryonic
development (Zhou et al., 2016). The authors note that this coincided with
dendritosynaptic growth, namely the formation of connections between different
neurons, highlighting a potential association between methylation dynamics and
synaptic behaviour. Nevertheless, the relevance of the 5caC mark in particular to
cerebellar transcriptomics remains unclear and necessitates future research to

corroborate and build upon these results.

8.3. Limitations and future research

In this thesis, | have taken advantage of well-curated datasets from well-designed
cohort studies. However, this is not to say that there are not limitations associated
with these datasets and with our analyses that could be rectified in future research.
For example, much of our analysis focused upon individuals with MCI from the
VITACOG cohort, part of the wider OPTIMA program. The characterisation of MCI as
a discrete disease has been relatively recent and research is continuing to develop
our understanding of this condition. One important aspect is the heterogeneity within
the disease, both between amnestic and non-amnestic subtypes and also between
those in the early stages of the disease and those in the latter stages. Work has
shown that medial temporal lobe activation of individuals with MCI is similar to that of
aged controls or individuals with AD, dependent upon the stage of MCI development

(Dickerson et al., 2005). Without further clinical information pertaining to the

223



VITACOG cohort, it would be impossible to study this facet of performance.
However, access to the OPTIMA cohort of individuals with AD and the Challenge
cohort of aged controls could allow one to replicate our analyses and subsequently
discover whether the VITACOG individuals match those with AD or the controls.
Moreover, one could then ascertain the association between DNMT3L R278G and
cognitive function in AD, developing our model of disease risk associated with this

variant.

There are also two corollaries to our analysis of individuals with MCI. The first
surrounds the use of visuospatial associative memory and verbal semantic memory.
Visuospatial associative memory is particularly sensitive to dementia progression
whilst verbal semantic memory should provide more nuanced assessment of MCI
itself. Replication of our analyses in individuals with AD would allow one to confirm
the specificity of visuospatial associative memory, while further information on the
condition of the VITACOG individuals would allow one to investigate the sensitivity of
verbal semantic memory. The second relates to the analysis of brain atrophy data.
Information pertaining to whole brain atrophy was granted from the VITACOG cohort.
However, previous work using this cohort has shown that the medial temporal lobes,
particularly the hippocampus, are the areas most likely to be affected by MCI and
AD. Therefore, further atrophy and clinical data on the MCI individuals would allow
one to provide evidence for our hypothesis that visuospatial associative memory
deficits associate with hippocampal atrophy and to provide support for changes in

brain atrophy during the development of MCI.

Our analysis of the cohort datasets could be further developed. One example would
be the application of Mendelian randomisation, a method whereby the causal
influence on a certain trait can be inferred using a genetic factor that has a known
effect on the independent variable. In the case of our relationship between B
vitamins, Hcy, and cognitive performance, one could focus on multiple markers
associated with B vitamin and Hcy levels (Tanaka et al., 2009) or a single marker
such as MTHFR C677T. This genotype has consistently been associated with low
folate and high Hcy levels (de Bree et al., 2003). Using this genotype, one could
more robustly assess the influence of vitamins and Hcy on cognitive performance in
our case and control cohorts. For this method to work, the genotype must be
independent of the dependent variable and any confounding variables (VanderWeele
et al., 2014). Fortunately, evidence suggests that MTHFR C677T does not influence
cognition outside of the relationship with B vitamins and Hcy (Moorthy et al., 2012).
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Perhaps the most interesting line of research for the future will focus on the DNMT3L
R278G variant. For instance, one would wish to perform DNA methylation
sequencing of the VITACOG cohort members to provide initial evidence that the
R278G variant does indeed influence methylation patterns. An array-based approach
may limit our ability to assess further methylation modifications but would allow one
to interrogate any regions of the genome where significant differentially methylated
regions are present. Promisingly, the TwinsUK general population cohort has made
sequencing data for 5mC available for 100 members of the cohort. Providing that an
agreement to link these individuals with our genotyping data could be arranged, this
may provide a first-pass assessment of the R278G variant and methylation patterns

in controls.

In addition, members of our research group have recently confirmed that the R278G
variant creates an epiallele, a position in the genome where the level of methylation
differs between individuals. It is not clear whether this would allow for further
regulation of DNMT3L itself and hence influence the methylation potential of the
DNMT3A-3L complex. Assuming that measurable methylation levels occur at this
epiallele site, in vitro co-expression of DNMT3A and DNMT3L would allow one to
assess whether regulation of this epiallele influences this complex. A number of
recent publications have utilised the cas9 DNA endonuclease enzyme, famed for its
use in CRISPR/cas9 gene editing technologies (Zhang et al., 2014), to induce
methylation changes by targeting methyltransferase or demethylase constructs at
areas of the genome, effectively creating epi-CRISPR/cas9 (Lei et al., 2017, Stepper
et al., 2017, Xiong et al., 2017). Should measureable methylation levels at the
epiallele site be difficult to identify, these techniques could be used to introduce DNA
methylation at this site and subsequently assess the influence on the DNMT3A-3L

complex.

This thesis hypothesised that the DNMT3L R278G variant would disrupt the binding
between DNMT3L and DNMT3A, leading to altered methylation patterns and
transcriptional activity associated with cognitive function. Nevertheless, further
experiments are necessary to elucidate the function of the DNMT3L protein. To begin
with, focus was on the DNMT3A-3L complex because DNMT3A is the most
prominent de novo methyltransferase and in silico modelling of this complex has
been carried out previously (Jia et al., 2007). Yet, DNMT3L also forms a complex
with DNMT3B to perform DNA methylation (Pacaud et al., 2014, Suetake et al.,

2004). Thus, our in silico modelling could be extended to create a model of
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DNMT3B-3L and to assess the impact of the R278G variant on this complex. In vitro
examination could provide further insight into the DNMT3L protein. For example, in
vitro investigation of DNMT3A and DNMT3B has shown that both are capable of
demethylation of 5hmC to unmethylated cytosine, particularly in cases of oxidative
stress (Chen et al., 2012). This is of particular interest considering the role of
oxidative stress in the redox/methylation hypothesis and the production of the
antioxidant glutathione in the one-carbon cycle. Notable experiments have utilised B
vitamin culture mediums to evaluate methylation changes and expression levels of
key genes (Fuso et al., 2005). Extension of this approach would allow one to both
confirm the modulatory interaction between B vitamins and DNMT3L R278G as well
as confirm the disruption of the DNMT3A-3L complex.

Having completed our analysis of DNMT3L R278G, disease risk associated with
variants in thirty DNA and RNA methylation genes was assessed. Four rare
missense variants were discovered in these genes linked to particular risk for ID.
There were limitations associated with our development of a NGS pipeline and with
the cohorts available for this analysis. To begin with, it was recognised that missing
data could influence the case-control analysis, prompting application of thresholds of
imputation. Whilst this allowed more accurate interpretation of our findings, cases
remained where the control data remained heavily imputed. In these cases, variants
were only retained depending upon their presence in the case cohorts. To ensure
that the variants identified are truly associated with disease risk, replication of the
NGS analysis in datasets with wide coverage and sufficient read depth could be
implemented. This would also allow one to identify further ID datasets containing
greater phenotypic information.

Rare missense variants of interest were found primarily but not exclusively in one of
the two ID datasets, namely the Muir cohort. Whilst the phenotypic information
provided for all of the NGS cohort datasets was limited, the Muir cohort contains
individuals with comorbid learning disabilities and psychosis compared to Rare FIND
cohort which contains individuals with rare familial ID. This raises a question as to
whether these rare missense variants are more reliably associated with general ID or
forms of ID that include comorbid psychosis. As mentioned in the methods, one gene
that was not included in our analyses was the histone methyltransferase SETD1A.
Loss-of-function (LoF) mutations in SETD1A were initially associated with risk for
schizophrenia but closer inspection showed that the majority of these individuals also

had forms of ID, drawing comparisons with our findings in the Muir cohort (Singh et
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al., 2016). Extension of this work to larger cohorts confirmed that rare damaging
variants such as LoF mutations are enriched in individuals with comorbid ID and
psychosis as well as those who have schizophrenia alone (Singh et al., 2017, Takata
et al., 2014). These studies and our findings exemplify that ID comorbid with
psychosis appears to be of particular interest in rare variant analysis. Therefore,
extension of our work would require cohorts with psychosis alone to compare with
our current results. In addition, the inclusion of LoF variants in addition to missense
variants would be necessary to comprehensively characterise the risk of rare
damaging variants in these brain diseases.

The success of our DNMT3L R278G analyses raises the possibility of replicating this
approach using candidates from our NGS analysis. Whilst the missense variants may
be too rare to afford statistical power, cohort studies of requisite size (n > 10,000)
such as the UK Biobank could allow for some assessment of cognitive function
(Sniekers et al., 2017). This may be particularly important for RNA methylation and
cognition, which was not the main focus of this study and which is still burgeoning as
a field. One of the most common RNA methylation marks, N6-methyladenosine or
mBA, is currently being studied by other members of the research group due to its
role in brain development (Jia et al., 2011, Meyer et al., 2012). Inhibition of m°A
methyltransferases results in markedly altered gene expression and splicing
(Dominissini et al., 2012), whilst KO of an “eraser” of méA marks led to increased
methylation of mMRNAs related to neuronal signalling (Hess et al., 2013). Interestingly,
a complete lack of low-frequency or common missense variants were observed in the
RNA methylation “eraser” family, suggesting that this group of genes is of particular
functional importance and that deeper analysis of any variants in this family should
be carried out (Gibson, 2012).

Finally, the immunohistochemistry of the further methylation modifications 5hmC and
5caC provides the most obvious opportunity for future research. Some interesting
preliminary results were obtained with the limited amount of staining performed but
further replications are required to ensure the validity of our findings, particularly
relating to 5caC due to the comparative weakness of the respective antibody. |
attempted to stain for 5hmC and 5caC in one session before staining for reference
markers in sequential sections of tissue. This is certainly not an ideal method and,
given enough time to optimise the correct antibodies, a triple-staining approach using
5hmC, 5caC, and a reference marker would be used. The short-to-medium term aim

of this immunofluorescent approach is to characterise and quantify the presence of
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these methylation marks in both control and diseased human brain tissue. The
medium-to-long term aim would be to combine this approach with genotyping for a
particular variant, such as DNMT3L R278G, to provide evidence of genotype-

dependent methylation changes occurring in specific regions of the brain.

8.4. Conclusions

The aim of this thesis was to further our understanding of the relationship between
nucleotide methylation and neurocognitive phenotypes. In studying the DNMT3L
R278G variant and cognitive endophenotypes associated with dementia progression,
a genotype was identified that has a clear influence on cognitive performance. Using
in silico approaches and brain atrophy data, further evidence of a mechanism by
which this genotype may influence methylation patterns and cognition was provided.
The examination of nucleotide methylation genes in brain disease cohorts provided
further evidence of a link between genetic variation associated with methylation and
cognition. Finally, successfully characterisation of methylation modifications was

achieved in human brain tissue.

These three novel strands of evidence emphasis the relationship between nucleotide
methylation and neurocognitive phenotypes. The involvement of multiple DNA and
RNA methylation modifications will no doubt predicate the characterisation of further
forms of nucleotide methylation and their subsequent associations with cognitive
function. Furthermore, the use of multiple neurodegenerative, neurodevelopmental,
and neuropsychiatric cohorts emphasise the importance of methylation in brain
disease, providing ample opportunity for further research to target these epigenetic

mechanisms for therapeutic benefit.
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Appendices

Appendix 1. Primers for the DNMT3L R278G designed by LGC Genomics

Primers  Sequence Tm GC content
Forward GGGTTGCCTGTCTGTCTCTT 59.30°C 55%
Reverse GAGCCTGGGGTGTAGACTGA 60.26°C  60%

Tm = temperature
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Appendix 2. Example of Sanger sequencing confirmation of the DNMT3L
R278G variant

o o

cccCAGGCC CCcCCCAlGGGCC

Right hand chromatogram shows the dual peaks for a heterozygous carrier of the
DNMT3L R278G variant.
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Appendix 3. PLINK commands to cut BED files

- cd /path/to/PLINK

- .Iplink --file /path/to/file.ped and file.map --extract /path/to/myrange.txt --range
--out /save/as/file.bed --make-bed
# Where “myrange.txt” is a text file which contains the chromosome, start
base pair position, end base pair position, and identifier for your region of
interest
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Appendix 4. Discrepant genotyping from the NCDS 1958 UVA and Sanger
datasets

ID UVA | Sanger
KN17453W | A/A TIC
KN20330R | A/A TIC
KN21362Y | GIG TIC
KN21400F | A/A TIC
KN22764E | AJA TIC
KN24119Q | G/G T
KN24463N | A/G T
KN25486B | A/A TIC
KN26109M | A/A c/C
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Appendix 5. Commands for the EGA download client
- java —jar EgaDemoClient.jar —p username password —f filename —re
decryptionkey —label request_filename
# Where “filename” is the EGAF file name, “decryptionkey” is the unique
Identifier you use for secure encryption/decryption.

- java —jar EgaDemoClient.jar —p username password —dr request_filename

- java —jar EgaDemoCilient.jar —p username password —dc path/to/file —dck
decryptionkey
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Appendix 6. VCFtools commands to splice out genetic regions

- cd /path/to/VCFtools

- .Ibin/VCFtools --vcf /path/to/whole-genome or whole-exome VCF file --chr x --
from-bp a --to-bp b --out output.vcf --recode
# Where “x” is the chromosome your gene is located on, “a” is the first base
position of the region of interest, “b” is the last base position of the region of
interest.
# The “--recode" flag is required to write the region of interest to a new VCF

file.
- gzip /path/to/output.vcf
- export PERL5LIB=/path/to/VCFtools/lib/perl5/site_perl/
# PERLS5LIB environment variable must be set to include Vcf.pm module in

order to use the VCFtools PERL scripts.

- zcat < /path/to/output.vcf.gz | ./perl/vct-to-tab > output.tab
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Appendix 7. VCFtools commands calculate MAFs

- ./bin/vcftools --vcf /path/to/output.vcf --freq --out output.frg
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Appendix 8. Commands to utilise SnpEff annotation

- cd /path/to/SnpEff

- java =Xmx4g —jar snpEff.jar GRCh37.75 /path/to/output.vcf >
/save/as/output_ann.vcf
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Appendix 9. tabix commands to download specific regions of 1000 Genomes
MAF data

tabix —f —h
ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/release/20100804/supporting/AFR.20f4inters
ection_allele freq.20100804.genotypes.vcf.gz 21:45662253-45686069 >
/Users/msxmf2/Desktop/afr.vcf

## “AFR” in the ftp link refers to the African allele frequency. Change this to ASN for
Asian and EUR for European.

## “21:45662253-45686069” refers to the area of the genome that you require MAF
data for.

## Running this command will also download the relevant population allele frequency
reference file to your tabix folder. You could reference this file in subsequent
commands, but it is probably safer to use the ftp link in case of updates.
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ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20100804/supporting/AFR.2of4intersection_allele_freq.20100804.genotypes.vcf.gz
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20100804/supporting/AFR.2of4intersection_allele_freq.20100804.genotypes.vcf.gz

Appendix 10. VCFtools commands to merge multiple VCF files

VCF files for each gene were first zipped:

- bgzip /path/to/output.vcf

Tabix was then used to create the .thi files:

- cd /path/to/tabix

- tabix —p vcf output.vcf.gz

VCFtools was used to merge all DNA and RNA methylation genes from each cohort:

cd /path/to/VCFtools

- export PERL5LIB=/path/to/VCFtools/lib/perl5/site_perl/

- export PATH=$(Aapola et al.):/path/to/tabix
# Adds the tabix directory to your profile PATH so that it can be called during
the vcf-merge command.

- .Iperl/vct-merge outputl.vcf.gz output2.vef.gz... | gzip —c > merge.vcf.gz

# Where “output1.vcf.gz output2.vcf.gz...” is a list of VCF files for a specific

gene from each cohort.
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Appendix 11. Commands for Oxford format recoding

- cd /path/to/PLINK

- .Iplink --vcf /path/to/merge.vcf --recode oxford --out merge_oxford
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Appendix 12. Commands for genetic imputation using IMPUTE2, GTOOL, and
VCFtools

- cd /path/to/IMPUTE2

- ./impute2 -m /path/to/1000 Genomes Phase 3 map.txt -h /path/to/1000
Genomes Phase 3 hap.gz -I /path/to/amended legend.gz -g
/path/to/merge_oxford.gen -int x y -Ne 20000 -o /save/as/gene.impute2
# Where “x” and “y” are the start and end chromosomal positions of your
merged gene of interest.

# “Ne” is the effective size of the population. IMPUTEZ2 suggests using 20,000

for most analyses.

GTOOL can be used to convert the output .impute2 file into PED and MAP format:

- cd /path/to/GTOOL

- .Igtool -G --g /path/to/gene.impute?2 --s /path/to/merge_oxford.sample --ped
/save/as/gene.ped --map /save/as/gene.map --phenotype phenotype 1 --
threshold 0.3
# Where “phenotype” is the column in the SAMPLE file which needs to be
outputted to the PED file.

# “Threshold” describes the point at which the maximum of the 3 probabilities
that make up a binary genotype call must reach in order to be retained (and
not annotated as missing). After running multiple imputations with varying
thresholds, | settled on 0.3 as it appeared to retain calls in the majority of

variants.

The resultant PED and MAP files can then be converted back to a VCF file using
VCFtools:

- cd /path/to/PLINK

- .Iplink --file /path/to/gene.ped and gene.map --make-bed --out

/save/as/bedgene

- .Iplink --bfile /path/to/bedgene --recode vcf --out /save/as/imputed_gene.vcf
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Appendix 13. BCFtools commands to remove variant positions from VCF files
- bgzip /path/to/imputed_gene.vcf
- cd /path/to/tabix
- tabix —p vcf imputed_gene.vcf.gz
BCFtools could then be used to remove any unwanted variants:
- cd /path/to/BCFtools
- .Ibcftools filter -R /path/to/positions.tab /path/to/imputed_gene.vcf.gz | bgzip —
¢ > /save/as/final_gene.vcf.gz

# Where “positions.tab” is a tab-delimited file containing all of the variant

base-pair positions to be removed
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Appendix 14. Synergy factor analysis commands for Excel

- x=OR1*OR2
- SF=OR3*x
- a=LN(SF)

# LN is a function within Excel for calculating the natural logarithm of a

number.

- b = SQRT((1/n1)+(1/n2)+(1/n3)+(1/n4)+(1/n5)+(1/n6)+(1/n7)+(1/n8))

# SQRT is a function within Excel for calculating the square root of a number.

- Zscore=alb

- pvalue = NORM.S.DIST(Z score, FALSE)

# NORM.S.DIST is a function within Excel to return the normal distribution,

equivalent to a p value. FALSE is used if the Z score is negative, TRUE if

positive.
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Appendix 15. General linear models used to produce predicted regression
variables for ROA data

Visuospatial associative memory, ROA, DNMT3L R278G

Between subjects effects

Treatment F =6.204, p = 0.014
Baseline tHcy F=1.898, p=0.170
Baseline brain vol F=2459, p=0.119
Baseline creatinine F =3.088, p=0.081
PCAl F =6.926, p = 0.009
G carrier F=0.109, p=0.742
PCALl * G carrier F =4.430, p = 0.037

Corrected model: R Squared = 0.168 (adjusted = 0.129)

Verbal semantic memory, ROA, DNMT3L R278G

Between subjects effects

Treatment F =7.069, p =0.009
Baseline tHcy F=1.242, p=0.267
Baseline brain vol F=0.377, p=0.540
Baseline creatinine F=3.711, p=0.056
Age F =1.480, p = 0.226
PCA2 F=2.654, p=0.106
G carrier F=0.051, p=0.821
PCA2 * G carrier F =1.505, p=0.222

Corrected model: R Squared = 0.153 (adjusted = 0.107)
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Visuospatial associative memory, ROA, APOE E4

Between subijects effects

Treatment

Baseline brain vol

Baseline creatinine

PCA1

APOE4

PCAl1 * APOE4

Corrected model: R Squared = 0.150 (adjusted = 0.116)

F=7.139, p = 0.008
F=2.924, p=0.089
F =5.394, p=0.022
F=6.018, p = 0.015
F=0.129, p=0.720
F =0.405, p = 0.526

Verbal semantic memory, ROA, APOE E4

Between subjects effects

Treatment

Baseline tHcy

Baseline brain vol

Baseline creatinine

Age

PCAZ2

APOE4

PCA2 * APOE4

Corrected model: R Squared = 0.150, (adjusted = 0.103)

F=7.772,p=0.006
F=1.004, p=0.318
F=0.658, p=0.418
F =3.631, p=0.059
F=1.601, p=0.208
F=3.751, p=0.055
F =0.005, p=0.946
F=0.857, p=0.356
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Appendix 16. R commands for iterated Fishers test

data <- read.csv(“/path/to/allele_counts.csv”)

p.val <- apply(data, 1, function(x) fisher.test(matrix(x, nr=2))$p.value)
# Turns each line of the data variable into a case-control contingency table

and returns the p value for each variant.

OR <- apply(data, 1, function(x) fisher.test(matrix(x, nr=2))$estimate)
# Turns each line of the data variable into a case-control contingency table

and returns the p value for each variant.

conf <- apply(data, 1, function(x) fisher.test(matrix(x, nr=2))$conf.int
# Turns each line of the data variable into a case-control contingency table

and returns the p value for each variant.

conf <- t(conf)

# Transposes the confidence interval data so that it can be exported easily.

The in-built R statistical package “p.adjust” was used to apply the Holm-Bonferroni

multiple comparisons correction to the Fisher’s test results:

adj.p.value <- p.value(p.val, “holm”)

out <- chind(OR, p.val, adj.p.val, conf)

write.csv(out, file = “path/to/Fishers_test_results.csv”)
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Appendix 17. R commands to produce Manhattan plots

library(ggman)

data <- read.csv(“/path/to/manhattan_data.csv”)

missense <- ¢(“rs1”, “rs2”,...)

# Where “missense” is a character vector made up of SNP identifiers of
interest which will be highlighted on the Manhattan plot; in this case, all

missense variants.

manhattan(data, cex.axis = 0.8, suggestiveline = T, highlight = missense)

# Where “cex.axis” is the size of the x axis labels.
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Appendix 18. UNIX commands to edit components of VCF files

sed ‘s/VCFv4\.2/VCFv4.1/ < [path/to/out.vcf > /path/to/out2.vcf
## Changes the VCF header (format) from v4.2 to 4.1 (needed for PLINK)

tr —d \r’ < file.txt > file2.txt
## Clears CRLF line break formatting from a text file (phenotypic file)

tr ‘\r' \n’ < file.txt > file2.txt

## Clears CR line break formatting from a text file (phenotypic file)

cat new.vcf | awk ‘BEGIN { OFS ="\t " } {iif ($1 ==“0") ($1 = “21”); print }’ > new2.vcf
## Changes all “0”s in the chromosome column to “21”
## OFS = “t” ensures that the output file is tab delimited and thus remains in VCF

format
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Appendix 19. R commands to recode genotype data

- data <- read.csv(“/path/to/transposed_vcf.csv”)

- data[] <- lapply(data, as.character)

- data[data == “0/0"] <- “0”

- data[data == “0/1"] <- “1”

- data[data == “01-Jan”] <- “2”

- data[data == “./."] <- “9”

- write.csv(data, file = “/save/as/genotype_data.csv”)
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Appendix 20. R commands to run AssotesteR burden analysis

- condata <- data[1:1854]

- IDdata <- data[1855:2144]

- ASDdata <- data[2145:2764

- IDandcon <- rbind(condata, IDdata)

- ASDandcon <- rbind(condata, ASDdata)

With the genotype and phenotype data in place, | then ran the burden and adaptive

burden tests in R:

- library(assotesteR)

- g <- as.matrix(read.csv(“/path/to/genotype_data.csv”)

- p <- as.matrix(read.csv(“/path/to/phenotype_data.csv”)

- p_edit <- p[,1]
# May be required to select the first column of the phenotype data if is not
properly read into R.

- myCMC = CMC(p_edit, g, maf = 0.01, perm = 100)
# Runs the CMC test with a rare MAF cut-off and a p value permutation of
100 (the default value within AssotesteR).

- myVT = VT(p_edit, g, maf = 0.01, perm = 100)

# Runs the VT test with a rare MAF cut-off and a p value permutation of 100

(the default value within AssotesteR).
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Appendix 21. R commands to run KBAC burden analysis

- library(KBAC)

- new.dat <- read.csv(“/path/to/merged_phenotype _genotype.csv”)

- alpha<-0.05

- num.perm <- 3000

- quiet<-1

- alternative <- 1

- maf.upper <- 0.01

- kbac.pvalue <- KbacTest(new.dat, alpha, num.perm, maf.upper, alternative)
# Runs the KBAC test on new.dat.
# Alpha (in other words, the significance level) and number of permutations
are kept at the default. Quiet is set to show the results matrix for the test.

Alternative accepts the alternative hypothesis when true.

- print(kbac.pvalue)
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Appendix 22. R commands to run SKAT burden analysis

- g <- as.matrix(read.csv(“/path/to/genotype_data.csv”)

- p <- as.matrix(read.csv(“/path/to/phenotype_data.csv”)

- 02 <- subset(g, select = -X)
# May be required to remove the first column, as inputting into R sometimes

creates a new first column for row numbers.

- 0bj <- SKAT_Null_Model(p ~ 1, out_type="D")
# “SKAT_Null_Model” estimates parameters and obtains residuals under a
null model of no association. The SKAT test proper can then be applied.
# Where “p ~ 17 denotes that no covariate information is being used and

“out_type="D"" denotes that a dichotomous phenotype variable is being used

as opposed to a continuous variable.

- SKAT(g2, obj)$p.value

# Runs the SKAT variance-component test for rare variants.

- SKAT_CommonRare(g2, obj)$p.value
# Runs the SKAT variance-component test to assess the combined effect of

common and rare variants.
- SKAT(g2, obj, method = “optimal.adj”)$p.value

# Runs the optimized combined variance-component and burden test for rare

# variants.
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Appendix 23. Materials for immunohistochemistry protocols

Step Product Company Product no.
Dewaxing Xylene Fisher Scientific ~ X/0250/PB17
Dewaxing Ethanol Honeywell 458600
Dewaxing HCI acid Honeywell 07102
Washes PBS Oxoid BR0014G
Washes Tween 20 Sigma-Aldrich X100-100ML
Tissue preparation PAP pen Zytomed ZUC064
Blocking Donkey serum  Sigma-Aldrich D9663-10ML
Blocking Bovine serum  Sigma-Aldrich F9665-100ML
Blocking Triton X-100 Fisher Scientific  BP151-100
Antibody amplification TSA kit Perkin Elmer NEL741001KT
Antibody amplification DMSO Sigma-Aldrich 276855-100ML
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Appendix 24. Allen Brain Atlas Human expression data for DNMT3L R278G

w
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Expression profile across brain areas shows multiple peaks of DNMT3L expression

(red) throughout the brain

icm ) 24 -31,-10 t hippocampal formation evel: 3.266 7-S 3.591
CA1 field, right (CA
[0, 600] [-2.5, 2.5]

Particularly high levels of DNMT3L expression can be seen in the hippocampal
formation.

obe DNMT3L: CUST_12709_PI416261304 Brain Explorer @ | Permalink | 1"

« icm rdinate: -33, -77, -22 cerebellar cortex =xpr. Level: 2.754 Z 2.41
eft. lateral hemisphere (He
[0, 600) [-2.5, 2.5)

Particularly high levels of DNMT3L expression can also be seen in the cerebellar
cortex.
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Appendix 25. NCDS 1958 individual vitamin results for verbal semantic

memory and visual scanning

0.5 0.5+
2 04
4 > ]
E N 04
2 5
g E 03
b 2
g 02 I T 02
% g
= 0.1 e
g g o1
I K g
K {0200 e
-0.1 T T T T T
NIA Onceaday 36timesa Twicea Not in the M I
or more week  week orless last month -0.1 T T
NIA Once a day or more

Intake of combined vitamins

Visual scanning

0.20—

0.15-

0.10—

0.05-

0.00—

-0.05—

Intake of folate

T
NIA Once a day or more

Intake of folate

Regular and irregular combined vitamin intake is associated with better verbal

semantic memory performance. Similarly, regular intake of folate is associated with

better verbal semantic and visual scanning performance.
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Appendix 26. Missense variants with differing MAFs compared to EXAC
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Appendix 27. Common and low-frequency damaging missense variants
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Appendix 28. Presence of significant missense variants in specific ID cohorts

UHRF2 HNRNPA2B1 DNMT1 THYN1

C432F R350G R355P R99P
Rare FIND 6.45% 0% 5.64% 0.81%
Muir 24.09% 20.48% 10.84% 12.05%

Table indicates the percentage of individuals carrying a minor allele in each cohort.
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Appendix 29. Simple burden and adaptive burden results at 0.25 threshold

Burden Adaptive burden
Rare missense
& all Rare
common/LF All rare missense
DNMT1 <0.001 <0.001 3.33E-04
. DNMT3A <0.001 0.3 0.020327
Writers
DNMT3B <0.001 <0.001 0.006664
DNMT3L <0.001 <0.001 0.04965
MBD1 <0.001 <0.001 0.005665
MBD3 <0.001 0.04 0.036654
MeCP2 N/A N/A N/A
UHRF1 N/A N/A N/A
UHRF2 <0.001 <0.001 3.33E-04
Readers
TDG <0.001 <0.001 0.009997
<Zt NEIL1 0.21 <0.001 0.024325
o NEIL3 <0.001 0.04 0.500167
WDR76 <0.001 0.15 0.036988
THYN1 <0.001 <0.001 3.33E-04
TET1 <0.001 <0.001 6.66E-04
TET2 <0.001 <0.001 0.067311
TET3 <0.001 <0.001 6.66E-04
GADDA45A N/A N/A N/A
Erasers
GADD45B N/A 0.04 0.044985
MBD2 0.64 0.02 0.117294
MBD4 <0.001 <0.001 0.002666
ELP3 <0.001 0.04 0.01966
METTL3 <0.001 0.41 0.002666
Writers METTL14 <0.001 <0.001 3.33E-04
WTAP <0.001 <0.001 0.663779
< YTHDF2 <0.001 <0.001 3.33E-04
= YTHDF3 0.17 0.14 0.027991
& Readers
HNRNPA2B1 <0.001 <0.001 3.33E-04
ELAVL1 N/A 0.42 N/A
ALKBH5 <0.001 0.1 0.083972
Erasers
FTO <0.001 <0.001 0.043652
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Appendix 30. Variance-component and combined case-control results at 0.25

threshold
Variance component Combined
Rare missense
Rare & all All Rare

missense common/LF All rare variants missense
DNMT1 6.055E-14 1.43943E-05  8.952E-11 2.917E-05 2.66E-13
Writers DNMT3A 0.1128134 0.002174744  0.0045551 2.43E-51 0.03334479
DNMT3B 0.0375651 0.002008587  2.402E-05 1.165E-10 0.04700939
DNMT3L 0.1940454 8.80213E-05 0.100296 5.267E-13  0.2459469
MBD1 0.0985374 4.42623E-12  1.578E-10 5.9E-22 0.00100153
MBD3 0.10618 0.000212669 0.4125494  0.000609 0.02328643

MeCP2 N/A N/A N/A N/A N/A

UHRF1 N/A N/A N/A N/A N/A
Readers UHRF2 4.042E-28 6.98712E-26  1.702E-26 6.037E-22 2.83E-27
TDG 0.0112376 0.000678472 0.0036894 5.228E-48 0.01808069
<Zt NEIL1 0.0611377 0.280242 0.0562318 0.2535955 0.08428117
o NEIL3 0.368139 0.002308186 0.6384164 0.0009199 0.5292834
WDR76 0.1410143 0.28931 0.1320259 2.412E-10 0.1079055
THYN1 9.546E-09 3.55678E-08  5.227E-08 7.784E-06 1.17E-09
TET1 0.0014023 0.01231756  1.764E-05 1.151E-05 5.17E-04
TET2 0.4970431 8.1397E-07 1.776E-06 9.845E-09 0.369823
TET3 0.0248712 2.6297E-10 0.0087251 5.157E-13 9.25E-04

Erasers GADD45A N/A N/A N/A N/A N/A
GADDA45B 0.0711278 N/A 0.1999522 1.06E-111 0.03650229
MBD2 0.0603732 0.1806395 0.3276901 0.0004747 0.08760751
MBD4 0.0060329 0.000187064 0.0002825 1.837E-05 0.00410883
ELP3 0.0319539 0.202766 0.0175407 2.532E-10 0.05899665
METTL3 0.0026758 0.000491448 0.0029425 1.369E-89 0.00133072
Writers  METTL14 2.427E-11 9.29506E-07 2.49E-07 1.182E-06 1.70E-10
WTAP 0.9182705 0.2441599 0.2501299 0.0771827 1
< YTHDF2 0.0119986 0.0459544  0.0215383 6.789E-40 4.10E-05
N Readers YTHDF3 0.0436048 0.5482764 0.0842767 8.861E-44 0.03712862
HNRNPA2B1 | 5.319E-17 8.68148E-12  1.961E-13 7.899E-08 1.38E-16

ELAVL1 N/A N/A 0.2612195 2.606E-15 N/A
Erasers ALKBH5 0.3050423 4.91919E-05 0.6208074 @ 7.573E-06 0.131406
FTO 0.1053368 0.1106032 0.0019553 0.006241  0.1793618

Suggestive significance
GWAS significance
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