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Abstract

Multiple Sclerosis (MS) is an inflammatory disease which causes neurodegeneration. It is a disease
which affects mainly young adults, and symptoms become more aggressive over time. It is
thought that mutations in a variety of genes may be a large contributor to the development of
MS. Many Linkage and Genome Wide Association Studies have been performed to find genes
which may be mis-expressed among different sections of the world’s population. Through one of
these Genome Wide Associations a Single Nucleotide Polymorphism (SNP) was found in the 3’
UTR of the ACCN1 gene. This gene codes for Acid Sensing lon Channel 2, a major ion channel
predominantly found in cells within the Central Nervous System (CNS). As this channel is closely
connected to systems in the CNS which are known to be affected in patients with MS, it was
thought that the SNP should be investigated further. As the SNP was found in the 3’ UTR it was
suggested that miRNAs may play a role. This study took on this suggestion and investigated the
possibility of ACCN1 being controlled by a miRNA and whether this control was in any way
affected by the SNP found.

The initial experiment found that of the two variants, rs28936A was controlled more strongly by a
miRNA than the variant rs28936G. Resequencing of the samples showed a further three SNPs in
the same region. Several miRNA target sites were predicted that contained at least one of the
SNPs, however none of these could be validated experimentally using luciferase essays. The three
SNPs were tested individually using the same luciferase experiment but none were found to have
a more significant effect over luciferase expression over the others. The results therefore indicate
that all SNPs contribute to the reduction in miRNA binding. Further research is proposed to
investigate in more detail, potential miRNA candidates. It was concluded from these results that
the ACCN1 gene is being controlled by an unknown miRNA via binding to the 3’UTR, that the
rs28936A variant is more strongly controlled by the miRNA and that of all SNPs found (including
the two originals and three ‘new’ SNPs) none have a significantly stronger miRNA control than the

other.
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Chapter 1: Introduction

Multiple Sclerosis pathology

Multiple Sclerosis (MS) is an inflammatory disease which causes neurodegeneration, leading to
impaired motor and cognitive neural functions (Bernardinelli. L et al. 2007, Sawcer. S et al. 2005,
Hafler. D et al. 2007, Haines. J et al. 1996, Haines. J et al. 1998, Baranzini. S et al. 2009, Comabella.
M et al. 2008, Ban. M et al. 2003, Bahlo. M et al. 2009). It is thought to be an autoimmune
disease due to the immune system attacking self cells in the Central Nervous System (CNS),
however it is set apart from other autoimmune diseases as it develops at a later stage in life (early
adult). It is generally accepted that it is a mix of genetic and environmental factors which
contribute to the onset of the disease; however the direct trigger is unknown (Figure 1). It is the
most common form of neurodegenerative disease, which results in both axonal and myelin
degeneration due to a dysfunction of the T cells, in the central nervous system during the younger
years with relapse and remission periods throughout the patient’s life. The subsequent result of
the loss of axons and myelin is the formation of plaques in the CNS. These plaques accumulate
over time and participate in the worsening of neural function. There are different levels of
severity based on the pattern of relapses, which can range from instant neurological damage with
no remission period, to slow degeneration over time with remission periods and increasing
severity. Symptoms of MS include impaired memory, learning difficulties, speech impairment,
impaired attention span, problems processing information quickly and physical difficulties.
Currently there are no treatments for the direct cause of MS as this is still unknown; however

there are many drugs which are used to treat the symptoms.
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Figure 1: Diagram showing some of the suggested and suspected causes of Multiple Sclerosis.
It is suspected that a combination of many if not all of these factors are implemented in the
development of MS (Oksenberg. JR et al. 2008).

Current Treatments

Drug therapy is the foremost treatment widely available to date. However many of the available
drugs are aimed at preventing the development of symptoms, not to directly treat the underlying
problems. This has been mainly due to our previous lack of understanding as to the most
prominent causes of MS. However with our current developments more evidence has come to
light as to the major components of MS. Previous treatments such as Interferon beta which alters
antigen presentation to reduce phagocytosis and alters T cell proliferation, cytokine and
chemokine expression patterns, Glatiramer Acetate (GA) (which is a pool of peptides which alters
T cell differentiation specifically by enhancing Th2 polarised T cells) and Natalizumab (which is a
monoclonal antibody directed against the late activated antigen-4 which inhibits lymphocyte
migration through the blood-brain barrier to the CNS) (Buck. D and Hemmer. B 2011, Comabella.
M and Vandenbroeck. K 2011), are all designed to prevent the advancement of secondary effects,
caused by the primary problems. They are effective however, the level of effectiveness varies
among patients. A new technique which aims to understand the beginning steps of the disease
utilises the latest genetic screens (which are more sensitive and accurate than previously) and will

help indicate the primary problems causing the onset of MS on a patient to patient basis. This
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allows appropriate treatment to be administered to the appropriate primary effect as evidence
has strongly suggested there is more than one. Use of Biomarkers (molecules that are affected
due to disease or infection and indicate the affliction) have also been shown to indicate the effect
of drug therapies on different patients in studies on a small scale. These could potentially be used
as indicators of the effectiveness of drug therapies (looking at the change in their expression in
individual patients), in order to give the most effective treatment possible. This may lead to
individual doses of effective drugs depending on the patient’s reaction to the drug (Buck. D and

Hemmer. B 2011, Comabella. M and Vandenbroeck. K 2011).

Linkages and Genome Wide Association Studies

Many studies have researched for the genetic components for MS using two major experimental
designs to determine these mutated genes. The first experimental technique which has been used
for MS is a genetic linkage. This type of study determines the degree of linkage between
mutations which have been found to contribute to MS. Genetic Linkage is the probability that a
set of genes along a chromosome will be inherited together. The higher the degree of linkage, the
more likely that the genes will be inherited together, which would suggest that the genes are all
involved in the onset of MS. This technique uses a high volume of samples which are collected
criteria such as age of disease onset, severity of disease and progression of disease. The results
obtained from this technique can be used to help us to find which genes or areas of chromosomes
are commonly occurring in MS. Microarrays can be used in linkage studies to indicate how close
the genes are along the chromosome, whether the genes are likely be replicated together and
whether the distances occur frequently in MS suffers, however it is not necessary to do this unless

there is a large number of samples.

An early study in 1996 by the Multiple Sclerosis Genetics Group conducted a complete genomic
screen (linkage analysis) for MS (Haines. J et al. 1996). In this screen 52 families with multiple
affected generations, 443 markers (areas on the genome which are known) across all of the
chromosomes were tested for linkage for MS. As it can be expected from a random search, of
these markers only 19 were found to have any linkage. One of the loci found to have high linkage
was the MHC region on chromosome 6 and was the only one which was previously known to have
a genetic effect. There was however no outstanding evidence to suggest linkage in the other
genes found in the study. A follow up analysed an additional 23 families to the original set
meeting the same criteria, focusing on three markers on chromosome 6 (where the MHC region is
found), TNFB, D65283 and HLA-DR. TNFB was found to have moderate to low scores on all three

analyses. D65283 however, showed much higher scores and HLA-DR showed the highest scores
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overall. This gave more evidence to suggest the involvement of the MHC region however the
results were not positive enough to regard as significant. This suggested that the genetic effect is
likely complemented by environmental factors, which working with the mutations, cause the

onset of the disease.

Two vyears later another linkage study was performed by the same group for a more in depth
evaluation of the high degree of linkage of the MHC region in MS patients (Haines. J et al. 1998).
98 familial samples were tested to determine whether the MHC region is linked in familial MS
patients. The most consistent replicated findings had been of an association with the HLA-DR2
allele which is found in the MHC region however there is also evidence against this. This had led
to the suggestion that there are different mutations which associated with familial and sporadic
MS. To test for specific allelic associations in the MHC area the HLA-DR2 was used to test for
association. The HLA-DR2 allele was shown to have a direct association with familial MS. Three
genes in the MHC region (HLA-DA, D65273 and TNFB) also demonstrated a strong linkage to
familial MS. Over all, the results from this study suggest that in familial MS the genetic linkage to
the MHC region is due to the HLA-DR2 allele. It was also shown that familial and sporadic MS
cases share genetic susceptibility and that the MHC region is responsible for between 17-62% of
the genetic susceptibility. However, there are also minority familial cases which don’t show any

MHC association that suggests that there are more susceptible genes to be found.

In 2002, a linkage study was performed in Australia on families of European descent (Ban. M et al.
2002). 54 pairs of affected siblings were selected for the study and 397 markers were screened for
linkage. From this linkage four sites were suggested to have linkage and another 18 sites to have
potential linkage. Many of the sites found in this study feature in previous studies which gives
support to those sites found being susceptibility genes. The four sites found are located on
chromosomes 2, 4, 6 and the X chromosome and have further contributed to our understanding
of the inheritance of MS. Two of the potential linkage sites were found to be close to genes
involved in the body’s immunological function, which suggests that these areas should be put
under further study, considering the nature of immunological dysfunction related to MS. This
study has given stronger evidence for the MHC region being a large contributor to disease

inheritance and has also suggested more candidates for further research.

A few years later in 2005, the International Multiple Sclerosis Genetics Consortium performed a
high density linkage analysis (Sawcer. S et al. 2005). 730 families of Northern European descent
were sampled for this study, and after quality control, 4506 markers were investigated in 2692
individuals. As with all of the previous studies there was a strong linkage in the MHC complex. The
results in this study give strong evidence that the allele which has the dominant susceptibility is

DRB1*1501 and that if there is a secondary allele in the MHC area, it is unlikely to have much of
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an effect overall however no evidence from this study suggests there may be one. There was also
a suggested linkage on chromosomes 17 and 5. It was also suggested by analysis that there may
be an additional locus on chromosome 19 which is independent of the MHC locus. These results
give evidence that there are other susceptibility genes outside of the MHC region which may have
a significant effect on the development of MS. This study paved the way for another study
performed by the same group using the new genome wide association technique, which will be

summarised later.

The second of these experiments is known as a genome wide association study. This technique is
newer than the genetic linkage and can process and find more possible target genes faster. This
takes large volumes of samples from families that have strong familial MS (usually at least two
cases of MS and the rest of the family are also screened for the mutations) and screens all of the
samples for genes or areas of the chromosomes which show consistent mutations against control
samples obtained from families which do not have MS. This information, depending on what
percentage of the test samples contains the mutation, would suggest that the mutations found
contribute to the onset of the disease. Genome wide association studies have been used since the
availability of rapid genome analysis. Microarrays are loaded with DNA and are used to sort
through large pools of samples. This is achieved through hybridisation to the DNA on the array by
fluorescently tagged probes made from cDNA. They hybridise to the bound DNA and emit light to
indicate that it had bound. If there is no light, then the probe has not bound. This could indicate
that there is a mutation at this site which will later be identified by sequence analysis. As
technology has advanced, the sensitivity of these studies has become more accurate, and more

genes are being identified as potential prerequisites for the onset of MS.

The first of these studies was a global genome wide search for alleles which are associated with
MS done by the International Multiple Sclerosis Genetics Consortium, published in August 2007
(Hafler. D et al. 2007). This study is one of the first major studies for MS which utilises this style of
analysis. The analysis was achieved by collecting 931 samples from families with at least one case
of MS and testing them for association via DNA microarray analysis of 334923 Single Nucleotide
Polymorphisms (SNP). SNPs are single nucleotide mutations found throughout the entire genome
which can occur anywhere and can, if they occur in genes, disrupt expression. This was done to
identify whether there were any SNPs present at high analytic frequencies in the MS patient
samples. The study after the first round was further replicated with another 609 samples from the
same conditions. The results obtained from this study suggested a high association between the
interleukin-2 receptor a, interleukin-7 receptor a and Human Leukocyte antigen (HLA) locus
(responsible for a large percentage of the genes needed for immunity) and the development of

MS. These findings have large implications for study into MS as they are all involved in immunity.



For example, interleukin-2 is known to regulate T cells that express CD4 and CD25. Interleukin-7 is
also known to be used in memory T cell homeostasis, as well as for development of gamma and
delta T cells which are some of the first to be seen in inflammatory lesions. As T cells are known to

be dysfunctional in MS, this may with further research be a very important find.

Another similar study published in 2008 (Comabella. M et al. 2008) focused on Spanish
Caucasians. In this study 242 unrelated MS patients (collected from the outpatient’s clinic at
Unitat de Neuroimmunologia Clinica) and 242 unrelated control samples (found in the hospital
transfusion centre) were run through a similar Microarray analysis searching 500,000 SNPs via a
criteria based algorithm to identify new loci for their association with MS. From the SNPs scanned,
320 were selected and genotyped in the first Spanish Caucasian replication cohort. After the first
analysis the eight SNPs which showed the highest significance were further genotyped in the US
Caucasian replication cohort as a final confirmation for a broader sample. From this study the
strongest association found was close to the HLA/DRB/DQA loci (in both the Spanish and the
additional US samples), further confirming what previous studies, such as that performed by the
International Multiple Sclerosis Genetics Consortium, have shown. However, this study also
showed a strong significance for a novel locus on chromosome 13 in the Spanish replication and
later in the US replication (SNP rs1327328 and rs7326018) which could also play a role in

susceptibility via unknown effects on surrounding genes.

A further study conducted a year later (Baranzini. S et al. 2009) performed another genome wide
association analysis from individuals of European descent. In this study 2068 individuals were
genotyped and eventually after filtering 978 test samples were used with 883 control samples.
Where the previous studies had used the same type of Microarray chip (Affymetrix© GeneChip
Human mapping 500K), this study opted to use a Sentrix© HumanHap550 BeadChip, which
depending on different factors could affect the results. After comparing 551642 SNPs in the test
samples (with extra criteria such as age of MS onset, severity etc), a total of 242 susceptibility
SNPs were identified. Of these, 65 were found within the MHC locus on chromosome 6 (the HLA
locus). This confirms what older studies have found but this study also found a variety of non-
MHC related genes which also show high frequency in MS patients, some of which are the
glypican proteoglycan 5 found in plasma membranes and is implicated in brain patterning,
synaptic formation, axon regeneration and are found in MS plaques (Baranzini. S et al. 2009,
Filmus. J et al 2008) and Parkin which is a component of the E3 ubiquitin ligase complex used in
protein degradation and has been shown to have a role in the development of juvenile-onset
Parkinson’s disease. It has also been known to affect mitochondria and apoptosis of neurons,

which are important in pathogenic MS (Rankin. C et al 2011, Baranzini. S et al. 2009).



In the same year another association analysis was performed in Australia and New Zealand
(Bahlo. M et al. 2009). This study used 1618 MS test samples and used share data of 3413 for
controls. The study was also further independently replicated with 2256 test samples and 2310
controls. The samples obtained were from patients with European descent and the control
samples were from the United Kingdom and the US (with European descent). In this study again
another Microarray chip was used (lllumnia© Infinium Hap370CNV). The results obtained showed
high association with the MHC/HLA locus (strongest association in this locus was the HLA-DR15
gene), as well as other previously found sites. Novel sites found include a region on chromosome
12 which contains 17 known genes and another locus on chromosome 20 which contains a gene
for a member of the tumour necrosis factor receptor superfamily and has been known to be
associated with rheumatoid arthritis and Graves’s Disease. It is expressed on B cells, dendritic

cells, macrophages and microglia, and it is known to be a regulator in immunity.

As can been seen with the above studies, as technology has become more advanced, our ability to
detect more associations between SNPs allow the identification of more susceptible genes
associated with MS and gives a better chance at treating the disease, instead of just the

symptoms.

Amiloride Sensitive Cation Channel 1

It was through a genome wide association study that the gene ANCC1 (Amiloride-sensitive Cation
channel Neural 1) became a potential susceptible gene for MS (Bernardinelli. L et al. 2007). This
study aimed to avoid heterogeneous samples, as this may have an effect on statistical efforts to
determine moderate associations, and so the focus for the study was put on the population of
Nuoro Sardina in Italy, which has been genetically isolated and also has a much higher rate of MS
in the population, than the Italian mainland. To begin the study a sample was taken from people
with MS and their family members (how the samples were obtained is not stated) and a small
number of microsatellites were tested from these samples in the previously found chromosome
17 region for MS association. This showed one significant association, the microsatellite D175798.
The study was further investigated by performing a bioinformatic screen of the DNA region
surrounding D175798 and extending out to the next two microsatellites either side of it. The
results showed that the ANCC1 gene is a potential susceptibility gene. The exons and
3’untranslated region (3’ UTR) of ACCN1 were resequenced. Using these sequences the SNPs in
these areas were tested for association to MS and it was found that there was a significant

association between MS and the SNP rs28936 located in the 3’ UTR of ACCN1. There had already

10



been evidence from previous experiments which suggest that ACCN1 might play a role in MS
pathogenesis. Also, the results from this study gave an increased reason to investigate the gene

further.

The gene ACCN1 (Amiloride-sensitive Cation channel Neuronal 1) codes for the acid sensing ion
channel 2 (ASIC2/MDRG) (Wemmie. J et al. 2006, Xlong. Z et al. 2008, Askwith. C et al. 2004,
Xhang. G et al 2009). It belongs to a family of ASIC proteins all encoded by the ACCN genes,
ACCN2 for ASIC1 (which has two splice variants a&b) and ACCN3 for ASIC3 and ACCN4 for ACIS4
which both do not show any splicing variants. This channel is mainly permeable to sodium but is
also known to allow other cations such as calcium, potassium, hydrogen ions and lithium to pass
(Wemmie. J et al. 2006, Xlong. Z et al. 2008, Askwith. C et al. 2004). It has two splice variants
ASIC2a (MDRG1) and ASIC2b (MDRG2). Of the two subunits, only ASIC2a can support proton
gated currents. AISC2b can only couple with other subunits to modify their properties (Wemmie. J
et al. 2006). ASIC2/MDRG is a member of the larger degenerin epithelial sodium channel
superfamily and is predominately found in cells originating from the dorsal root ganglia, which
include sensory neurons, the CNS and the heart (Bassilana. F et al. 1997, Lingueglia. E et al. 1997,
Villa-Carriles. W et al. 2006). ASIC2 is thought to play a part in touch sensation along with ASIC3
(Price. M et al. 2000) and it has been suggested that it is found in the post synaptic membrane of
granule and purkinje cells in the cerebellum. The two subunits of ASIC2 combine with each other
and other members of the ASIC family to form multimeric subunit channels which are activated by
extracellular acid/proton accumulation (decrease in pH). Different characteristics are observed
from different combinations of the subunits and they are found in various areas of the CNS and
PNS (Lingueglia. E et al. 1997, Feldman. D et al 2008). The structure of the ASIC2 channel was
shown to have two intracellular amino and carboxyl ends and a large extracellular loop which is
thought to contain the pH sensitivity for channel activation (Figure 2) (Saugstad. J et al. 2004). A
channel which is equivalent to the mammalian ASIC2 was found to induce neurodegeneration in
Caenorhabditis elegans (C. elegans) when mutated in the presence of other degenerins (DEG-1,

MEC-4 and MEC-10) (Bassilana. F et al. 1997).
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Figure 2: A representation of ASIC2a topography based on glycosylation and antibody
permeabilization studies. Diagram shows amino and carboxyl termini are intracellular, two
transmembrane domains and a large extracellular loop domain (Saugstad. ] et al 2004).

Much research has gone into the expression of ASICs. It was found in 2007 that ASIC1 may
contribute to axonal degradation in autoimmune inflammation (Friese. M et al. 2007). Firstly, it
was known that the ASIC channels are activated with a drop in extracellular pH, so it was tested to
see whether there was a lower pH in CNS tissues than in control tissue, which would contribute to
over expression of the ASIC1 channel. It was found in mice with experimental autoimmune
encephalomyelitis (EAE) (an induced form of MS in mice) that there was a lower pH in these
tissues, which favours the longer activation of the ASIC1. It was then shown in mice with knocked
down ACCN1 gene that lack of the ASIC1 protein actually reduced axonal degradation. It was also
found that inhibition of the ASIC1 protein (using Amiloride, an antagonistic drug used to treat
hypertension and congestive heart failure) reduced axonal degeneration (Figure 3) and more
specifically Plasmotoxin-1 (which directly targets the ASICla subunit) was also shown to directly
reduce axonal degradation. The information found in this study suggests that treatment with
Amiloride or other drugs which block ASIC1 receptors could decrease axonal degradation in MS
patients. This study highly suggests that ASICs are involved in MS pathology, and gives further

evidence to investigate ASIC2 more closely.
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Figure 3: Evidence of axonal protection in EAE mice via Amiloride treatment in the d)
corticospinal tract e) dorsal column and f) optic nerve. All graphs show wildtype and Asic1-/-
controls, Wildtype with EAE, Asic1l-/- with EAE and finally wildtype with EAE and Amiloride
treatment. When comparing the number of axons in a 3,250um? area there was significant
axons found in the Asic1l-/- with EAE mice (as was found in a previous experiment in the
study) and in the wildtype with EAE and Amiloride treatment mice, suggesting that Amiloride
treatment mimics the effect of the Asicl-/- knock down. This result suggests that down
regulating ASIC1 in either EAE or MS may lead to recovery of axons, and suggests a good
therapeutic drug, Amiloride (Friese. M et al 2007).

Research into the ASIC2 specifically showed that the subunit ASIC2a modulates the activation of
proton currents for the ASIC1 unit in the hippocampus (Askwith. C et al. 2004). Study of the
subunits showed that current was provided by an ASIC1a/ASIC2a heterodimer, with the ASIC1a
subunit providing current amplitude and ASIC2a providing desensitisation and the response to

modulatory agents. This study also suggests that the ASIC2 channel is involved in neurological
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function, which with the evidence from the genome wide study, gives more reason to investigate

the ACCN1 gene further for its potential as a MS susceptibility gene.

MicroRNA activity and pathways

As the mutations were found in the 3'UTR of the ACCN1 gene, it was suggested that the SNPs
might be causing a disrupted microRNA binding. microRNAs (miRNAs) are small RNA molecules
(generally around 22 nucleotides long) that regulate the expression of gene transcripts via binding
to the messenger RNA (mRNA) and preventing translation to protein (post transcriptional
regulation) (Zhang. X et al. 2010, Carthew. R et al. 2009, Miyoshi. K et al. 2010). miRNAs are often
transcribed in clusters in the genome at various chromosomal positions. A cluster commonly has
miRNAs which target the same cellular pathways. One miRNA can also target many mRNAs due to
imperfect complementarily between miRNA and its targets (Zhang. X et al. 2010). They are similar
to small interfering RNAs (siRNAs) which are involved in the cell’s reaction to viral infections
known as RNA interference or RNAI, but they are processed differently. siRNAs are produced from
long double stranded RNAs while miRNAs are produced from a single stranded transcript that fold
into a hairpin (Carthew. R et al. 2009). Hundreds of miRNAs have been found in a large group of
animals and plants, which suggests that miRNAs are common and highly abundant as a control

mechanism for protein expression.

In the canonical miRNA biogenesis, miRNAs are encoded in the genome either as single transcripts
or in clusters, and are transcribed by RNA polymerase Il as a long transcript known as the pri-
miRNA. The transcripts are both 5’ capped and 3’ polyadenylated like an mRNA transcript. The pri-
miRNA is single stranded and once transcribed forms one or several hairpin loops. Hairpin loops
are single stranded RNA which form complementary base pairing with itself, forming a stem and
loop structure. This structure is trimmed while it is still in the cell nucleus at the 5’ and 3’ ends by
an RNase Ill family member named Drosha which is able to cleave double stranded RNA. Drosha is
part of a protein complex known as the Microprocessor complex. The Microprocessor complex
allows for accurate cleavage while the Drosha component physically cuts the transcript generating
pre-miRNAs that are 70-90 nt long molecules. In animals the pre-miRNA is moved out of the
nucleus into the cytoplasm via the Exportin 5 protein. In the cytoplasm Dicer (another RNase Il
which is also capable of cleaving double stranded RNA) (Merritt. W et al. 2010) cleaves the loop of
the hairpin and liberates the short approximately 22 nucleotides long double stranded RNAs. The
stem can have more than one miRNA and they commonly control genes involved in the same
system. In plants this reaction takes place in the nucleus and the short double stranded RNA is

moved into the cytoplasm. The double stranded miRNA is then split as it becomes associated with
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the RNA induced silencing complex (RISC) where the main component is an Argonaute (Ago)
protein (Carthew. R et al. 2009, Filipowicz. W et al. 2008, Winter. J et al 2009). The Argonaute
proteins are a family of endonucleases which cleave sequences that have complementarity with
the small RNA that is bound (the bound miRNA guides the RISC). The Ago protein is expressed in
mammals and is used in the processing of miRNAs. They have four domains, PAZ (shared with
Dicer), PIWI, N and Mid domains. The PAZ domain has RNA 3’ terminal binding activity which
guides the binding of the strand. The 5 of the RNAs strand interacts with the Mid domain. The
RNA strand is bound to the protein via interactions with the sugar phosphate backbone, allowing
the exposure of the bases for binding to the target sequence. Bases 2-6 on the miRNA must be
exposed as they make the seed sequence which directly binds to the target. The PIWI domain is
capable of cleaving the target sequence to bring about silencing, however not all Ago proteins
have this ability. Eight Ago proteins have been found in Humans, where four are able to associate
with miRNAs and siRNAs. It is yet unclear what the specific functions of all of the Ago proteins are
and why some are capable of cleaving and others are not. Ago becomes associated with other
protein subunits to produce the RISC which allows for an accurate binding to the mRNA strand
and therefore an accurate prevention of translation (lwasaki et al 2009). The strand which is
associated with Ago is chosen for its thermodynamic stability at the 5’ end, where the strand is
less stably based paired with the other strand. The left over strand is known as the miRNA* strand
and is usually degraded. The bound mature miRNA in the RISC locates the appropriate sequence
on the mRNA strand and depending on the degree of base pairing there will be a response. If
there is a high level of base pairing between the miRNA and the mRNA then the mRNA is cleaved
by Ago. If there is a lower level of base pairing between the miRNA and the miRNA then the
MRNA is removed from the translation machinery and placed in an area of the cell known as the
P-body for storage. The mRNA could later be moved back to the translation machinery or

degraded. Figure 4 below illustrates the miRNA biogenesis pathway.
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Figure 4: Figure represents the miRNA biogenesis in animals as described in the text.
(Miyoshi. K et al. 2010).

The Microprocessor unit is not always necessary for cleavage, there are further non-canonical
pathways which have been found to produce working miRNAs (Miyoshi. K et al. 2010, Winter et
al. 2009). Pre-miRNA transcripts can be released from introns in their full pre-miRNA structure,
and enter the normal miRNA processing pathway are known as Mirtrons. miRNAs can also be
generated from small Nucleolar RNAs. Small Nucleolar RNAs (snoRNAs) are RNAs which reside in
the nucleus and are part of small nucleolar ribonucleoprotein (snoRNP) complexes. The snoRNPs
modify ribosomal RNAs (rRNA) to give them their enzymatic abilities. Some snoRNAs form two
hairpin structures, which are connected by a hinge that can be processed by Dicer into miRNAs.
This process does not require Drosha or the Microprocessor complex. The RNAs are functional
both as snoRNAs and miRNAs. This finding suggests that there is an ancient link between snoRNAs
and miRNAs. miRNAs can also be generated from endogenous short hairpin RNAs (endo-shRNAS)
which are Dicer dependent. From these endo-shRNAs, two hairpin loops connected by a hinge
exist in a pre-miRNA state. From this structure only the second hairpin loop produces any miRNAs.
It is thought that the shRNAs are processed by endonucleases other than Drosha, and then finally
processed by Dicer. Studies have shown a shRNA locus in the isoleucine tRNA gene, which
primarily forms the clover leaf structure of a tRNA, but also has a secondary transcript which
contains miRNA precursors. And finally the miRNA miR-451 has been found to exist in the loop

structure of the its pre-miR-451, and that production of the mature miRNA does not require Dicer
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as evidenced by high levels of miR-451 in Dicer null mice but low levels in Drosha null mice. This

suggests that Drosha processes miR-451.

Examples of MicroRNA expression involved with Multiple Sclerosis

miRNAs have been found to play a role in many processes across the spectrum of cells in the body
including brain development and degeneration (Zhang. X et al. 2010, Carthew. R et al. 2009,
Miyoshi. K et al. 2010, Bredy. T et al. 2011, Kloosterman. W et al. 2006, Friedman. J et al. 2009).
This has been prevalent in studies on MS, where various miRNAs have been found to have an
effect on MS pathogenesis. The following are some examples of studies involving miRNAs which

have recently been linked to MS in the past two years.

In 2009 (Otaegui. D et al. 2009), a group studied the expression difference of miRNAs in patients
with MS. The group used samples of PBMC (peripheral blood mononuclear cells, blood cells which
contain a round nucleus such as those involved in the immune system) and looked at the
expression patterns of 364 miRNAs, in relapse (four samples), remitting (nine samples) and
control (eight samples). After analysis two miRNAs were shown in the relapse stage of the disease
to be up regulated, hsa-miR18b and hsa-miR599. The analysis results of these miRNA suggest that
both are involved in the mechanism of the relapse period. The analysis also showed the miRNA
hsa-miR96 is up regulated in the remission stage. When looking for the target genes of hsa-miR96,
it was found that the genes are involved in immunological pathways such as interleukin signalling
and also in the Wnt signalling pathway. For the other two miRNAs found, there was no significant
involvement of the target genes in specific pathways, but it has been suggested that the up
regulation could be utilised as a biomarker for fast identification of relapse stages in MS patients.
This study, while small, showed the importance of miRNA expression patterns when looking at the

mechanisms which may contribute to MS pathogenesis.

Later that same year another paper was published which looked at MS lesions and their miRNA
expression patterns (Junker. A et al. 2009). This study looked at the miRNA expression profiles
from both active and inactive lesions. Twenty samples were used and nine control samples, which
were obtained from preserved samples. It was found that astrocyte cells from active lesions
contained all ten miRNAs that were found to be activated strongly in active lesions in general, of
which included miR155, which is known to be involved in controlling immune responses. It was
also found that the expression of cytokines induced the expression of miR155 when tested in
vitro. The up regulated miRNAs from the active lesions were then identified with their target

mMRNA, and it was found that three of the miRNAs discovered (miR34a, miR155 and miR326) all
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targeted the 3’ UTR of CD47 (miR155 bound at two sites), which inhibits the phagocytic activity in
macrophages and also inhibits cytokine production in dendritic cells (Timo. K 2010, Matozaki. T et
al. 2009). CDA47 is considered as a ‘self’ signal to avoid phagocytosis of healthy cells. Up regulation
of miRNAs which target CD47 will lead to down-regulation of the mRNA transcript and so less
protein, which will stop inhibition of macrophages and is thought to lead to the phagocytosis of
myelin. CD47 also stop the production of cytokines in dendritic cells (Ni. Choileain et al. 2011,
Junker. A et al. 2009).

Later the same month, another paper was published which looked for the expression profiles of
miRNAs between relapse-remitting patients and healthy controls in order to differentiate
between disease and healthy states (Keller. A et al. 2009). Twenty relapse-remitting patients were
sampled and 19 controls were profiled, and 165 miRNAs were found to be either up- or down-
regulated in MS patients compared to control samples. The strongest signal was given by hsa-
miR145, allowed at specificity 89%, sensitivity 90% and accuracy of 89.7%. This was a distinct
identification of MS in patient samples, allowing for a strong indicator of MS over healthy samples
and so a strong candidate for a biomarker. Further investigation into the miRNAs, showed that 43
miRNAs have already been found to be mis-regulated in other human diseases. The final 122
miRNAs were at this time exclusive to MS. This study has shown two major advantages in studying
miRNAs in MS. Firstly, this study has shown that miRNAs can be used as biomarkers to indicate
MS for diagnosis. And secondly, it has also shown that there is a vast amount of mis-regulated
miRNAs which could all be implicated in the pathogenesis of MS, giving a place to start looking for

treatment options in strongly mis-regulated miRNA/genes or in strongly affected cell pathways.

In June 2010, a paper was published looking at the miRNA expression in T regulatory cells in MS
(Santis. G et al. 2010). Twelve relapse and remitting patients and fourteen controls were sampled.
T regulatory cells were extracted and tested for miRNA dysfunction between relapse, remitting
and controls. Twenty-three miRNAs were differentially expressed between MS patients and
healthy controls. Members of the miR106b-25 miRNA family (miR106b, miR93 and miR25) were
found to be up-regulated in MS patients along with two miRNAs from the miR17-92 paralog
cluster (miR19a and miR19b), among others which were not statistically significant. miR106b and
miR25 have been known to be important in the TGFB signalling pathway, for control of the cell
cycle inhibitor CDKN1A and for control of the pro-apoptotic gene BLC2L11. This finding suggests
that as TGFB is so important in T cell regulation and maintaining tolerance of ‘self’ in cells which
undergo phagocytosis, blocking of the signalling pathway could suppress Foxp3 (a T regulatory cell
marker) and so lead to altered T regulatory cell function (Santis. G et al. 2010). Furthermore,
miR210 was also found in this study which targets Foxp3 and was up regulated in T regulatory

cells. This may also contribute to the altered cell function in MS patients. Finally, when comparing
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the levels of T regulatory cells against the levels of T effector cells, it was shown that there is an
increase in miRNA levels in T regulatory cells but not in T effector cells in MS patients compared to
healthy samples. This study gave strong evidence for miRNA mis-regulation causing a direct effect
on the function of T cells known to have altered function in MS and gave a basis for further
research into the theory suggested over the suppression of the TFGB pathway. It also suggests

putative miRNAs to target for therapeutic purposes.

Later the same year a further paper was published focusing on miR17 and miR20a and their ability
to inhibit T cell activation genes and their subsequent down-regulation in MS patients (Cox. M et
al. 2010). Fifty-nine MS patient samples (with a mixture of all the different MS subtypes) and 37
controls were tested for up or down-regulation of miRNAs using 733 known miRNAs. Of the 26
down-regulated in the MS samples, miR17 and miR20a were shown to be statistically significant
and so became the main focus of the study. Both miRNAs have been shown to be involved in
immune function being found together in the same miRNA cluster (miR17-92). These miRNAs
control the translation pathway for lymphocyte differentiation and target the pro apoptotic signal
Bim (Belver. L et al. 2011). Over-expression of miR17 has been found in B cell lymphoma and
other cancers and as such is suggested to maintain undifferentiated cells and resistance to
apoptosis (Cox. M et al 2010, Belver. L et al. 2011). This study showed by using knock in and knock
down experiments, that both miRNAs have a role in the control of T cell activation genes. On top
of the down regulation of the miRNAs, MS patient whole blood mRNA extraction showed an up
regulation of T cell activation genes, complementing the miRNA findings. This strongly suggests a

role for miRNAs in T cell disfunction in MS and suggests a potential therapeutic target.

Lastly in December 2010 a study was published which looked at the altered expression of miR17-
5p in CD4+ lymphocyte (T helper cells) cells in MS patients (Lindberg. R et al. 2010). 365 miRNAs
were analysed in lymphocyte cells in relapse and remitting MS patients. It was shown that miR15-
5p was up regulated in CD4+ cells from MS patients. The miRNA cluster miR17-92 is known to
contribute to the development of autoimmunity and a lymphoproliferative disease in mice
(Thamilarasan. M et. al 2011, Belver. L et al. 2011). No other members of this cluster were found
to be mis-regulated in the CD4+ cells however there was some change in miRNA expression from
this cluster in B cell lymphomas, which has been seen previously as disruption of this cluster can
lead to B cell lymphomas. In this case the down-regulation of miR-92 was found in the B cell
lymphoma (Cox. M et al. 2010, Belver. L et al. 2011). miR15-5p (which was found to be up
regulated in CD4+ cells) was found to target the PI3K/Akt pathway. It was shown that members of
this pathway were shown to have altered expression, in particular PI3KR1 and PTEN. As PI3K is
essential for lymphocyte development, activation and survival, this strongly suggests a link

between miR15-5 and T cell disfunction. Also, knocking down miR17 supported the link between
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altered miRNA expression and MS as it was shown that the knock down altered target protein
expression. Furthermore, it was found that stimulating the cells lead to mis-regulation of other
miRNAs such as miR193a which was strongly up-regulated and miR497, miR1 and miR126, which
were down-regulated. This study gives more information on the miR17-92 cluster and shows that
it is highly likely to be a susceptible area for MS patients. Also, as miR17-5p was so prominent it

suggests that this miRNA may be a potential therapeutic target.

With the information found in the Bernardinelli. L et al. study, the aim of this study was to
investigate the SNP in the 3’ UTR of ACCN1, to determine whether there is a connection to miRNA
expression in the 3’ UTR and if so to understand the mechanism by which mis-expression has
taken place. Therefore, it is hypothesised that firstly, ACCN1 expression is under the control of an
unknown miRNA. And that secondly, an SNP present in the 3’UTR of the ACCN1 gene is causing a
disruption to the regular binding of the unknown miRNA, leading to over expression of Acid

Sensing lon channel 2.
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Chapter 2: Methods

Construct Cloning

Modified Promega pGL3 plasmids with the multiple cloning site transferred to the 3’ end of the
Luciferase gene were cut with Sacl and Nhel restriction enzymes. The 3'UTR region of ACCN1 gene
was amplified by PCR using two plasmids called AA and GG obtained from the Bernardinelli
research group. These plasmids contained two forms of the ACCN1 3'UTR. During the PCR Sacl
and Nhel restriction sites were added to the end of the fragments and after isolating the PCR
products from 1% agarose gel, these were also digested with the two restriction enzymes. The
cleaved plasmids and samples were ligated together to incorporate the 3" UTR’s into the plasmid
at the 3’ end of the luciferase gene. This allows the 3' UTR alleles AA and GG to act as the miRNA

binding site for the luciferase gene in the plasmid.

Site directed mutagenesis

The AA plasmid obtained from the Bernardinelli research group was further modified to create
the mutations found in the sequence data. The 3" UTR in the AA plasmid was amplified via PCR
using mutant primers with the SNP mutations at the appropriate locations (Primers listed in 5’

direction for both the forward and reverse reactions:

Orientation Forward Reverse

Mutantl CTGCATGCTCTGACTTCTTGTGGCGCCA | ACGTGGAGGTGGCGCCACAAGAAGTCAGAG
CCTCCACGT CATGCAG

Mutant2 CTGCATGCTCAGACTTCTTATGGCGCCA | ACGTGGAGGTGGCGCCATAAGAAGTCTGAGC
CCTCCACGT ATGCAG

Mutant1-2 CTGCATGCTCTGACTTCTTATGGCGCCAC | ACGTGGAGGTGGCGCCATAAGAAGTGGGCA
CTCCACGT GCTTGG

Mutant3 CCAAGCTGCCCACGGGGCTTCGGCGCCA | TCACCTTTGGCGCCGAAGCCCCGTCACAGGC
AAGGTGA ACTGG

Mutant4 CCAGTGCCTGTGACGGCGGCACAGCAG | ACCCGCTGGCTGCTGTGCCGCCGTCACAGGC
CCAGCGGGT ACTGG

Table 1: Showing the primers for the forward and reverse reactions.

The primers overlap in the middle of the sequence to allow replication to take place. As
replication happens, the mutation is incorporated into the fragment. The mutant primers also
incorporated Sacl and Nhel sites at the ends of the 3’ UTR to allow the insertion of the new

mutant fragment back into the pGL3 plasmid. This was performed via a digestion with Sacl and
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Nhel restriction enzymes on the fragments and the pGL3 plasmid, followed by ligation into the

plasmid.

Cell Plating and Transfection

MCF7 cell cultures were split and grown to a 45-50% confluence in 100ul growth media
(Invitrogen DMEM 10938 with 10% FBS and 1% glutamine). Cells were counted, diluted and
transferred into 96 well plates and allowed to rest and adhere to the plate overnight. Media was
removed and replaced with 100ul Optimem (Invitrogen) to wash the cells, then 50ul of Optimem
was added and then removed just before the transfection agents were added. Lipofectamine
(Invitrogen) was diluted in Optimem at 0.5ul Lipofectamine to 100ul Optimem. The
constructs/siRNAs were diluted in Optimem at 100ul Optimem to the specific amount needed to
make all of the constructs/siRNAs to a concentration of 20um in 100ul. These varied due to the
different concentrations of all of the stock solutions of the constructs. The siRNAs stock solutions
were all the same concentration and were all diluted and used at 0.6l per 100ul Optimem. 100pl
of the Lipofectamine/Optimem mix was then added to 100ul of the construct/siRNA mix. The
construct/siRNA mixes were done with three variations, one contained just the construct in 100l
of Optimem, another with construct and the Dicer knock down siRNA in 100ul of Optimem and
the last with the construct and the Scrambled negative control siRNA in 100ul of Optimem. This
gave an overall volume of 200pl of the Lipofectamine/construct/siRNA/Optimem mixture. 50ul of
the mixture was then added to each of the wells (enough for four repeats of one construct). The

cells were left for 5 hours at 37°c, then the mix was removed and changed for growth media.

Luciferase Assay

100ul growth media was removed from the wells and replaced with 100ul of cooled PBS
(phosphate buffered saline), the plate was shaken for one minute, the PBS was removed with an
aspirator and the plate was put on ice. 75ul of lysis buffer was added to the wells and the cells
were scratched off the bottom of the wells in a forward/backwards motion using the pipette tip
for ten seconds. The plate was then spun for two minutes at 2000 RPM. 37.5ul of the lysate was

removed from the plate and transferred to a Luciferase plate in the same order. 25ul of Luciferase
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substrate was added to the wells and the plate placed into the Luminometer (Victor Light

Luminometer).

BCA protein assay

20ul of lysate was removed into a clean plate and 200ul of working reagent was added to each
well. The plate was incubated at 37°c for 30/40min if necessary until the solution turned purple.
The samples were allowed to reach room temperature, and then the plate was placed into the

Luminometer to record intensity of the colour change.

Cell Culture Maintenance

Cells were maintained in DMEM growth media (Invitrogen DMEM 10938 with 10% FBS, 1%
glutamine and 1% antibiotics added). Cells were split using 3ml Trypsin (Invitrogen) to detach the
cells from the flask, the Trypsin was neutralised with 4ml of growth media, the cells were counted

using a counting microscope slide, diluted with DMEM and split into separate flasks.
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Chapter 3: Results

Dicer dependency of ACCN1 expression

The Bernardinelli et al. (2007) study showed a clear case to suspect miRNA mis-regulation. The 3’
UTR of ACCN1 showed an SNP (in position rs28936) in a genome wide association study for SNPs
associated with MS. As miRNAs commonly bind to the 3’ UTR of a gene as a form of post
transcriptional modification, it is likely that disrupted miRNA binding caused by this SNP, has
caused a mis-expression of the ACCN1 gene, which may be a factor in the
development/symptoms of MS. To prove this, experiments were devised to test the theory that
the miRNA target site has been disrupted for the ACCN1 gene. The experiments are described
below. A further experiment was designed to identify the precise miRNA which binds to the 3’'UTR

of ACCN1 which will be outlined in the discussion; however this has yet to be tested.

Samples were taken at random from a pool of individual samples, one from a group containing
one of the SNPs and one from a group containing the other SNP. Using the samples, the 3’"UTR of
the ACCN1 gene containing the two different alleles rs28936A and rs28936G (known as AA and
GG with reference to the base present) were cloned into vectors downstream of the Luciferase
gene creating plasmid constructs (please see methods section for the protocol). These vectors
were then transfected into MCF7 cells with a siRNA which targets Dicer and knocks down its
expression, with a non-specific control siRNA (as a negative control known as Scrambled) or alone.
The construct only experiment was performed as a positive control to ensure that the constructs
were being taken up and expressed properly. The Dicer test constructs were then compared with
the Scrambled negative control to see whether the Dicer knock down had an effect on the

expression of Luciferase.

The results indicate that the rs28936A construct showed a higher degree of increase in Luciferase
expression when Dicer is knocked down compared to the rs28936G construct (Figure 5). This is
shown by the increase in expression of the Dicer knock down over the Scrambled control. This
suggests that the rs28936A allele is more strongly controlled by the miRNA pathway than the
rs28936G allele. T test analysis showed that there was a significant difference to a percentage of

0.05% for AA but there was no significant difference for GG.

24



Change in expression of Luciferase between Dicer knock down over Scrambled Control
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Figure 5: Experiment was performed with four replicates. Values were normalised with
respect to the construct only values. This made it easier for statistical analysis and to make it
easier to read the graph. AA and GG are positive controls of just the construct. siRNAdicer is
the test transfection with the dicer knock down siRNA. siRNAscrambled is the negative
control.

To confirm that the only difference between the two constructs is the SNP at the position
rs28936, the constructs were sequenced. Surprisingly, the sequencing found a further three SNP
mutations in the area surrounding the rs28936 position between the AA and GG constructs
(Figure 6). These single nucleotide polymorphisms (SNPs) were at positions rs28639, rs28648 and
rs28882.
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EMBOSS 001 AA 1 CACCCCTCGAGTCACCCAGCACTCCCTCCAAACAGACCTTGAGGCCCAAG 50
Frrrrrrrrrrrrrrrr e

EMBOSS 001 GG 1 CACCCCTCGAGTCACCCAGCACTCCCTCCAAACAGACCTTGAGGCCCAAG 50
EMBOSS 001 51 ACCCAGGACAAGGAACAGCAAGCTCAGGTGGGATGGCCCCAGTGCTGGAA 100
FEErrrrrrrrrrrrer et et r ettt rrrrrl
EMBOSS 001 51 ACCCAGGACAAGGAACAGCAAGCTCAGGTGGGATGGCCCCAGTGCTGGAA 100
EMBOSS 001 101 AGAAGCAAGAGCCCCCTATGCACACATTGCAGACTAGCTGCCTAGACCTC 150
FEEErrrr e e et ettt e e ettt rrrrrl
EMBOSS 001 101 AGAAGCAAGAGCCCCCTATGCACACATTGCAGACTAGCTGCCTAGACCTC 150
EMBOSS 001 151 GCTCCGGCCACGTCCAACACGACGCATCCTTGGGCCCCGCCGTGCGTCCC 200
FEErrrrr et ettt et et
EMBOSS 001 151 GCTCCGGCCACGTCCAACACGACGCATCCTTGGGCCCCGCCGTGCGTCCC 200
EMBOSS 001 201 TCTTAGGAGAGATGAGTCACACTCTGGAACTGTCCAAGAACGAACCTGCC 250
FEErrrrr et et et r ettt rrrrrl
EMBOSS 001 201 TCTTAGGAGAGATGAGTCACACTCTGGAACTGTCCAAGAACGAACCTGCC 250
rs28639A/T
EMBOSS 001 251 ATCACATCTCACTGCCAGATGTATAAAGCACCTGCATGCTC.GACTTCTT 300
FEEErrrr et r et et et r et ettt el
EMBOSS 001 251 ATCACATCTCACTGCCAGATGTATAAAGCACCTGCATGCTCIGACTTCTT 300
rs28648G/A
EMBOSS 001 301 ITGGCGCCACCTCCACGTCTGTCTTGTACATGACACTCCTCCACGCGGTT 350
LEEErrr e rrr e e e e e e
EMBOSS_001 301 ITGGCGCCACCTCCACGTCTGTCTTGTACATGACACTCCTCCACGCGGTT 350
EMBOSS_001 351 TCCAGTGTCCACACTGCTGCCCGTGCAGTGGGACCAGATTCCAGGTCCAA 400
FErrrrrrrrerr e et et et
EMBOSS_001 351 TCCAGTGTCCACACTGCTGCCCGTGCAGTGGGACCAGATTCCAGGTCCAA 400
EMBOSS_001 401 AGTCACCATGAGGCCACCCTGGAATCAGAACTGCACAATCAAGAGGGAAC 450
FEErrrrrrre et et e et
EMBOSS_001 401 AGTCACCATGAGGCCACCCTGGAATCAGAACTGCACAATCAAGAGGGAAC 450
EMBOSS_OOl 451 CCATGGGACTCTCTGCTACATTCAGTTCTTGTGTCGTTTGTGAAAGTTCT 500
FErrrrrrrrerr e et et r et
EMBOSS_OOl 451 CCATGGGACTCTCTGCTACATTCAGTTCTTGTGTCGTTTGTGAAAGTTCT 500
rs28882T/C
EMBOSS_001 501 TAACCTGCCCAAAAACCCCCTTTTCCCCAAGCTGCCCA.GGGGCTTCGGC 550
FEErrrrrrre et et et r ettt
EMBOSS_001 501 TAACCTGCCCAAAAACCCCCTTTTCCCCAAGCTGCCCA.GGGGCTTCGGC 550
rs28936A/G
EMBOSS_001 551 GCCAAAGGTGACCCGCGCCAACCTCCCTCCCCCCCAGTGCCTITGACGGC 600
FErrrrrrrrerr e et et ettt
EMBOSS_001 551 GCCAAAGGTGACCCGCGCCAACCTCCCTCCCCCCCAGTGCCTITGACGGC 600
EMBOSS_001 601 GGCACAGCAGCCAGCGGGTGGGGGACGCCTGTGTTCACCCATGGTGCCCA 650
FEErrrrrr e e et e et r el
EMBOSS_001 601 GGCACAGCAGCCAGCGGGTGGGGGACGCCTGTGTTCACCCATGGTGCCCA 650

Figure 6: The results of the sequencing alignment. The top line is the AA construct and the
bottom is the GG construct. The red shading shows the different SNPs found between the two
constructs. These new SNPs were found at positions rs28639, rs28648 and rs28882. The
original SNP found is at position rs28936 (the last SNP indicated in red). The blue shading
shows a predicted target site for miR652 which includes two of the new SNPs found.
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Prediction miRNA target sites in ACCN1 3'UTR

Animal miRNAs have a specific binding style to the target mRNA known as miRNA targeting. The
miRNA contains a seed sequence which consists of nucleotides 2-8 at the 5’ end of the miRNA.
These six nucleotides are crucial for accurate miRNA binding. A site in the mRNA 3’UTR is
conserved to complement the seed sequence, in order for accurate and strong binding to happen
between the miRNA and the mRNA. It is necessary for complete complementarily binding. If
mutations occur in the 3’'UTR in the seed sequence, this can strongly disrupt miRNA binding and
can lead to an over expression of the mRNA however if there is an Adenosine at the 1 and 9
nucleotide positions this can improve the binding. Another important feature of miRNA binding is
a reasonable level of complementary base pairing at the 3’ half of the miRNA. It is acceptable for
mismatches to occur here, except for at positions 13-16 on the miRNA, which act as a second
reference in case there are mutations at the seed sequence. As these rules are the same for all
miRNAs, it has made it easier for us to predict mRNA targets once a miRNA is known and

databases now allow us to search for mRNAs with matching sequences to the new miRNA.

These results raised the possibility that a potential miR652 target site was present in positions

28638-28658.

The MiRanada database predicted a variety of potential miRNAs for the original SNP rs28936A/G
position. These miRNAs were miR27, miR34, miR220 and miR513. miR652 was also identified as a
potential target miRNA for a site which includes two of the new SNPs (rs28639A/T and
rs28648G/A) found during the sequencing. As this target site contains two SNPs, miR652 was

thought to be a strong candidate miRNA.

Target validation

To test whether these predicated miRNAs do target the ACCN1 3’ UTR, the two previous
constructs (which are different in the four nucleotides rs28639A/T, rs28648G/A, rs28882T/C and
rs28936A/G) were transfected into MCF7 cells either with or without siRNA mimics of the
potential miRNAs in order to determine the difference between the Luciferase expression of each.
The graphs generated (Figure 7) show when comparing the level of Luciferase activity with the
SiRNA mimic and without the miRNA mimic, that none of the predicted miRNAs targeted the
ACCN1 3’ UTR. This is shown by the level similar expression of Luciferase for both constructs

because the differences were not statistically significant.
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Figure 7: Results of the Target validation analysis. For all graphs PM140 refers to a construct
with a Luciferase gene containing a perfect match for miR140 in the 3° UTR. PM140+Negative
are an assay of this plasmid with a non-specific Scrambled siRNA and PM140+SI1140 are an
assay of the plasmid with a siRNA mimic of miR140. These controls were used as verification
that the transfection was working properly. The x axis represents absorption of light from the
luciferase reaction. The non specific Scrambled siRNA should show no significant decrease in
Luciferase activity whereas the siRNA mimic should show a dramatic decrease in activity as
the mimic will bind to the binding site and prevent translation. The experiment samples look
at the various potential miRNA'’s ability to suppress Luciferase activity. Here a siRNA mimic of
miRNA in question is transfected into the cell along with the constructs AA and GG. If there is
a suppression of Luciferase activity this suggests that the miRNA in question is likely to target
the 3'UTR of the given form of ACCN1 3’'UTR. Of the potential miRNAs tested, none showed
any significant decrease in Luciferase activity (Found by T-test analysis). And as such it can
be concluded that none of them target the 3’'UTR of ACCN1 in either form.
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Testing the effect of individual SNP positions on miRNA regulation of ACCN1 3'UTR

As none of the predicted miRNAs showed any targeting of either form of the ACCN1 3'UTR but the
two forms were differentially affected by Dicer knock down, we hypothesised that one or more of
the new SNPs were located in one or more of the target sites recognised by an unidentified
miRNAs. Therefore the roles of the new SNPs found in the sequencing experiment were
investigated. The AA construct was mutated so that only one of the SNPs was present in a
construct. There were five generated overall. This was done so that the individual effect of the

SNP could be established (Figure 8).

ACCHMT 3 UTR [r=28639A/T]rs26648GMA] rs Tqrs

Figure 8: Diagram representing the changes made at the different nucleotide positions, with
the letters indicating the nucleotide introduced.

There was also a construct generated where two SNPs, at positions rs28639A/T and rs28648G/A,
were present as the potential miR652 was found to contain both SNPs and so it was suspected
that both SNPs together might have a strong role in miRNA binding (Figure 6). The new constructs
with the individual SNPs were renamed as mutation with its position along the 3’UTR. The naming

system is described in Table 2 below.

Construct Name SNP present

AA rs28936A

Mutl rs28639T

Mutl_2 rs28639T/rs28648A
Mut2 rs28648A

Mut3 rs28882C

Mut4/GG rs28936G

Table 2: Illustrating the new constructs made, their names and the SNPs found in each.

Each construct was transfected into MCF7 cells either alone, with a Dicer knock down or with a
non specific Scrambled siRNA as in the original Luciferase expression experiment. As with the first

experiment the construct only experiment served as a positive control to determine the accurate
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expression of the construct in the cell and to assure the transfection worked. The following graph
(Figure 9) shows that there was no significant difference between the expression of Luciferase of
the Dicer knock down and the non specific Scrambled control. This suggests that more than one
SNP in the 3’UTR of ACCN1 contribute to the reduction in miRNA binding (once more confirmed

by T test analysis).

Change in expression of Luciferase between Dicer knock down and Scrambled control with new
found individual SNP constructs.
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Figure 9: Experiment was performed with twelve replicates. Values were normalised with
respect to the construct only values. AA through 4/GG are positive controls. Negative controls
are those labelled with Con and the Experiments were all labelled with dicer. The negative
controls were compared with the dicer experiments to determine the difference in

expression of luciferase.
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Chapter 4: Discussion

Genetic studies have been an important tool in discovering the pathogenesis of Multiple Sclerosis.
The contributions have suggested a great many genes which each are now thought to play a role
in the development of MS, with much evidence to support the involvement of the HLA region of
genes (Hafler. D et al. 2007, Oksenberg. IR et al. 2008). Unfortunately, many of the studies have
not been replicated. The Bernardinelli. L et al. study showed an association between the rs28936
variant in the 3’ UTR of the gene ACCN1 and MS in the isolated population of the Nuoro province.
This finding was supported by the International Multiple Sclerosis Genetics Consortium who found
an association close to ACCN1 3’UTR (Hafler. D et al. 2007). The rs28936 variant has now been
genotyped in Britain and Finland, and the association which was observed by the Bernardinelli. L
et al. study has been replicated (unpublished results). As ASICs are expressed in many of the cells
which are affected during MS pathogenesis, it is logical to assume that a disruption in the

expression of ACCN1 may have a contribution to the development of MS.

The experimental design used in this study has both advantages and disadvantages. The main
advantage is that it clearly shows that the 3’UTR is affected by a miRNA. This experimental design
clearly shows that a miRNA is binding to the 3’"UTR due to the low expression of Luciferase of the
control and the high expression seen when Dicer is knocked down. There is without a doubt
something effecting the expression of the Luciferase, and as the only variable changed was the

Dicer, it is logical to conclude that a miRNA is binding to the 3’UTR.

There are three disadvantages with this experiment. Firstly, the cell line used was MCF7. This cell
line is a breast cancer cell line. This cell line was used mainly for practical reasons, for example
MCF7 cells are easy to grow and they are transfected easily. They were well suited to be used in
this experiment. However, as the expression of the ACCN1 gene is localised to the CNS and PNS, a
neural cell line may have been more suited to the experiment. For example, miRNAs are
expressed differently in different cell types, just as genes are, and as such a miRNA targeting
ACCN1 may not be expressed in MCF7, as MCF7 doesn’t express the ACCN1 gene. However, as
MCF7 is easily transfected, the experiment was tried with it first, and the results indicate that the
miRNA which targets the 3’UTR is expressed in the MCF7 cell, as we see a repression of

expression.

Secondly, the negative control which was used showed a high expression of Luciferase (though
not as high as the Dicer knock down) when compared with the positive control in the initial
experiment (Figure 5). Logically, the negative control should show a very similar expression

pattern to the positive control as the scrambled siRNA should have no effect on the miRNA
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binding. This is seen frequently among transfection experiments like the one performed here.
However the phenomenon is not always seen in every experiment of this kind. It has been
speculated that the scrambled siRNA becomes incorporated into the RISC and out competes the
miRNAs naturally present in the cell. It is also thought that the siRNAs in fact do target a gene
which is involved with Luciferase activity which we don’t know of, for example if an ATP related
gene was targeted by the scrambled siRNA this would affect Luciferase activity as ATP is needed.
Unfortunately, for both of these situations to be true, this phenomenon would be seen every time
this experiment is done, but this isn’t the case. As it stands this is one major drawback of using
this type of experiment and until the reason for this phenomenon is found, it will continue to be a

major concern for any results found using this design.

And lastly, the experiment itself found that there were three more SNPs in the 3’UTR of ACCN1 in
the samples which were used. The samples which were obtained from the Bernardinelli group
were from individual people. The samples were picked out of a pool of samples gathered from
individuals who all showed the different SNP at the rs28936 position. Therefore it is possible that
the extra three SNPs that were found during the routine sequencing after the cloning were in fact
unique to the individual with whom the sample was taken. This is a possibility, and until more
samples are obtained with the original SNPs, and are sequenced to discover whether the extra
three SNPs found are common in patients with MS, the results from this experiment cannot be

extrapolated to include all MS sufferers.

The results obtained from this study indicate a strong possibility of miRNA control in the
expression of the ACCN1 gene. The first experiment showed that of the two alleles, the allele
rs28936A held stronger control over the expression of Luciferase than the allele rs28936G. Due to
the nature of miRNA binding, mutations in sections of the miRNA binding site such as the seed
sequence or the positions 13-16 (see results section for more information on miRNA binding) can
lead to a reduction in the strength of miRNA binding. This can lead to a higher level of translation
and so an over expression of the protein, in this case Acid Sensing lon channel 2 (Zhang. X and
Zeng. Y 2010). As the expression difference between Dicer knock down and control was lower for
rs28936G, this indicates that miRNA binding is stronger for the rs28936A allele than the rs28936G
allele, and that rs28936G is therefore under weaker miRNA control and may be responsible for

mis-expression of ACCN1.

Identification of three more SNPs via sequencing suggested further alteration of miRNA binding
other than just the original SNP found. The results indicate that the presence of all four SNPs have
equal effect on the miRNA binding. As was discussed previously, the positioning of the SNPs is
very important as to whether they will affect the binding of the miRNA to its target site. The

positions of all of the SNPs found in the 3’ UTR of ACCN1 could therefore equally contribute to a
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reduction of the miRNA binding by making the binding site less accessible to the unknown miRNA.
The target site in the mRNA transcript forms a secondary stem loop and it is while in this structure
the miRNA is able to bind to the transcript and suppress translation. It is possible that the SNPs
cause a disruption in the formation of the stem loop structure so that the stem loop doesn’t form
or changes the stem loop structure slightly so that the miRNA can still bind but not as strongly.
Both these situations could lead to impaired binding of the miRNA. This leads to over expression

of ASIC2, which could lead to a variety of different problems with accurate cell function.

Pervious experiments which have looked at the expression of ASIC2 in different contents within
the CNS give clues to potential areas in which ASIC2 over expression may lead to symptoms
commonly seen in Multiple Sclerosis pathology. These studies will be discussed as follows and will

be related back to ASIC2 over expression.

Studies have shown that ASIC2a is found to commonly associate with ASICla in the brain,
including at the synapse at a 2(ASIC1a):1(ASIC2a) ratio (Zha. X et al. 2009). During this association
it is currently thought that ASICla acts as the channel to allow the positive current (H+) to flow
into the cell (in response to an increase in the extracellular pH) and that ASIC2a acts as a detector
of the external pH level and activates ASIC1la (Askwith. C et al. 2004). As these two units interact
so closely, it is logical to suspect that a change in the expression level of one will directly affect the
delicate balance of these proteins at the synapse. An experiment performed in 2007 (Friese. M et
al. 2007) which has been outlined briefly in the introduction, showed that a reduction in the
expression of the ASICla unit (facilitated by Amiloride) lead to a decrease in axonal degradation
and inflammation. As ASIC2a associates so closely to ASIC1a, it is possible that a sudden increase
in ASIC2a units will facilitate an increase in ASICla/2a associations. As has been shown, reducing
ASIC1a relieves degradation and inflammation, therefore a sudden increase in working ASICla/2a
heteromultimers may increase degradation and inflammation, which are both a major component
of the symptoms of MS. Another study which supports this theory (Chu. X et al. 2006) shows that
ASIC2a helps to ‘modulate’ ASIC1a by activating the opening of the channel as ASIC2a is sensitive
to the pH of the extracellular space surrounding the cells. ASIC2a is therefore responsible for how
much of the positive current goes into the cell as it determines whether ASICla opens and for
how long it will be open for. This ties into the theory as, if there is more ASIC2a available in the
cell, then more associations can happen with ASIC1la, meaning more channels can be opened in
response to extracellular pH conditions. This leads to an increase in positive current into the cell
and an acidosis effect inside the cell, leading to changes in cell function like those seen in patients

with MS.

Another study found that the heterodimer channel which consists of ASICla/2b showed novel

channel properties and also contributed to acidosis induced death in neurons (Sherwood. T et al.
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2011). These conclusions were drawn from an experiment in which Barium was used as an ASIC
inhibitor. It is known that the presence of ASIC1la homodimer channels increases acidosis induced
neural cell death; however it was found that when the ASICla/2b channel was inhibited by
Barium, there was a lower degree of neural cell death suggesting that the heterodimer channel
also has this property. Presence of an active form of the ASICl1a/2b channel causes an influx of
positive current into the cell, including calcium (like the ASICla homodimer channels) which is
known to trigger apoptosis inside the cell. Further tests with Barium showed that it directly
targeted ASIC2b but not ASIC1lb, which suggests that not only could Barium be used as a
therapeutic drug to prevent acidosis induced neural cell death, but also that the ASIC2b subunit
was a necessary component of the channel to induce cell death. These findings strongly support
this theory, as acidosis and neural death are both major components of MS. It is possible (using
the evidence from this study) that the SNPs in the ACCN1 gene cause an increase in the
production of ASIC2b subunits within neural cells throughout the CNS and PNS. This increase leads
to a higher level of ASICl1a/2b channels forming in neural cells where there is under normal
circumstances none or little of these channels present. This increase could therefore lead to an
increase in acidosis induced cell death (like that seen in MS patients) in neurons as there are more

active channels present within the cell.

Further evidence to support this theory comes from a study which found that ASICs contribute to
the activation of dendritic cells via acidosis (Tong. J et al. 2011). Dendritic cells are responsible for
primary immune response in the CNS and PNS. They exist in their immature state and are still able
to perform phagocytosis in the immature state which they lose once matured. Maturation
happens via acidosis of the cell, which activates antigen presentation and also increases the
expression of other immune genes including the MHCII region genes. In this experiment it was
shown that ASIC2 (both a and b) were the only ASIC channel type to be present at the cell
membrane and so it is possible that ASIC2 is a major component of the maturation of dendritic
cells. The acidic extracellular environment (caused by inflammation or infection) induces the
opening of the ASIC2 to activate the maturation of the cells into antigen presenting cells. It is
therefore possible that an up-regulation of ASIC2 (caused by the SNPs in the miRNA binding site of
ACCN1) leads to an overly high number of dendritic cells becoming matured. This could lead to
high levels of cell death as the matured dendritic cells target other neural cells where they would

not be targeted under regular circumstances.

Future research into this area has been suggested in order to identify the miRNA which is
targeting ACCN1. It has been proposed that the A Bacteriophage BoxB sequence can be attached
to the 3’ UTR sequence and a fusion protein can be created with GFP and the A N peptide which

binds very strongly to the BoxB sequence (Pillai. R et al. 2004, Pais. H et al. 2010, Legault. P et al.
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1998, Cilley. C and Williamson. J 1997). Then allowing the RISC with the miRNA in question to bind
to the target site on the 3" UTR in the presence of the fusion protein will allow a complex to form
in which the BoxB sequence and the N peptide will bind together, while the mRNA 3’ UTR is
bound to the RISC. The complex can then be purified via affinity chromatography to the GFP
protein (as this is a common protein which already has strong antibodies for use in
chromatography). Once the complex has been purified, the mRNA can be digested, removing the
mRNA and its bound N peptide/GFP and the miRNA can be extracted from within the RISC. The
miRNA can then be sequenced and identified. If this technique accurately identifies the miRNA
which targets ACCN1, it will not only increase our knowledge of how the interaction is involved in
the development of MS, but it will also give us a novel experiment with which to accurately

identify miRNAs.

In conclusion, | have found that the ACCN1 gene is being controlled by an unknown miRNA. | also
found that of the two variants discovered in the initial Bernardinelli. L et al study, rs28936A is
more strongly controlled by the unknown miRNA. Lastly, | found that of all the SNPs discovered
(the two originals and three ‘new’ SNPs) none have a significantly stronger miRNA control than
the other. Further work will need to be done to verify that the three new SNPs found are not
unique to the individual sample which was used in this study. Further work will also need to be

done to identify the miRNA which is targeting ACCN1.

36



Chapter 5: Reference

Askwith. C, Wemmie. J, Price. M, Rokhlina. T and Welsh. M (2004), Acid sensing ion channel 2
(ASIC2) modulates ASIC1 H* activated currents in hippocampal neurons, The Journal of Biological

Chemistry, Vol 279 No 18 Pg 18296-18305 2004.

Bahlo. M, Booth. D, Broadley. S, Brown. M, Foote. S, Griffiths. L, Kilpatrick. T, Lechner-Scott. J,
Mascato. P, Pereau. V, Rubio. J, Scott. R, Stankovich. J, Stewart. G, Taylor. B, Wiley. J, Clarke. G,
Cox. M, Csurhes. P, Danoy. P, Drysdale. K, Field. J, Greer. J, Guru. P, Hadler. J, McMorran. B,
Jensen. C, Johnson. L, McCallum. R, Merriman. M, Merriman. T, Pryce. K, Tajouri. L, Wilkins. E,
Browning. B, Browning. S, Perera. D, Butzkueven. H, Carroll. W, Chapman. C, Kermode. A,
Marriott. M, Mason. D, Heard. R, Pender. M, Slee. M, Tubridy. N and Willoughby. E (2009),
Genome wide association study identifies new multiple sclerosis susceptibility loci on

chromosomes 12 and 20, Nature Genetics, Vol 41 No 7 Pg 824-890 2009.

Ban. M, Stewart. G, Bennetts. B, Heard. R, Simmons. R, Maranian. M, Compston. A and
Sawcer. S (2003), A genome screen for linkage in Australian sibling-pairs with multiple sclerosis,

Genes and Immunity, Vol 3 Pg 464-469 2003.

Baranzini. S, Wang. J, Gibson. R, Galwey. N, Naegelin. Y, Barkhof. F, Radue. E.W, Lindberg. R,
Uitdehaag. B, Johnson. M, Angelakopoulou. A, Hall. L, Richardson. J, Prinjha. R, Gass. A, Geurts. J,
Kragt. J, Sombekke. M, Vrenken. H, Qualley. P, Lincoln. R, Gomez. R, Caillier. S, George. M,
Mousavi. H, Guerrero. R, Okuda. D, Cree. B, Green. A, Waubant. E, Goodin. D, Pelletier. D,
Matthews. P, Hauser. S, Kappos. L, Polman. C and Oksenberg. J (2009), Genome-wide association
analysis of susceptibility and clinical phenotype in multiple sclerosis, Human Molecular Genetics,

Vol 18 No 4 Pg 767-778 2009.

Baron. A, Waldmann. R and Lazdunski. M (2002), ASIC-like, proton-activated currents in rat

hippocampal neurons, Journal of Physiology, Vol 539 No 2 Pg 485-494 2002.

Baron. A, Voilley. N, Lazdunski. M and Linguelia. E (2008), Acid sensing lon Channels in dorsal
spinal cord neurons, The Journal of Neuroscience Vol 28 No 6 Pg 1498-1508 2008.

Bassilana. F, Champigny. G, Waldmann. R, Weille. J, Heurteaux. C and Lazdunski. M (1997), The

acid sensitive ionic channel subunit ASIC and the Mammalian Degenerin MDEG form a

37



heteromultimeric H+ gated Na+ channel with novel properties, The Journal of Biological

Chemistry, Vol 272 No 46 Pg 28819-28822 1997.

Belver. L, Papavasiliou. F.N and Ramiro. A (2011), MicroRNA control of lymphocyte differentiation

and function, Current Opinion in Immunology, Vol 23 Pg 368-373 2011.

Bernardinelli. L, Murgia. SB, Bitti. PP, Foco. L, Ferrai. R, et al (2007) Association between the
ACCN1 Gene and Multiple Sclerosis in Central East Sardinia. PLoS ONE 2(5): e480.
doi:10.1371/journal.pone.0000480.

Black. J, Dib-Hajj. S, Baker. D, Newcombe. J, Cuzner. M and Waxman. S (2000), Sensory neuron
specific sodium SNS is abnormally expressed in the brains of mice with experimental allergic
encephalomyelitis and humans with multiple sclerosis, Proceedings of the National Academy of

Science, Vol 97 No 21 Pg 11598-11602 2000.

Bredy. T.W, Lin. Q, Wei. W, Baker-Andresen. D, Mattick. ] (2011) MicroRNA regulation of neural
plasticity and memory, Neurobiology of Learning and Memory 2011,

d0i:10.1016/j.nIlm.2011.04.004

Buck. D and Hemmer. B (2011), Treatment of multiple sclerosis: current concepts and future

perspectives, Journal of Neurology, DOI 10.1007/s00415-001-6101-2 2011.

Carthew. R and Sontheimer. E (2009), Origins and mechanisms of miRNAs and siRNAs, Cell, Vol
136 Ph 642-655 2009.

Chu. X, Close. N, Saugstad. J and Xiong. Z (2006), ASIC1la specific modulation of Acid sensing ion
channels in Mouse Cortical neurons by Redox Reagents, The Journal of Neuroscience Vol 26 No 20

Pg 5339-5329 2006.

Cilley. C and Williamson. J (1997), Analysis of bacteriophage N protein and peptide
binding to boxB RNA using polyacrylamide gel coelectrophoresis (PACE), RNA Vol 3 Pg 57-67 1997.

Comabella. M, Craig. DW, Camina-Tato. M, Morcillo. C, Lopez. L, et al. (2008), Identification of a
Novel Risk Locus for Multiple Sclerosis at 13g31.3 by a Pooled Genome-Wide Scan of 500,000
Single Nucleotide Polymorphisms, PLoS ONE 3(10): e3490. doi:10.1371/journal.pone.0003490.

38



Comabella. M and Vandenbroeck. K (2011), Pharmacogenomics and Multiple Sclerosis: Moving
Toward Individual Medicine, Current Neurology and Neuroscience Reports, DOI 10.1007/s11910-
011-0211-12011.

Cox. M, Cairns. M, Ghandhi. K, Carroll. A, Moscovis. S, Steward. G, Broadley. S, Scott. R, Booth. D,
Lechner-Scott. J and ANZgene Multiple Sclerosis Genetics Consortium (2010), MicroRNAs miR-17
and miR-20a inhibit T cell activation genes and are under expressed in MS whole Blood, PLoS ONE,

5(8): €12132. D0i10.1271/journal.pone.0012132.

Feldman. D, Horiuchi. M, Keachie. K, Mccauley. E, Bannerman. P, Itoh. A, Itoh. T and Pleasure. D
(2008), Characterisation of acid sensing ion channel expression in oligodendrocyte lineage cells,

Glia, Vol 56 No 11 Pg 1238-1249 2008.

Filipowicz. W, Bhattacharyya. S and Sonenberg. N (2008), Mechanisms of post-transcriptional
regulation by microRNAs: are the answers in sight?, Nature Reviews Vol 9 pg 102-114 2008.

Filmus. J, Capurro. M and Rast. J (2008), Protein family review: Glypicans, Genome Biology, Vol 9
No 5 Article 224 2008.

Friedman. J and Jones. P (2009), MicroRNAs: critical mediators of differentiation, development

and disease, Swiss Medical Weekly Vol 139 pg 466-472 2009.

Friese. M, Craner. M, Etzensperger. R, Vergo. S, Wemmie. J, Welsh. M, Vincent. A and Fugger. L
(2007), Acid-sensing ion channel-1 contributes to axonal degeneration in autoimmune

inflammation of the central nervous system, Nature Medicine, Vol 13 No 12 Pg 1483-1489 2007.

Hafler. D, Compston. A, Sawcer. S, Lander. E, Daly. M, De Jager. P, Bakker. P, Gabriel. S, Mirel. D,
Ivinson. A, Pericak-Vance. M, Gregory. S, Rioux. J, McCauley. J, Haines. J, Barcellos. L, Cree. B,
Oksenberg. J and Hauser. S (2007), Risk Alleles for Multiple Sclerosis Identified by a Genomewide
Study, The New England Journal of Medicine, Vol 357 No 9 Pg 851-862 2007.

Haines. J, Ter-Minassian. M, Bazyk. A, Gusella. J, Kim. D, Terwedow. H, Pericak-Vance. M,
Rimmler. J, Haynes. C, Roses. A, Lee. A, Shaner. B, Menold. M, Seboun. E, Fitoussi. R, Gartioix. C,
Reyes. C, Ribierre. F, Gyapay. G, Weissenbach. J, Hauser. S, Goodkin. D, Lincon. R, Usuku. K,

Garcia-Merino. A, Gatto. N, Young. S and Oksenberg. J (1996), A complete genomic screen for

39



multiple sclerosis underscores a role for the Major Histocompatability Complex, Nature Genetics,

Vol 13 Pg 469-471 1996.

Haines. J, Terwedow. H, Burgess. K, Pericak-Vance. M, Rimmler. J, Martin. E, Oksenberg. J, Lincoln.
R, Zhang. D, Banatao. D, Gatto. N, Goodkin. D and Hauser. S (1998), Linkage of the MHC to familial
Multiple Sclerosis suggests genetic heterogeneity, Human Molecular Genetics, Vol 7 No 8 Pg

1229-1234 1998.

Iwasaki. S and Tomari. Y (2009), Argonaute-mediated translational repression (and activation),

Landes Bioscience Journals Vol 3 pg 205-208 2009.

Junker. A, Krumbholz. M, Elsele. S, Mohan. H, Augstein. F, Bittner. R, Lassmann. H, Wekerle. H,
Hohifeld. R and Meinl. E (2009), microRNA profilinf of Multiple Sclerosis lesions identifies
modulators of the regulatory protein CD47, Brain: A journal of Neurology, Vol 132 Pg 3342-3352
20009.

Keller. A, Leidinger. P, Lange. J, Borries. A, Schroers. H, Scheffler. M, Lenhof. H, Ruprecht. K and
Meese. E (2009), Multiple Sclerosis: microRNA expression profiles accurately differentiate
patients with relapsing-remitting disease from healthy controls, PLoS ONE 4(10): e7440.
Doi:10.1371/journal.pone.0007440.

Kloosterman. W and Plasterk. R (2006), The Diverse Functions of MicroRNAs in Animal

Development and Disease, Developmental Cell, Vol 11 pg 441-450 2006.

Legault. P, Li. J, Mogridge. J, Kay. L and Greenblatt. J (1998), NMR Structure of the Bacteriophage /
N Peptide/boxB RNA Complex: Recognition of a GNRA Fold by an Arginine-Rich Motif, Cell Vol 93
Pg 289-299 1998.

Lindberg. R, Hoffmann.F, Mehling. M, Kuhle. J and Kappos. L (2010), Altered expression of miR17-
5p in CD4" lymphocytes of relapsing-remitting multiple sclerosis patients, European Journal of

Immunology, Vol 40 Pg 888-898 2010.
Lingueglia. E, Weille. J, Bassilana. F, Heurteaux. C, Sakai. H, Waldmann. R and Lazdunski. M (1997),

A modulatory subunit of Acid Sensing lon Channels in brain and dorsal root ganglion cells, The

Journal of Biological Chemistry, Vol 272 No 47 Pg 29778-29783 1997.

40



Matozaki. T, Murata. Y, Okazawa. H and Ohnishi. H (2009), Functions and molecular mechanisms

of the CD47-SIRPa signalling pathway, Trends in Cell Biology, Vol 19 No 2 Pg 72-80 20089.

Merritt. W, Bar-Eli. M, and Sood. A (2010), The Dicey Role of Dicer: Implications for RNAi Therapy,
Cancer Research (American Association for Cancer Research, Vol 70 pg 2571-2574

2010.

Miyoshi. K, Miyoshi. T and Siomi. H (2010), Many ways to generate microRNA like small RNAs:
non-canonical pathways for microRNA production, Molecular Genetic Genomics, Vol 284 Pg 95-

103 2010.

Naqgvi. A, Islam. N, Choudhury. N, Hag. Q (2009), The Fascinating World of RNA Interference,

International Journal of Biological Sciences, Vol 5 pg 97-117 2009.

Ni Choileain. S, Astier. A.L (2011), CD46 processing: A means of expression, Immunobiology

(2011), d0i:10.1016/j.imbio.2011.06.003.

Oksenberg. JR, Baranzini. SE, Sawcer. S, Hauser. SL (2008), The genetics of multiple sclerosis: SNPs

to pathways to pathogenesis, Nature Reviews Genetics Vol 9 No 7 Pg 516-26 2008.

Otaegui. D, Baranzini. S, Armananzas. R, Calvo. B, Munoz-Culla. M, Khankhanian. P, Inza. |, Lozano.
J, Castillo-Trivino. T, Asensio. A, Olaskoaga. J and Munain. A (2009), Differential microRNA
expression in PBMC from Multiple Sclerosis patients, PLoS ONE 4(7): e6309.
Doi:10.1371/journal.pone.0006309.

Pais. H, Nicolas. F, Soond. S, Swingler. T, Clark. I, Chantry. A, Moulton. V, and Dalmay. T (2010),
Analyzing mRNA expression identifies Smad3 as a microRNA-140 target regulated only at protein

level, RNA Vol 16 Pg 489-494 2010.

Pillai. R, Artus. C, and Filipowicz. W (2004), Tethering of human Ago proteins to mRNA mimics the
miRNA-mediated repression of protein synthesis, RNA Vol 10 Pg 1518-1525 2004.

Price. M, Lewin. G, Mcllwrath. S, Cheng. C, Xie. J, Heppenstall. P, Stucky. C, Mannsfeidt. A,
Brennam. T, Drummond. H, Qiao. J, Benson. C, Tarr. D, Hrstkall. R, Yang. B, Williamson. R and
Welsh. M (2000), The mammalian sodium channel BNC1 is required for normal touch sensation,

Nature Letters, Vol 407 Pg 1007-1011 2000.

41



Rankin. C, Roy. A, Zhang. Y and Richter. M (2011), Parkin, A Top Level Manager in the Cell’s

Sanitation Department, The Open Biochemistry Journal, Vol 5 Pg 9-26 2011.

Santis. G, Ferracin. M, Biondani. A, Caniatti. L, Tola. M, Castellazzi. M, Zagatti. B, Cattistini. L,
Borsellino. G, Fainardi. E, Gaviolo. R, Negrini. M, Furlan. R and Granieri. E (2010), Altered miRNA
expression in T regulatory cells in course of multiple sclerosis, Journal of Neuroimmunology, Vol

226 Pg 165-171 2010.

Saugstad. J, Roberts. J, Doug. J, Zeitouni. S and Evans. R (2004), Analysis of the membrane
topology of the acid sensing ion channel 2a, The Journal of Biological Chemistry, Vol 279 No 53 Pg
55514-55519 2004.

Sawcer. S, Ban. M, Maranian. M, Yeo. T, Compston. A, Kirby. A, Daly. M, De Jager. P, Walsh. E,
Lander. E, Rioux. J, Halfer. D, Ivinson. A, Gregory. S, Schmidt. S, Pericak-Vance. M, Akesson.E,
Hillert. J, Datta. P, Oturai. A, Ryder. L, Harbo. H, Spurkland. A, Myhr. K, Laaksonen. M, Booth. D,
Heard. R, Stewart. G, Lincoln. R, Barcellos. L, Hauser. S, Oksenbuerb. J, Kenealy. S and Haines. J
(2005), A High-Density screen for linkage in Multiple Sclerosis, American Journal of Human

Genetics, Vol 77 Pg 454-467 2005.

Sherwood. T, Lee. K, Gormley. M and Askwith. C (2011), Heteromeric acid sensing ion channels
(ASICs) composed of ASIC2b and ASICla display novel channel properties and contribute to
acidosis-induced neuronal death, The Journal of Neuroscience Vol 31 No 26 Pg 9723-9734 2011.

Thamilarasan. M, Koczan. D, Hecker. M, Paap. B and Zettl. U (2011), MicroRNAs in Multiple
Sclerosis and experimental autoimmune encephalomyelitis, Autoimmunity Reviews (2011),

doi:10.1016/j.autrev.2011.05.0009.

Timo K. van den Berg (2010), On the origin and function of immune ‘self’ recognition, Immunology

Letters, Vol 128 Pg 24-25, 2010.
Tong. J, Wu. W, Kong. X, Wu. P, Tian. Li, Du. W, Fang. M, Zheng. F, Chen. J, Tan . Z and Gong. F

(2011), Acid-Sensing lon Channels Contribute to the Effect of Acidosis on the Function of Dendritic

Cells, Journal of Immunology Vol 186 No 6 Pg 3686-3692 2011.

42



Villa-Carriles. W, Kovacs. G, Jovov. B, Zhou. Z, Pahwa. A, Colby. G, Esimai. O, Gillespie. Y,
Mapstone. T, Markert. J, Fuller. C, Bubien. J and Benos. D (2006), Surface expression of ASIC2
inhibits the Amiloride sensitive current and migration of Glioma cells, The Journal of Biological

Chemistry, Vol 281 No 28 Pg 19220-19232 2006.

Winter. J, Jung. S, Keller. S, Gregory. R and Diederichs. S (2009), Many roads to maturity:
microRNA biogenesis pathways and their regulation, Nature Cell Biology Vol 11 No 3 pg 228-234
2009.

Wemmie. J, Askwith. C, Lamani. E, Cassell. M, Freeman. J and Welch. M (2003), Acid sensing ion
channel 1 is localised in brain regions with high synaptic density and contributes to fear

conditioning, The Journal of Neuroscience, Vol 23 No 13 Pg 5496-5502 2003.

Wemmie. J, Price. M and Welsh. M (2006), Acid sensing ion channels: advances, questions and

therapeutic opportunities, Trends in Neurosciences, Vol 29 No 10 Pg 578-586 2006.

Xhang. G, Mao. L, Wang. J and Chu. X (2009), Upregulation of acid sensing ion channel 1
expression by chronic administration of cocaine in the mouse striatum in vivo, Neuroscience

Letters, Vol 459 No 3 Pg 119-122 2009.

Xlong. Z, Pignataro. G, Li. M, Chang. S and Simon. R (2008), Acid sensing ion channels (ASICs) as
pharmacological targets for Neurodegenerative diseases, Current Opinions in Pharmacology, Vol 8

No 1 Pg 25-32 2008.

Yermolaieva. O, Leonard. S, Schnizler. M, Abboud. F and Welsh. M (2004), Extracellular acidosis
increases neuronal cell calcium by activating acid sensing ion channel 1a, Proceedings of the

National Academy of Sciences Vol 101 No 17 Pg 6752-6757 2004.
Zha. X, Costa. V, Harding. A, Reznikov. L, Benson. C and Welsh. M (2009), ASIC2 subunits target
acid sensing ion channels to the synapse via an association with PSD-95, The Journal of

Neuroscience Vol29 No 26 Pg 8438-8446 2009.

Zhang. X and Zeng. Y (2010), Regulation of mammalian microRNA expression, Journal of

cardiovascular translational research, Vol 3 Pg 197-203 2010.

43



Chapter 6: Acknowledgments

Thanks to Tamas Dalmay, Francisco Nicolas, Adam Hall and the Dalmay team at The University of

East Anglia.

44



