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Abstract

Restless legs syndrome (RLS) is a sleep-related sensory-motor disorder. It is characterized
by uncomfortable sensations in the legs, mostly during the evening or at night. These symptoms
can partially be relieved by movement, so the patients have to stand up or walk in the middle of
night at their rest time to alleviate the sensory symptoms. RLS consequences are decreased quality
of life and the mental health. This disorder is highly frequent in the elderly in the European descent
populations. Currently, RLS can be considered as one of the most common and probably least
known neurological conditions. This is a complex disorder with both genetic and environmental
factors contributing to its development. Genome-wide association studies (GWAS) have identified
19 loci associated with RLS, among which common variants within MEIS] (Myeloid ecotropic
viral insertion site 1) and SKOR/I (SKI family transcriptional corepressor 1) showed significant
associations. Despite the high prevalence of this disease, and the several genetic studies performed
on it, very little is known about the neurobiological mechanisms that lead to development of RLS.
The work done in this thesis investigates the functions of two RLS-associated genes, i.e. MEIS1
and SKORI. We showed that there are direct links between MEIS1 and SKORI where MEIS1 has
a regulatory role over SKORI expression. Furthermore, we studied the transcriptome-wide
regulatory role of MEIS1 in RLS using in vitro cell models and identified novel genes and
pathways that are regulated by MEISI, and possibly involved in RLS biology. Additionally,
postmortem brain tissues of RLS individuals were implemented to validate the cell line findings.
We observed that mineral absorption pathway was significantly enriched in both in vitro cell
models and the brain tissues. Due to the crucial role of iron in RLS pathogenesis, enrichment of
mineral absorption pathway is a meaningful finding in RLS research. Moreover, we also performed

investigations on the regulatory role of SKORI in RLS and found pathways related to iron



metabolism and also neurodevelopment. To our knowledge, the regulatory role of SKOR1 over

the genes in these pathways is reported for first time in this work.



Résumé

Le syndrome d’impatiences des membres a I’éveil (SIME) ou syndrome des jambes sans
repos (SJSR) est un trouble sensori-moteur li¢ au sommeil. Il se caractérise par des sensations
inconfortables dans les jambes, principalement le soir ou la nuit. Les symptomes peuvent en partie
étre soulagés par le mouvement, de sorte que les patients doivent se lever ou marcher au milieu de
la nuit ou pendant leurs périodes de repos, pour atténuer les symptomes sensoriels. Les
conséquences du SIME sont une diminution de la qualité de vie et des problémes de santé¢ mentale.
Ce trouble est treés fréquent chez les personnes agées des populations d'origine européenne.
Actuellement, le SIME peut étre considéré comme 1'une des affections neurologiques les plus
courantes et probablement les moins connues. Il s'agit d'un trouble complexe dont des facteurs
génétiques et environnementaux contribuent a son développement. Des études d'association
pangénomique (GWAS) ont identifi¢ 19 loci associés au SIME, parmi lesquels des variants
communs dans MEIS1 et SKOR1 ont montré des associations significatives. Malgré la forte
prévalence de cette maladie et les nombreuses études génétiques réalisées, on en sait trés peu sur
les mécanismes neurobiologiques qui conduisent au développement du syndrome. Le travail
effectué¢ dans cette thése a permis d’étudier les fonctions de ces deux genes. Nous avons ainsi
montré qu'il existe des liens directs entre MEIS1 et SKOR1, MEIS1 jouant un role de régulation
sur l'expression de SKOR1. De plus, nous avons étudié le role de régulateur transcriptionnel de
MEIS1 a I’échelle du génome dans des systémes cellulaires in vitro et identifié¢ de nouveaux genes
et voies régulés par MEIS1, et possiblement impliqués dans la biologie de ce trouble. En outre,
des tissus cérébraux postmortem de patients atteints du SIME ont été utilisés pour valider les
résultats obtenus au niveau cellulaire. Nous avons ainsi observé que la voie d'absorption des
minéraux était considérablement enrichie a la fois dans les mode¢les cellulaires in vitro et dans les

tissus cérébraux. En raison du rdle crucial du fer dans la pathogénése du SIME, 1'enrichissement



de la voie d'absorption des minéraux est une découverte significative. De plus, nous avons
¢galement mené des recherches sur le role régulateur de SKORI1 dans le SIME et découvert des
voies liées au métabolisme du fer et au neuro-développement. A notre connaissance, le role

régulateur de SKORI1 dans ces voies particulieres est décrit pour la premicére fois dans ce travail.
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Figure 29. Integrating the data obtained from cell line transcriptomic analyses from Chapters 4
and 5 (MEISI and SKORI regulatory network). Seven genes are present in the transcriptomic
data obtained from both SKOR1 and MEIS1. HMOX1 and CDC20 are positively regulated by
both transcription factors. RBMS3, CTSF, LANCLI1, PPMIL and NTN3 are negatively

regulated. The values represent the logFC of the gene expression...........ccoecveeveeeieenieenieeneenne. 128
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Chapter 1 Introduction
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“Wherefore to some, when being abed they betake themselves to sleep, presently in the arms and
legs, leapings and contractions of the tendons, and so great a restlessness and tossing of their
members ensue, that the diseased are no more able to sleep, than if they were in a place of the

greatest torture”.

First definition of restless legs syndrome, Sir Thomas Willis, 1672

Restless legs syndrome (RLS) is a sleep-related sensory-motor disorder. The first
description of RLS was provided by Sir Thomas Willis in 1672 when he reported a condition where
patients had difficulty in sleeping because of discomfort in their limbs. It was only after 1945 that
a more detailed description of this disease was made by the Swedish neurologist Karl Ekbom,
hence RLS is also referred to as Willis-Ekbom disease (WED) [4]. Currently in 2019, RLS can be

considered as one of the most wide-spread and probably least known conditions.

Diagnostic criteria

The diagnostic criteria of RLS were first established by International Restless Legs
Syndrome Study Group (IRLSSG) during a workshop held at the National Institute of Health
(NIH) in 1995. The original diagnostic criteria were subsequently updated in 2003 and more
recently in 2014. This last update suggested that it is essential for an RLS diagnosis to meet all the
following five criteria [5]:

1. An urge to move the legs usually but not always accompanied by, or felt to be caused by,

uncomfortable and unpleasant sensations in the legs.
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2. The urge to move the legs and any accompanying unpleasant sensations begin or worsen
during periods of rest or inactivity such as lying down or sitting.

3. The urge to move the legs and any accompanying unpleasant sensations are partially or
totally relieved by movement, such as walking or stretching, at least as long as the activity
continues.

4. The urge to move the legs and any accompanying unpleasant sensations during rest or
inactivity only occur or are worse in the evening or night than during the day.

5. The occurrence of the above features is not solely accounted for as symptoms primary to
another medical or a behavioral condition (e.g. myalgia, venous stasis, leg edema, arthritis,

leg cramps, positional discomfort, habitual foot tapping) [5].

Overall, the frequency of the symptoms can range from less than once a year to daily, and
also their severity can range from mild annoyances to severe disruptions of sleep that warrant
medical treatment. Moreover, the symptoms may be absent for different periods of time. There are
also additional features that can support the diagnosis of RLS, for instance signs of periodic limb
movements (PLMs), either while awake (PLMW) or during sleep (PLMS), effectiveness of

dopaminergic treatments, and a family history of the disease [5].

Epidemiology

According to a review made by Koo [4] in 2015, over 50 epidemiological studies were
conducted for RLS. These studies were performed across the populations of five of the six
inhabited continents (not Australia); though most of them studied individuals from North America
and Europe. Comparisons of the different epidemiological studies have been complicated since

each one took different ascertainment criteria into account when estimated the prevalence of RLS.
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Some studies only considered one question, though most took three or four diagnostic criteria into
consideration. However, regardless of the methodology used, most studies reported RLS to be a
prevalent condition. It is also noteworthy that many of the cases included in these epidemiological

studies only showed mild symptoms and did not received medical attention.

A breakdown of the reported RLS prevalence rates in different continents has been
provided in a review by Koo [4]. In Africa, a prevalence rate ranging between 0.03% and 0.47%
was reported based on two studies performed in Tanzania [6, 7]. In Asia, 13 studies have been
performed, mostly in South Korea, and these reported a prevalence ranging between 0.9% and
12.1% [8-12]. Overall, it is also worth pointing-out that distinctly higher prevalence was observed
in the studies that required a positive answer to only one of the questions, as such these studies
included in a larger number of individuals being included in the study. By comparisons, studies

that required four affirmative criteria reported estimates as low as 1.0%.

Most RLS epidemiological studies were conducted across populations from European
countries. The prevalence was diverse and ranged between 3.2% and 24.2% (lowest in Turkey and
highest in France) [13-24]. North American studies showed the prevalence of RLS to be between
0.4% and 18.3% [25-31]. In South America, the prevalence ranged from 2.0% to 20.2% (lowest in

Ecuador and highest in Argentina) [32-35].

Having a more detailed look at the prevalence rates, there is an overall higher trend of RLS
in northern European countries, as such it appears that among other factors, latitude could
influence the onset and/or progression of RLS (Figure 1). This higher prevalence in northern

European countries suggests that sun exposure, vitamin D, and daylight time might have an effect
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on RLS development. RLS is more common in women than men and its prevalence increases with
age in European and North American populations [36]. The condition is also more prevalent in

individuals with iron deficiency or kidney disease [37].
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Figure 1. Higher RLS prevalence in countries with a higher latitude in the Europe. This
figure shows RLS incidence per 1,000 individuals in each city or country composed of 500 men
and 500 women. Aug, Augsburg, Germany; Bur, Bursa, Turkey; Dor, Dortmung, Germany; Kan,
Kandira, Turkey; Lar, Larissa, Greece; Mer, Mersin, Turkey; Pom, Pomerania, Germany; Rey,
Reykjavok, Iceland; S Ty, South Tyrolia, Italy; Som, Sombor, Serbia; StE, Saint Etienne, France;

Upp, Uppsala, Sweden [4]. Adapted from Koo, Sleep Med Clin, 2005.
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Treatment options

Dopaminergic treatments

Over the past 10 years, the use of dopaminergic precursors (e.g. levodopa) has been the
first line of treatments for RLS [38]. Levodopa can be taken up by the blood-brain barrier (BBB)
and subsequently stimulate the production of dopamine. Despite the efficacy of levodopa
treatments to reduce the severity of RLS symptoms, there are reports highlighting critical
complications such as augmentation and tolerance. Augmentation of symptoms can emerge in the
case of a sustained use of dopamine treatments and it refers to an earlier advent of the symptoms
in the course of the day. Augmentation can also be accompanied by symptoms in other organs in
addition to the legs. On the other hand, tolerance refers to the process of lower effectiveness of the

treatment over time and the need to increase the medication dose [39-41].

Over time, the prescription of dopamine precursors for RLS has declined. Instead, longer-
acting dopaminergic agents have come to be used. Dopamine agonists including pramipexole,
ropinirole (binds to D3 receptors), and rotigotine (binds more efficiently to D1 and D5) have
become more widely used to more effectively treat RLS [42-44]. By comparison to the use of
dopamine precursors, the use of dopamine agonists is notably less associated with the development

of augmentation side effect.

Gabapentinoids
Gabapentinoid drugs are also used to treat RLS [45]. These drugs are ligands of the alpha-
2-delta subunit of a subset of voltage-gated calcium channels and block these channels.

Gabapentinoids are also frequently used in the treatment of neuropathic pain. Studies on North
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American and Japanese populations have shown the efficacy of this treatment in multiple reports.

Other countries do not currently permit prescription of gabapentinoids for RLS treatment [46, 47].

Opioids

Opioids have also been used as an option for RLS treatment and have been shown to reduce
RLS severity [48]. However, considering the risks of addiction and abuse, opioid formulations are
only prescribed for patients with severe RLS and in cases for which treatments with dopamine

agonists and gabapentinoids have already failed.

Iron supplements

Iron plays a crucial role in a number of biological processes (e.g. dopamine synthesis).
Epidemiologic studies suggest that the prevalence of RLS is higher in patients suffering from iron
deficiency anemia compared to the general population; this prevalence can reach 23.9% [49].
Furthermore, magnetic resonance imaging (MRI) of RLS patients’ brain regions showed that the
most consistent biological abnormality observed in RLS patients is brain iron deficiency within
the substantia nigra, red nucleus, putamen, caudate nucleus, and thalamus [50, 51]. These
observations led to the hypothesis that iron plays a major role in the RLS pathophysiology [52].
One hypothesis is that iron transport from blood circulation through the BBB into the central
nervous system (CNS) could be impaired in RLS, leading to low iron levels in some brain regions
[53]. It is also hypothesized that low iron in RLS brain can activate the hypoxic response pathways

in the CNS [54].

A variety of iron formulations either in the form of oral intake or intravenous (IV) delivery

have been implemented as RLS treatments. Oral iron treatment by ferrous sulfate did not show
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significant improvements of RLS symptoms [55]. This low effectiveness can be due to the low
dietary iron uptake. The emergence of IV treatment by iron sucrose solved this issue to some extent
and showed more efficiency, especially in patients with low ferritin levels [56]. Another form of
iron formulation, which is a high molecular weight iron dextran has been studied as a treatment
for RLS. However, this medication is not considered safe enough for treatment of RLS because it
can cause anaphylactic shock in some cases. An advanced iron formulation, ferric carboxymaltose
(FCM), was recently designed; this iron formulation delivers iron in a more controlled manner and
does not release extensive ionic iron into the serum, resulting in a reduced RLS severity [57, 58].

The current treatment options are summarized in detail in a review article by Salminen et al. [45].

RLS risk factors and comorbidities

Pregnancy

The prevalence of RLS increases in pregnant women specifically in their last trimester and
approximately 11% to 27% of pregnant women have been reported to meet RLS criteria [59, 60].
Multiple pregnancies is a risk factor that increases the likelihood of developing transient RLS [61].
Low folate, low iron, and hormonal changes have been suggested to play roles in increasing RLS
in pregnant women [59]. However, it is challenging to assess iron deficiency in pregnant women
because they mostly take folate supplements which increases ferritin levels. There are likely links

and correlations between higher levels of estradiol and RLS [62, 63].

Kidney disease
The epidemiological studies investigating the prevalence of RLS in individuals with end-
stage renal disease (ESRD), patients on hemodialysis, or with chronic renal insufficiency (CRI)

resulted in a range from 15% to 68% (in Hungarians and European Americans) [64, 65]. Renal
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failure is considered as one of the most common associations with RLS. RLS symptoms do not
ameliorate with dialysis; however, a successful kidney transplant can improve RLS symptoms.
The presence of RLS in patients with renal failure and long-term dialysis can increase the mortality

risk [66].

Iron deficiency
Iron deficiency in RLS has been demonstrated in three types of studies: pathophysiological,
iron treatment, and epidemiological:

e Pathophysiological studies report that a reduced level of iron is observed in the
brain or cerebrospinal fluid (CSF) of RLS patients in comparison to control
individuals [53].

e Treatment studies suggest that either oral or IV iron treatments can ameliorate RLS
symptoms. The effectiveness of iron treatment was more effective in the patients
with compromised iron availabilities (either in ESRD or the blood donors). IV iron
treatments resulted in long lasting improvement of the symptoms in about 20% of
the treated cases [67, 68].

e Epidemiological studies report that the prevalence of RLS increases in the
populations with iron deficiency or in individuals with iron deficiency anemia
(IDA), compared to non-iron deficient cases [49]. Overall, there is no consistent

relation between RLS and serum iron or ferritin status [52].

Neuropathy
Sensory symptoms of polyneuropathy can seem similar to RLS symptoms. However,

neuropathy symptoms are usually located in the feet and not the legs, and movement cannot
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alleviate the symptoms [69]. The evidence supporting an association between neuropathy and RLS
is limited. For example, Gemignani et al. [70] reported that one-third of their studied neuropathy
cohort had RLS, and this subset of neuropathy and RLS cases had higher chance of having small
fiber sensory neuropathy than neuropathy cases without RLS. However, a subsequent and
independent study reported that there was not a higher chance of developing neuropathy across

patients who were first observed to have RLS [71].

Other comorbidities

A systematic review by Trenkwalder et al. reported potential associations between RLS
and some cardiovascular diseases in women, diabetes (and neuropathy), migraine, and
dopaminergic treatment in Parkinson’s disease (PD) patients [68]. However, the evidence for
existing associations between RLS and other phenotypes such as anemia without iron deficiency,
hypertension, multiple sclerosis (MS), headache other than migraine, strokes, and ataxias are
insufficient [68]. Overall, familial RLS with more genetic determinants (a topic that will be
discussed later in this chapter) are accompanied by fewer environmental factors and comorbidities

and vice versa.

Family history and genetic studies of RLS

Based on the current literature, up to 60% of idiopathic RLS (iRLS) patients have a positive
family history [16, 72-75]. iRLS refers to the condition that other comorbidities are not present in
the patient and genetic plays an important role in it. In 2010, a family study on Canadian RLS
cases identified familial aggregation with a rate of 77.1% [76]. Some other investigations reported
that iRLS cases with a positive family history have a younger age at onset as compared to the RLS

cases without family history [75, 76].
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Furthermore, a study by Allen et al. in 2002 [77] suggested that the prevalence of RLS
increases in the first- or second-degree relatives of RLS patients. In this study, RLS patients were
compared to controls, and a significantly higher frequency of RLS in the first- and second-degree
relatives was observed. Genetic anticipation studies have also been performed on RLS cases to
further prove the role of genetic in the disease. Genetic anticipation is described as an earlier age
at onset (or more severe symptoms) from one generation to the next. In a German multiplex family,
earlier onset of the symptoms was observed in the third and fourth generations compared to
generations one and two [78]. Genetic anticipation has also been reported in families in Turkey

and Brazil [79-81].

Twin studies have also been performed to investigate the rate of heritability and role of
genetic in RLS. These investigations reported a significantly higher concordance rate of RLS in
monozygotic twins compared to dizygotic twins [82-84]. The high rate of familial RLS, genetic
anticipation, and high concordance rate of RLS in monozygotic twins are all in support of a genetic
role in RLS. Nevertheless, RLS is a complex condition and environmental factors also contribute

to its development.

Genome-wide linkage studies

Between 2001 and 2008, RLS genetic studies were focused on familial cases with the
assumption that RLS is a monogenic disorder. Genome-wide linkage (GWL) approaches in large
multiplex families, mostly with an autosomal dominant mode of inheritance and one with
autosomal recessive inheritance pattern were conducted. These investigations did not identify a

single gene causing RLS. To date, a total of eight loci have been found to segregate in the studied
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families. These loci had slightly significant linkage scores (logarithm of odds ratio, LOD), in large
genomic regions [85-92]. These large genomic regions underwent sequencing efforts but did not
result in identification of a causally related sequence [93]. Currently, it is well understood that
RLS is not a classic monogenic disorder and a single variation is likely not causing the disease;
rather, it is a complex condition. Complex traits are affected by a combination of multiple genetic
factors with small to moderate effect sizes in different genomic regions and also by environmental

factors [94].

Genome-wide association studies

The “one-mutation, one-gene, one-outcome” model is not proper for studying complex
traits. These conditions can have contributions from several genes, some of which might interact
with one another in additive (epistatic) or non-additive ways, and can additionally interact with
the effect of environmental factors [95]. Identification of these contributors can play an important
role in obtaining effective treatments for the disease. Considering the complex nature of RLS, its
genetic investigations progressed toward association studies aimed at identifying common variants

with small to moderate effect sizes.

The first genome-wide association study (GWAS) for a common sleep disorder was
performed on RLS in 2007 [96]. 401 patients with familial RLS and 1,644 control individuals of
German and French-Canadian origin were studied in this report and common variants in three
noncoding genomic regions were identified [96]. The strongest association signal was found in a
32 kb linkage disequilibrium (LD) block in intron 8 of MEIS1 gene [96]. This association has been
replicated in several follow-up studies in both familial and sporadic RLS cases (odds ratio

(OR) =1.92, 95% confidence interval (CI) 1.85 — 1.99, p-value = 2.00E-280, from a recent meta-
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analysis in 2017) [97-100]. Furthermore, common variants in an intergenic region between
MAP2K5/SKOR1 were also found to be associated with RLS and were replicated in different
populations. Overall, common genetic variants with low effect size in 19 loci were identified for

RLS, each conferring a small risk for the disease [100].

Post-GWAS era

Since the emergence of GWAS in 2005, a wide range of genetic variations were found to
confer risk of complex traits or phenotypes. A considerable number of these loci were also
replicated in different studies, suggesting that they are true associations [101]. However, making
connections between these findings and deciphering the underlying biology of the condition based

on these results is usually challenging. This challenge is mainly present on two levels:

1) The identified genetic loci do not specify which variant is disease-causing [95]. This
problem arises from the fact that many variants are in strong LD with the disease-
associated variant and make a haplotype [102]. When there is strong LD between the
genetic variants in a haplotype, distinct associations with the disease cannot be

specified; this prevents researchers from identifying a single causal variant [103, 104].

2) Itis not specified which gene is altered by the associated variant. This is due to the fact
that a large number of candidate variants are within non-protein-coding regions and
maybe located within long distances from their closest genes [105]. It is noteworthy
that these disease-associated variants are in regions that are enriched with cis-
regulatory elements (CREs). Changing the transcriptional regulation of these CREs

over other genes can be considered as a potential role for these variants [103-105].
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A look into the publications in the period of 2005 to 2016 shows a drastic increase in the
number of studies reporting disease-associated variants. However, there is a large gap between
these findings and follow-up functional investigations that address the possible implications of

these findings. This gap is one of the main issues of the post-GWAS era (Figure 2) [95].
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Cumulative GWAS studies and functional
follow-up studies by year

2009 2010 2011 2012 2013

GWAS Functional studies

Figure 2. Functional follow-up studies of disease risk loci identified by GWAS lags behind
the discoveries of new disease-associated variants [95]. Adapted from Gallagher et al., American

Journal of Human Genetics, 2018.
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MEIS1

MEIS1 contribution to RLS genetic

Both common and rare variants in MEISI region have been reported to be associated with
RLS. Identification of common variants in MEIS] was discussed in the previous section [96-100].
Contribution of rare coding variants in MEIS] region was also proposed to be a cause of RLS. In
one of 71 familial RLS probands, an Arg272His (p.R272H) variation was found. However, this
finding failed to be replicated in a case-control genotyping study across a North American cohort
[106]. Another study performed a burden test on a German population and reported an excess in
the rare null alleles specific to MEISI isoform 1 in RLS cases compared to controls [107].
Furthermore, in a study performed by Xiong et al., 285 familial RLS probands who had received
a clinical RLS diagnosis were studied. The 13 MEISI exons (and their corresponding splice
junctions) were sequenced, however no variants were identified [108]. Overall, these studies
suggest that the contribution of the coding variants is at most a very rare cause of RLS. This
observation could be expected because MEIS1 is a homeobox transcription factor and is involved
in many different stages of developmental processes. Presence of functional coding variants in this

gene would likely have many additional consequences, other than RLS.

MEIS1 protein functions

MEIS1 is a homeobox transcription factor (TF); this protein belongs to the three amino
acid loop extension (TALE) family of homeodomain proteins. In collaboration with PBX or HOX,
MEISI forms heterodimeric or heterotrimeric complexes and this results in higher DNA binding
specificity and affinity [109]. MEIS1 has been suggested to have roles in hematopoiesis, vascular
patterning [110, 111] and neurodevelopment [112-115]. MEISI regulates the proximodistal limb

axis development [112]. This gene is highly expressed in dopaminergic neurons of the substantia
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nigra and red nucleus, however its function in these cells remains unknown [113-115]. MEISI
establishes motor neuron pool identity and their target-muscle connectivity [116]. The numerous
roles for MEISI during development make the study of its specific role in RLS biology more

challenging.

Reduced MEIS1 expression may contribute to the RLS development in a subset of
patients

A follow-up functional study after the first GWAS on RLS was performed by Xiong et al.
in 2009. Human lymphoblastoid cell lines (LCL) and two different brain regions (thalamus and
pons) from RLS patients were implemented in an expression study. A quantitative reverse
transcriptase polymerase chain reaction (q-RT-PCR) followed by western blot analysis revealed
that the patients who carry the MEISI RLS risk haplotype (GG/GG, rs12469063—1s2300478)
express reduced levels of MEIS] mRNA and protein in LCL and thalamus. The authors suggest
that in a subset of RLS individuals, reduced MEISI expression can contribute to development of

the symptoms [108].

The lower MEIS|1 expression in a subset of RLS patients was followed up in in vivo studies
in mouse models. Young male and female mice with heterozygous Meis! knockout showed
hyperactivity; however, no effect was observed on their anxiety-related behaviors [114, 117].
Subsequently, middle aged mice were used in another study to also consider the age-related
manifestation of RLS symptoms in human [118]. In these animal models, Meisl
haploinsufficiency in middle aged mice was associated with an increase in the activity more
specific to the beginning of the rest phase of animal in a sex-dependent manner. This observation

was similar to the circadian rhythm of RLS symptoms in human patients [118].
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Allele-dependent cis-regulatory function of MEIS1 in the telencephalon in two animal

models (mice and zebrafish)

MEIS| contains a cluster of highly conserved noncoding regions (HCNRs), suggesting the

presence of CREs [114]. Considering that most RLS-associated variants found by GWAS are

within non-protein-coding regions including CREs, Spieler et al. conducted a study to explore the

cis-regulatory role of the common intronic variants in MEIS] HCNRs [114]. RLS-associated single

nucleotide polymorphism (SNP, rs12469063) is in the HCNR 617 of MEISI; in this study, a

reporter assay was conducted to assess the effect of this RLS risk variant on the enhancer function

of HCNR 617 in transgenic mice and zebrafish:

In mice, rs12469063 lies within a region of high interspecies conservation, has a
neural enhancer activity, and has an allele-specific functional impact on the
enhancer functionality of this region. The authors reported that the risk allele of
1512469063 decreases the enhancer activity of this region in LGE and MGE (lateral
and medial ganglionic eminences, respectively). This effect in LGE/MGE suggests
that RLS may involve the basal ganglia because these regions give rise to the basal
ganglia [119]. This HCNR harboring the RLS-associated rs12469063 has an
enhancer function during development, suggesting that this effect and the
predisposition to RLS probably occurs during embryonic development. CREB1 has
higher binding affinity to the RLS risk allele compared to the protective allele of
rs12469063 (observed in an affinity chromatography).

A reporter assay in zebrafish also confirmed the observed enhancer activity of

HCNRs in mice. Two more transcriptionally active enhancers were also introduced
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in these zebrafish models in addition to HCNR 617. In this report, HCNR 617

harboring 1512469063 is the only RLS-SNP dependent enhancer region [114, 120].

MEIS1 has links with iron metabolism

Unc-62 is the MEISI orthologue in Caenorhabditis elegans (C. elegans) with 25% identity
with MEIS] and almost 80% identity with its homeodomain. Unc-62 is one of the 64 genes by
which post-developmental inactivation increases the worm’s life span. Changes in the iron content
of the worm’s media can alter the effect of Unc-62 on the worm’s life span, suggesting that Unc-
62 is involved in iron metabolism. Catoire et al. measured the effects of Unc-62 on the expression
of ferritin. It was found that post-developmental inactivation of Unc-62 using RNA interference
(RNA1) was associated with higher ferritin levels. Ferritin protein has a key role in iron

metabolism, allowing excess iron storage and releasing it into a soluble and nontoxic form [121].

The lower MEISI expression observed in thalamus samples obtained from RLS patients
carrying the MEIS] risk haplotype was associated with an increased mRNA level of light and
heavy chain ferritin (F7N), as well as DMT1. DMT] encodes a proton-coupled metal transporter
that carries iron from the extracellular domain to the cytoplasm and is expressed in the endosomes
of brain capillary endothelial cells denoting the BBB [122-124]. This study suggested a regulatory
role for MEIS1 on iron management proteins. Detailed links between MEISI and RLS are

discussed in a review article by thesis author [1] and are summarized in Figure 3.
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Figure 3. An overview of the links between MEISI and RLS mechanisms [1]. Adapted

from Sarayloo et al, Frontiers in Neurology, 2019.
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As mentioned in the previous sections, some RLS patients respond well to iron treatment.
This led some studies to interrogate the underlying pathways differing between responders versus
non-responders. Some studies investigated the iron uptake at the blood-brain barrier and the
possible roles of MEISI in this regard [125]. Unpublished data by Connor et al. 2017 presented in
a review article reported that treatment of a cell culture model of BBB with iron chelators is
associated with an increase in MEISI expression. Conversely, iron loading decreased MEIS]
expression (the small sample size in this report indicates that more investigations remain to be
done to further validate this observation) [54, 126]. These observations suggest a novel role for

MEIS1 in the BBB which warrants further examination.

Hypoxia has also been reported to be an activated mechanism in a number of cell types in
RLS patients [127-130]. Hypoxia is related to cellular iron deficiency and functional studies on
the role of MEISI in conditions other than RLS suggest roles for MEIS1 in hypoxic pathways. For
example, studies on the possible roles of MEIS1 in leukemia reported that loss of MEIS1 led to
oxidative stress, and hypoxia reversed this oxidative stress and prevented the progression of

leukemia in MEIS1-deficient cells [131].

The links between MEIS1 and other sleep related disorders

RLS is a common and complex sleep-related disorder and the pleiotropic effects of its
predisposing genes on other common sleep-related disorders is plausible. Insomnia is
characterized by problems in falling asleep or maintaining sleep. The heritability of insomnia is
estimated to be 38% and 59% in men and women, respectively; this suggests that genetic factors
play an important role in insomnia. A UK Biobank GWAS on insomnia showed that MEIS] had

the strongest association signal, suggesting MEIS] may be a shared genetic risk factor for RLS
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and insomnia [132-134]. However, the pleiotropic effect of MEISI in RLS and insomnia is
controversial; some studies suggest that the association of MEIS] with insomnia only comes from
the inclusion of RLS cases in the insomnia studies [135]. Others argue that the overlap in the
phenotype of RLS and insomnia could drive only some, and not all of the MEISI’s association
with insomnia, thus MEIS] may have a pleiotropic effect on RLS and insomnia [132]. A part of
such inconsistencies arises from the heterogeneous phenotypic definition of insomnia itself which

can lead to the inclusion of a number of RLS cases.

Periodic leg movement during sleep (PLMS) are present in approximately 80% of RLS
cases and several GWAS on PLMS also showed associations with MEIS] [136-140]. This
pleiotropic effect can arise from MEIS1’s wide expression pattern during the development [141].
During development, MEISI is expressed in granule cell lineage cells and astrocytes in the
cerebellum. In post-embryonic neuronal tissues, it is expressed in the adult mouse brain in
cerebellar granule cells, the forebrain and importantly, in dopaminergic neurons of the substantia
nigra (as shown in the Allen Brain Atlas of the mouse brain, http://mouse.brain-map.org). Current

literature supports no genetic links between RBD (REM sleep behavior disorder) and MEISI.

SKORI1

Variants in the promoter region of SKORI were found to be associated with RLS and were
replicated in different populations [2, 96, 99, 100]. Despite the importance of SKORI in RLS
genetic, little is known regarding the actual function of this gene in RLS underlying pathways.
Also, little is known about the actual functional properties of SKOR1 protein in general. The
Genotype-Tissue Expression (GTEx) database [142] shows that SKORI has its highest expression

in cerebellum and cerebellar hemisphere. In the embryonic CNS of mice, Skor! is expressed
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posterior to the midbrain-hindbrain border in a certain subset of post-mitotic neurons. In the
developing spinal cord in mice, Skor! is selectively expressed in dorsal horn interneurons; in this
region, a homeodomain transcription factor, Lbx1, is required for proper specification [143]. Skorl
interacts with Lbx1 and they cooperatively repress transcription, suggesting that Skorl acts as a
transcriptional corepressor for Lbx1 in regulating cell fate determination in the dorsal spinal cord

(SKOR1 was previously known as LBXCORI) [143].

Whole transcriptome sequencing

Understanding the transcriptome is necessary for the identification of the functional
features of the genome as well as understanding the underlying molecular mechanisms
contributing to the development of the diseases. Since the advent of RNA Sequencing (RNA-Seq)
a decade ago, it has become a ubiquitous tool for interpretation of the genomic functions.
Microarrays were used in the past for identification of differential gene expression (DGE),
however the hybridization nature of microarrays limits the abilities of this method. RNA-Seq is a
genome-wide transcriptome analysis method used to quantify RNA levels by using high-

throughput sequencing (HTS) approaches via sequencing complementary DNA (cDNA) [144].

The standard procedure of RNA-Seq starts with RNA extraction from tissues or cell lines.
The majority of the RNA content in cells is comprised of ribosomal RNA (rRNA); messenger
RNA (mRNA) enrichment (poly(A) selection) or rRNA depletion (Ribo-Zero) are the main
methods used to circumvent this issue [145]. Library preparation is performed on RNA samples
by converting them to cDNA followed by ligating adaptors to the cDNA sequences. These short
fragments will be sequenced on sequencing platforms (usually Illumina) with different read depths

depending on the objectives and the available funds of the study. Basically, higher read depths can
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result in the identification of more differentially expressed genes (DEGs). Subsequently, the reads

will be aligned to a reference genome or are assembled de novo, after which their overlaps with

the transcripts will be counted and normalized in different replicates. Based on the study

objectives, statistical models will be fit to the data and the DEGs between different conditions will

be discovered.

Hypotheses and objectives

Functional or expression studies on the association signals found by RLS genetic studies

are still in an early stage and there is still a high demand for more in-depth investigations. Our

group has done a number of studies investigating the functions of MEIS1 and to a lesser extent

SKORI1 in RLS. Based on our previous work and also the literature:

Y

2)

We hypothesized that in addition to MEISI, the other known RLS-associated
noncoding variants might also have a regulatory effect on the genes harboring them
(similar to the effect of MEIS] risk haplotype on its mRNA and protein expression).
The objective for Chapter 3 was to test these effects on material obtained from RLS
patients (lymphoblastoid cell line, pons, and thalamus) harboring different RLS-
associated variants (by the time of this study, noncoding regions of MEISI, BTBD?Y,
SKORI, and MAP2K5 were found to harbor RLS-associated variants). Based on the
results from this experiment, we found that there are links between two of these genes

(MEIS1 and SKORI, published at Scientific Reports, 2018 [2]).

The data obtained in Chapter 3 showed a transcriptional regulatory role for MEIS1 in
RLS. Moreover, MEISI1 is a homeobox-containing transcription factor with regulatory

roles on iron management proteins in C. elegans [124]. Despite its contribution to RLS
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genetic, no direct role is found for this gene in the known RLS pathways. We
hypothesized that the reduced expression of MEISI in a subset of RLS patients might
lead to changes in the expression levels of its downstream genes that might play crucial
roles more directly related to RLS. The objective of Chapter 4 was to generate human
cell models with dysregulated MEIS1 expression, a condition similar to a subset of RLS
patients, followed by whole transcriptome sequencing. Subsequently, RLS patients’
brain material with reduced MEISI expression also underwent RNA sequencing and

their results were cross-validated with the cell line data (published at PLoS ONE, 2019

[3D.

Based on the significant contribution of SKOR! in RLS genetic, its direct links with
MEISI, and its reduced expression in a subset of the patients (Chapter 3), we
investigated the role of SKORI in RLS pathways in Chapter 5. Currently, there is a
limited understanding of the actual function of SKOR1. The studies so far suggest that
SKORI1 performs as a transcriptional corepressor in regulating cell fate determination
in the dorsal spinal cord [143]. We hypothesized that SKOR1 might also have a
transcriptional regulatory function in RLS (an event similar to what was observed for
MEISI in Chapter 4). The objective of Chapter 5 was to use human cell lines to
manipulate SKOR1 expression followed by RNA sequencing to find downstream genes

and pathways for SKOR1, possibly related to RLS (manuscript in preparation).
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Chapter 2 Material and methods
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LCL culture

We selected LCL samples from RLS patients that were previously established by
transformation with EB virus using standard protocols. These LCL samples were grown at 37°C
and 5% CO; in RPMI 1640 medium (Invitrogen) supplemented with 15% (v/v) heat-inactivated
fetal calf serum (Sigma-Aldrich), 0.29 mg/ml of I-glutamine, 100 U/ml of penicillin and 100 pg/ml
of streptomycin (Invitrogen). At an approximate density of 1 x 10° cells/ml, the cells were

harvested for the follow-up experiments [2, 108].

Postmortem RLS brain tissues

Brain tissues (thalamus and upper pons) were autopsied from 31 physician diagnosed RLS
patients (Caucasians of European ancestry) from the Harvard Brain Tissue Resource Center. Final
diagnosis was made by an RLS expert based on available questionnaires and medical records but
blinded to the genotype information; same samples were previously used in our earlier RLS reports

[108, 124].

RNA isolation and quantitative reverse transcriptase polymerase chain
reaction (q-RT-PCR)

0.2 g of frozen brain tissues (thalamus and pons) were used for RNA extraction using the
RNeasy® Lipid Tissue kit (Qiagen). For the case of LCL samples or human cell lines, RNA was
extracted from 5 million cells using the RNeasy® mini kit (Qiagen). Reverse transcription of RNA
to cDNA was performed from 1ug of total RNA using either a mix of oligo-dT and random primers
and the Quantitect® Reverse Transcription kit (Qiagen) or the SuperScript® VILO™ c¢cDNA

Synthesis Kit (Invitrogen). q-RT-PCR was performed using TagMan method (Applied
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Biosystems) with probes and primers designed by Applied Biosystems specific for BTBD9
(Hs00537653 ml), MAP2K5 (Hs00177134 ml), MEISI (Hs00180020-m1), MT24
(Hs02379661 gl), CNTFR (Hs00181798 ml), CNINAP4 (Hs00369159 ml), VDR
(Hs01045843 ml), HMOXI (Hs01110250 ml), SLC3041 (Hs00253602 ml), MTIX
(Hs00745167 sH), ATPiIAlI  (Hs00167556 ml), SIX4 (Hs00213614 ml), COL943
(Hs00951243 ml), BAG3 (Hs00188713 ml), EVC2 (Hs00377633 ml) and a custom probe
designed at the junction of two exons of SKOR/ (AJIRULU). PCR conditions were as follows:
50°C for 2 min, 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec (denaturation) and 60°C
for 1 min (annealing and extension). Fluorescent signals were captured using the ABI PRISM®
7900HT Sequence Detection System (Applied Biosystems) or QuantStudio™ 7 Flex Real-Time
PCR System and Software (v1.0, Applied Biosystems). Expression levels were determined by
converting the threshold cycle (Ct) values using the 224t method and were normalized using the
human 18S rRNA gene with commercial primer-probe mix (Applied Biosystems) or the human
POLR2A control (Hs00172187 ml). All experiments were run in triplicate and independent

cDNA synthesis was performed twice.

Small interference RNA (siRNA) assays

100 pmol of MEISI specific siRNA (Qiagen, Hs MEIS1 10, #S104321331) was used for
transfection of HeLa cells using the jetPRIME® (Polyplus) transfection reagent; 48 hours post-
transfection, MEISI expression was decreased with 70% efficiency. The negative control cells

were transfected with low GC duplex control siRNA. This experiment was performed in triplicate.
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Case-control RLS association study

TagMan assays C_ 11771023 10 was used for the genotyping of rs4776976 (C/T)
following the manufacturer's instructions and the genotypes were determined using the Applied
Biosystems 7900 Fast Real-Time Polymerase Chain Reaction (PCR) System and Safety Data
Sheet (SDS) software (v. 2.2.2). Genotype distribution deviation from the Hardy—Weinberg
equilibrium was checked by the goodness-of-fit with one degree of freedom (df). Differences in
sex and age were tested by %2 (Chi-squared) or Student's t-tests, respectively. rs4776976

association with RLS was performed using the PLINK program [2, 146].

Electrophoretic mobility shift assay (EMSA)

We tested the binding affinity of MEIS1 and Pbx1 to SKORI promoter at the three potential
sites with an electrophoretic mobility shift assay. PCS2 vectors were designed to express either
wild-type or mutated MEIS1 (N51S, since 51 is a crucial position of homeobox domains) or Pbx1
(provided by Dr. Featherstone). In vitro transcription/translation (IVTT) (TNT Coupled
Reticulocyte Lysate Systems part #IB126, Promega) method was used to purify the proteins. On
the other hand, the following oligonucleotides were used for the SKORI promoter DNA probes:
(SKOR1 _*2.6 top: tca aac ttg ggc cgg aca gta tga tta att aca gtt taa tt; SKOR1 2.6 bottom: taa
tta aac tgt aat taa tca tac tgt ccg gee caa gtt tg; SKORI1 1,76 top: tgc act cca gee tgg gtg aca gag
tga gtg aga ttc cat ttc; SKOR1 1,76 bottom: tga aat gga atc tca ctc act ctg tca ccc agg ctg gag tgc;
SKOR1 8,7 top: tgg ccc cag ttc aca atg aca ggc agg tgc cte cte tge ttc; SKOR1 8,7 bottom: tga
agc aga gga ggc acc tge ctg tca ttg tga act ggg gee; Consensus_top: tac tge tge gat gat tga cag ccg
cct cg; Consensus_bottom: tcg agg cgg ctg tca atc atc gca gea gt) in SSC buffer, marked with dATP
32P using the Large (Klenow) Fragment DNA polymerase (Invitrogen) and purified using

Microspin™ G50 columns (GE Healthcare). The purified proteins and the DNA probes were
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incubated for 20 minutes at room temperature with Poly DiDc 0,1 U/uL (Novagen) and BindBuffer
(Glycerol 24%, KC1 200 mM, TRIS pH 7,5 20mM, MgCIl2 6 mM, EDTA pH 8,5 0,2 mM,
Dithiothreitol 2 mM) for identification of protein-DNA interactions and the mix was then loaded
on a 30% acrylamide:bisacrylamide gel. Electrophoresis was performed at 125 Volts for 45
minutes. The gel was then dried under vacuum at 80°C for 45 minutes and autoradiography was

performed with 48 hours exposure time.

Luciferase reporter assay constructs

The luciferase reporter assays were performed by insertion of each SKOR promoter with
positive EMSA results in a single PGL3 vector expressing the firefly luciferase gene. Each vector
contains one of the potential MEIS1/Pbx1 binding sites. P1 segment contains the MEIS1/Pbx1
binding site ~8.7kb upstream SKORI ATG start site. This fragment (5,287 bp) was amplified with
Phusion DNA polymerase (New England Biolabs) from BAC clone RP11-207J8, using the
following primers: fwd_5’-gag ctc tta cgc gtg cta gcc cgg get cga gag ggt gece tgt ggt gtg gga cgg

tag g-3°, rev_5’-ctg act aat tga gat gca gat cgc aga tct taa att gtc ttg acc cct tge tgg ttt tt-3°.

154776976 SNP is located 17 bp upstream P1 fragment, so this region was generated with
two alternatives (with the C risk allele or with the T protective allele) using QuikChange® Site-
Directed Mutagenesis (Agilent). Furthermore, P2 segment with the ~1.76kb MEIS1/Pbx1 binding
site upstream SKORI ATG start site is the closest segment to the ATG start codon and contains
the ~1.76kb MEIS1/Pbx1 binding site (1,535 bp). This region was also amplified from same BAC
clone using the following primers: fwd 5’-gct ctt acg cgt gct age ccg ggg tcg acg cca aaa aga ggg
aag aac c-3°, rev_5’-cta att gag atg cag atc gca gat ctc gag acc agg tcc cac ttg act tg-3’. The three
fragments were cloned with the sequence and ligation independent cloning (SLIC) method [147]

at Xhol site of pGL3 vector (Promega) which contains SV40 promoter upstream the firefly
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luciferase gene. Proper clones were selected based on Sanger sequencing (Genome Quebec

Innovation Centre) [2].

Luciferase reporter assay

100,000 HeLa cells were plated in a 24-well plate and after 24 hours they were transfected
with 100 or 200 ng of one of the following constructs: empty PGL3-Promoter vector, P1 with risk
variant, P1 with non-risk variant or P2 in PGL3 vectors. Each of these vectors were co-transfected
with 100 ng of Renilla luciferase vector and 25 pmol of siRNA (MEIS! or negative control) using
the attractene transfection reagent (Qiagen). 48 hours post-transfection, cells were lysed with 100
ul of passive lysis buffer from the Dual-Luciferase® reporter assay (Promega). Firefly and Renilla
luciferase activity were then read using the same kit and a Synergy 4 microplate reader (Biotek).

A ratio between firefly and Renilla expression was used to assess the luciferase expression [2].

Generation and characterization of the human neuroblastoma cell lines

overexpressing MEISI gene

MEIS1 open reading frame (ORF, NM_002398.2, Open Biosystems, clone ID: 5531644)
was sub-cloned into pcDNA3.1+ (at BamH1 and EcoR1 restriction cloning sites). pcDNA3.1+ is
a mammalian expression vector with CMV promoter and contains a neomycin marker for the
selection of stable cell lines. We performed Sanger sequencing (Genome Quebec Innovation
Centre) to validate the sequence of the cloned cDNA. jetPRIME® (Polyplus) was used to transfect
human neuroblastoma cell lines (SK-N-SH cells [148]). Stable cell lines overexpressing MEIS1
were selected using G418 antibiotic (the optimum G418 concentration for SK-N-SH cells was 500

ug/ml, based on a standard curve). 48 hours post-transfection, the cells were maintained in DMEM
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(Dulbecco's Modified Eagle Medium) containing 500 ug/ml G418 and the media was changed
every other day for a period of four weeks to obtain stable cell lines overexpressing MEISI. The
case and the control conditions were done in at least triplicates. We performed western blot
analysis using polyclonal anti-MEIS1 from Abnova (Catalog number: H00004211-A01,

http://www.abnova.com) to characterize the MEIS1 overexpression. The western blot condition

was optimized as follows: 1:500 primary antibody dilution in PBS-T buffer with skim milk,
primary incubation at room temperature for one hour and secondary incubation using goat anti-

mouse IgG overnight at 4°C.

Human cell lines with SKOR1 overexpression or knockout

SKORI ORF (ENST00000341418.5, Open biosystem, Clone ID: 100068272) has a high
expression level in Brain-Cerebellum and Brain-Cerebellar Hemisphere based on GTEx. This ORF
was also sub-cloned in pcDNA3.1+ mammalian expression vector with the strong CMV promotor.
The cDNA of the plasmid was validated by Sanger sequencing (Genome Quebec Innovation
Centre). We used jetPRIME® (Polyplus) to transfect HAP1 and HEK293 cells with this vector. 48
hours post-transfection, the cells were transferred to culture media which contained 500 ug/ml
G418 and the media were changed every other day for a period of four weeks (in at least triplicates)
to obtain stable cell lines overexpressing SKOR 1. On the other hand, SKOR knockout HAP1 cells
were also used as a complementary to the SKOR! overexpressing cells. HAP1 cells are partially-
haploid human cell line. This cell line is derived from the male chronic myelogenous leukemia
(CML) cell line KBM-7. HAPI cells contain a single copy of each chromosome, except for a
heterozygous 30-megabase fragment of chromosome 15 [149]. These cells are widely used for the

purpose of knockout (KO) cell line generation, since they are partially haploid and more easily

57



and efficiently knocked out [150]. The HAP1 wild-type and HAP1 SKORI-KO cells (Catalog
number: HZGHC006614c012) were commercially obtained from Horizon Discovery. Additional
information about the cell line and the experimental approaches to generate a particular KO strain

can be found at the following website: https://www.horizondiscovery.com. HAP1 cells were

cultivated in IMDM (Iscove’s Modifed Dulbecco’s Medium) (Gibco) and HEK293 cells in
DMEM (Dulbecco's Modified Eagle Medium) (Gibco); both supplemented with 10% fetal bovine

serum (FCS, Biochrom) and 1% penicillin/streptomycin (Pen/Strep, Sigma) at 37 °C and 5% CO2.

Polyclonal anti-SKOR1 generation and characterization

Two different peptide sequences were used for SKOR1 polyclonal antibody generation
(peptide 1: MELRKKLEREFQSLKDN and peptide 2: SNRFPDDEDAQEETE). The design of
Peptide 1 was done by our group: SKOR1 HUMAN protein sequence (UniProt identifier: P84550-
1) was used as reference sequence for epitope analysis in the peptide sequence design procedure.
We implemented the Jameson-Wolfe Antigenic index profile prediction track from the software
Protean (DNASTAR v5.0.5) to identify the immune-reactive regions of the SKORI protein. The
design was based on the following criteria: lack of N-terminal glutamine or asparagine and C-
terminal proline or glycine, no internal cysteine and no multiple serine, proline or glutamine
residues in the sequence. This peptide sequence is common to all SKOR! isoforms. Peptide 2
sequence was suggested and used in a western blot analysis in a study by Arndt et al. [151]. For
each of the peptide sequences, two New Zealand white rabbits were immunized at Capralogics

Inc.; detailed protocol can be found at https://www.capralogics.com/rabbit-antibodies. After 13

weeks, final bleeds were used for antibody characterization by western blot analysis using

HEK293 cells overexpressing SKORI ORF. The western blot conditions were optimized as
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follows: 1:100 final bleed dilution in PBS-T buffer with skim milk, primary incubation at room
temperature for one hour and secondary incubation using goat anti-rabbit IgG overnight at 4°C.
Endogenous levels of the SKOR1 protein cannot be detected on western blots due to the low

abundance of the protein.

High-throughput RNA sequencing of human cell lines

We used RNeasy® mini kit (Qiagen) to extract the total RNA content from the human cell
lines. During the RNA extraction, a randomization process was used to ensure that no batch effects
were generated. Synergy H4 Hybrid Multi-Mode Microplate reader from BioTek was used for
RNA quantification. 250 ng total RNA obtained from human cell lines was provided to the McGill
University and Génome Québec Innovation Centre (MEILSI manipulated cells) or to Macrogen Inc
(SKORI manipulated cells). RNA Integrity Number (RIN) was assessed using the 2100
Bioanalyzer instrument, together with the 2100 Expert software and Bioanalyzer assays (RIN was
over 9 for all the cell line RNA samples). Illumina Ribo-Zero rRNA Removal Kit
(Human/Mouse/Rat) was used to target eukaryotic long noncoding and coding transcripts (rRNA-

depleted libraries).

RNA sequencing [152] of MEISI manipulated cells was performed on the Illumina HiSeq
2500 platform at 100bp paired-end reads with a total of 80 million reads per sample at McGill
University and Génome Québec Innovation Centre. The RNA-Seq of SKOR!I manipulated cells
was performed on the [llumina HiSeq 4000 platform at 150bp paired-end reads with a total of 100

million reads per sample (at Macrogen Inc).
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High-throughput RNA sequencing of RLS brain tissues

Based on our previous study where we reported a reduced MEISI expression level in cells
and thalamus tissues obtained from a subset of RLS patients carrying the MEIS! risk haplotype
(GG/GG) [108], we used the same brain tissues for RNA-Seq study. Ten thalamus samples
showing highly contrasting levels of MEISI expression were used for RNA sequencing; five
samples with substantially lower levels of MEISI expression (MEISI risk haplotype carriers,
GG/GG) by comparison to five samples with higher expression levels (non-risk, AA/TT or
heterozygous carriers, AG/TG). We further validated their differential MEISI expression using a
TagMan gene expression assay (p-value < 0.001). Pons tissues were also used in that previous
study, however MEISI expression was not significantly reduced as a result of MEISI haplotype in
this region. Nevertheless, we used pons samples only based on their MEISI expression level,
regardless of their genotype, to assess whether the previous observations will replicate. Moreover,
no group differences regarding the postmortem interval (PMI), age, sex or RIN were present in the

thalamus or pons groups Table 1.
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Table 1. Demographics for RNA-Seq Study. Thalamus and pons brain sample gender ratios
and group demographics means (presented as mean + SEM). Non-parametric Wilcoxon tests
showed that there are no significant differences between groups for any of these variables [3].

Modified from Sarayloo et al. PLoS ONE, 2019.

Status Sample Gender Age (year) Postmortem RIN
size Interval (hour)

Thalamus High n=>5 4F / 1M 84.4 +5.938 13.08 +3.099 2.82+0.124
MEIS1

Thalamus Low n=>5 4F / IM 84.2 £2.354 17.63 £3.159 2.54 +0.306
MEIS]

Pons High MEISI n=5 SF/0M 83.2+£5.978 14.5+3.541 2.9+0.138
Pons Low MEISI n=35 SF/0M 85.4 £2.249 17.12 £3.253 2.5+£0.176

0.2 g of frozen brain tissues (thalamus and pons) were used for RNA extraction using the
RNeasy® Lipid Tissue kit (Qiagen). Similar to human cell line RNA extraction, a randomization
process was used to ensure that no batch effects were generated. The concentration of RNA was
measured by the Synergy H4 Hybrid Multi-Mode Microplate reader from BioTek and 2.5ug RNA
was provided to Macrogenlab Inc. The RIN was assessed by the 2100 Bioanalyzer instrument,
together with the 2100 Expert software and Bioanalyzer assays, however all the RINs were below
7. This means these samples contain degraded RNA and they might be removed during the Ribo-
Zero process; this can introduce biases to the results. On the other hand, poly (A) selection method
can also introduce a strong 3’ bias [153]. Therefore, we alternatively used RNA Access method
for these highly precious but degraded RNA samples [154]. RNA sequencing [152] was performed
on the Illumina HiSeq 2500 platform at 100bp paired-end reads with a total of 80 million reads per

sample at Macrogenlab Inc.
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Bioinformatic analyses of RNA-Seq data

STAR v2.5.1b was used to align the FASTQ files of the paired-end reads to the human
genome reference (GRCh37/hg19 assembly) [155]. Picard v1.123 was used to mark duplicates and
calculate exonic/intronic/intergenic rates (https://broadinstitute.github.io/picard/). HTSeq-count
was used for gene-level quantification and all the genes with less than 1 read per sample were

removed (http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html). The library size for

each sample was estimated using the number of mapped reads in the BAM file
(ttp://samtools.sourceforge.net/). Rnaseq.py v3.0.0 pipeline from GenPipes was used for all the

steps mentioned above [156].

Differential gene expression was determined by EdgeR v3.5.2 [157]. An exact test with no
covariate was used for the RNA-Seq data analysis of the cell line data with MEISI dysregulation.
For the case of human cell lines with SKORI dysregulation, Quasi-likelihood F-tests was
implemented with batches as covariates in an additive model. Likelihood ratio test including age,
postmortem interval (PMI), RNA integrity number (RIN) and batches as covariates was performed
for the brain tissues in an additive model. Including RIN in the additive model of brain DGE
analysis can retrieve the biologically meaningful results from these low RIN but precious RNA
samples [158]. BiomaRt v2.14.0 R package

(http://www.bioconductor.org/packages/release/bioc/html/biomaRt.html) was incorporated for

gene annotations. The list of significantly DEGs was defined at FDR < 0.05 and were used in the

pathway analysis [159, 160].
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Pathway analysis

Enrichment analysis for predicted target genes was conducted using EnrichR database
(http://amp.pharm.mssm.edu/Enrichr/), which is a comprehensive gene set enrichment analysis
web server (in Chapter 4, we also validated the results obtained from EnrichR by the Database for
Annotation, Visualization and Integrated Discovery (DAVID, v6.8) [159-162]. KEGG pathway

analysis and three categories of GO (http:/geneontology.org) functional annotation, including

biological process (BP), cellular component (CC) and molecular function (MF), were included in
this study. The significantly enriched pathways with FDR < 0.05 were selected. In Chapter 5, we
also visualized the interactions between the pathways using ClueGO and CluePedia (Cytoscape

plug-in) [163].

Ethics statement

Lymphoblastoid cell lines were obtained from RLS patients who signed an informed
consent form before the study. The LCL biobanking was reviewed and approved by the
institutional review board of McGill University (project # 2015-164, MP-CUSM-14-051). RLS
brain tissues were provided by the Harvard Brain Tissue Resource Center. This is supported in
part by a Public Health Service Grant (R24MHO068855), with permission from the RLS Brain Bank
Tissue Review Committee through the RLS Foundation. In the case-control association study of
154776976 with RLS, all participants signed an informed consent at enrollment. The study
protocols were approved by the institutional ethics review boards. This study was approved by
Comité d’éthique de la recherche du Centre hospitalier de 1'Universit¢ de Montréal and McGill
University ethics. All methods were performed in accordance with the relevant guidelines and

regulations of McGill University (REB NEU-14-051).
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Chapter 3 A direct interaction between two restless legs syndrome predisposing genes:

MEISI and SKOR1
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Preface

The first large scale genome-wide association study performed for RLS in 2007 reported
three noncoding genomic regions within the following genes: MEISI, BTBD9 and
MAP2K5/SKORI [96]. All three of these association signals were subsequently replicated in
independent studies in different populations. While our understanding of RLS genetics benefited
from the advancements made by these association studies, limited explanations remained about
their functions in RLS pathogenic pathways. In 2009, a link was found between the risk haplotype
(rs12469063/rs2300478: GG/GG) within MEISI noncoding regions and its mRNA and protein
expression. In that study, an examination of patient-derived material obtained from RLS cases
revealed that a subset of patients that carried MEIS! risk haplotype, had a reduced mRNA and
protein expression of this gene [108]. This observation raised the possibility of a regulatory effect
from these noncoding variants toward the expression of the RLS candidate genes. Based on these
findings, Chapter 3 of this thesis investigates the effects of the well-established (at the time this
study was initiated) RLS-associated risk variants on their gene expression levels. This
investigation involved genotyping and g-RT-PCR analysis of lymphoblastoid cell lines and
autopsied brain tissues (pons and thalamus) obtained from individuals who received RLS diagnosis
from physicians specialized in sleep disorders. The results with positive regulatory effects were

further investigated and characterized using protein-DNA binding and promoter reporter assays.
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Results:

BTBDY9, MAP2KS and SKORI expression based on their corresponding RLS-associated risk
variants

Our previous study highlighted a decreased level of MEIS] mRNA and protein expression
in lymphoblastoid cell line and thalamus samples of RLS patients who carried the MEIS] risk
haplotype [108]. Here, we examined if other RLS-associated risk variants might also affect the
mRNA expression levels of the genes harboring them. For this aim, we performed q-RT-PCR on
biological material of RLS cases (LCL and brain tissues: thalamus and pons) to test for changes in
the expression levels of RLS-associated genes based on their genotype (by the time this study was
initiated, variants within noncoding regions of MEISI, BTBDY9, MAP2KS5 and SKORI were

identified) [96].

rs3923809 is located in intron 5 of BTBDY (A is the RLS risk allele). BTBD9 mRNA
expression was measured in LCL samples obtained from RLS patients and was compared between
individuals with G/G, A/G and A/A alleles, but no significant differences were detected. However,
we only had access to four LCL from individuals homozygous for the non-risk allele (G/G) and
this small sample size could decrease the power to detect a true difference. Next, we measured
BTBDY mRNA levels in the two brain regions to further explore the possible regulatory effects of
this SNP. On average, in the thalamus and pons of RLS patients who were heterozygous (A/G)
carriers of rs3923809, there seemed to be an increased level of BTBD9 mRNA, however the
distribution of the samples was too broad to conclude any significant differences between
individuals carrying either the A/A or A/G alleles. Moreover, the brain regions homozygous for
the G/G allele were not available for this study and this prevented us from reaching a conclusion

(Figure 4).

66



BTBD9 expression (SNP: rs3923809)

ns ns
ne ] ]
3- | 0 0
o
c °? °
o 2 ® g °
* ° o
o Co0 ° °
o °o°<>
X s 000° 00, 949
—— 20000 * o
< 4 00005 o0 * 09 0o? oz
("4 * 300 °,° 0.0 ° %000
o o o e X
o %0 o®
C L) L) ) L) ) ) )
@ QO \s o \s Y \s
) v v ? v v v
Lymphoblastoid cells Pons Thalamus

Figure 4. q-RT-PCR measurement of BTBD9 expression as a function of rs3923809
genotype (A is the RLS risk allele). No significant difference was observed in LCL, pons or

thalamus samples from RLS patients. Adapted from Catoire et al. Scientific Reports, 2018.
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rs3784709 is located in the intergenic region between MAP2K5 and SKORI (C is the RLS
risk allele). We measured the mRNA expression of both SKOR1 and MAP2K5 and compared their
expression between RLS individuals with T/T, C/T and T/T alleles, however we did not observe
any effect as a result of this risk allele (Figure 5). This is also noteworthy that the small number of
RLS brain samples that were homozygous for the non-risk allele limited the power of this test.
Nonetheless, the g-RT-PCR assays performed on LCL suggested that the mRNA levels of the two

genes were not affected by the presence of the risk allele.
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Figure 5. g-RT-PCR measurement of MAP2KS5 (top) and SKORI (bottom) expression as

a function of rs3784709 genotype (C is the risk allele). No significant difference was observed in

LCL, pons or thalamus samples from RLS patients. Adapted from Catoire et al. Scientific Reports,

2018.
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A link between SKOR1 expression and MEIS1 risk haplotype

After the observation where no links were present between the RLS risk variants and the
expression levels of the genes harbouring them, we investigated the links between each risk variant
and the other RLS-associated genes. We did not observe any significant effect, except for the case
of SKORI expression. We observed changes in SKORI mRNA expression according to the MEIS1
risk haplotype. SKORI mRNA expression in LCL was significantly decreased (p-value = 0.0202)
in RLS cases that were homozygous carriers of the MEIS] risk haplotype (rs12469063/rs2300478:
GG/GG) by comparison to the non-risk carriers (AA/TT). Similar g-RT-PCR measurements were
performed on SKORI mRNA expression on thalamus samples obtained from RLS individuals
carrying the same MEISI haplotypes and a decreased SKORI mRNA level was observed again (p-
value = 0.0174). Pons samples did not show any significant differences in the SKORI mRNA level
(p-value = 0.1519, Figure 6). The decreased level of SKORI mRNA expression in LCL and
thalamus had a similar pattern to the MEISI decreased expression as a result of its RLS risk
haplotype [108]. This raises the possibility of a transcriptional regulatory effect from MEISI

protein as a transcription factor on SKORI.
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Figure 6. q-RT-PCR measurement of SKOR1 expression as a function of MEIS1 risk

haplotype. A significant decrease of expression in LCL and thalamus samples with the MEIS1 risk

haplotype (GG/GG) was observed. Adapted from Catoire et al. Scientific Reports, 2018.
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Reduced MEIS1 expression is associated with reduced SKOR1 expression

Due to a similar trend in the reduced expression of MEIS1 and SKOR in LCL and thalamus
samples obtained from individuals harbouring the MEIS] risk haplotype (GG/GG), we started to
investigate the links between these two genes in more detail. We used human cell lines (HeLa
cells) and silenced MEIS! using a specific siRNA targeting MEIS1 (~70% efficiency in mRNA
reduction). This reduction was associated with a 64% decrease of SKORI mRNA level (p-value <
0.0001, Figure 7). This observation further supports a link between MEIS! and SKORI and

suggests that MEIS1 might act as an upstream activator for SKORI.
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Figure 7. Decreased SKOR1 mRNA expression in human HeLa cells with silenced MEIS1

(by siRNA). Adapted from Catoire et al. Scientific Reports, 2018.
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MEIS|1 binding sites within SKORI1 promoter region

MEIS1 is a homeobox containing transcription factor with direct DNA binding properties.
Based on the links found between MEISI and SKOR1, we hypothesized that MEIS1 transcription
factor might regulate the expression of SKORI by binding to its promoter region. A literature
search showed that MEIS1 forms in vivo heterodimers with a member of another family of
homeobox genes, PBXs (pre-B cell leukemia transcription factors like Pbxl1; reviewed by
Longobardi et al. [164]). The DNA binding affinity of these proteins is higher when they form
heterodimers [165, 166]. We investigated the presence of MEIS1/PBX1 consensus DNA binding
sites [165-167] in the upstream and downstream untranslated regions (UTRs) of SKOR! and all of

SKORI intronic sequences. Three potential MEIS1/PBX1 binding sites were found (Figure 8):

1. At ~8.7kb upstream ATG start site (TGACAGgcAGgT).
2. At ~1.76kb upstream ATG start site (TGACAGagTGAg).
3. At ~2.6kb downstream ATG start site, in intron 2 of the canonical isoform of

SKOR1 (GGACAGtaTGAT).

Our search was focused on the hexameric consensus DNA binding sites; a search for
MEIS1’s octameric consensus binding (TGATTG/TAT), as reported by Penkov et al., did not

result in finding any sites in SKORI promoter regions [168].
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Figure 8. The consensus MEIS1/PBX1 DNA binding sequences. Adapted from Catoire et

al. Scientific Reports, 2018.
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Electrophoretic mobility shift assay shows a direct DNA binding role for MEIS1 in two
SKORI1 promoter regions

pBluescript vectors with either the wild-type or mutant (to serve as negative control) forms
of the coding sequences of the proteins (Meisl or Pbx1) were used. We used TNT Coupled
Reticulocyte Lysate Systems (Promega) to purify the proteins. The purified proteins were used in
electrophoretic mobility shift assay to examine their binding to the three consensus DNA binding
regions: ~8.7kb and ~1.76kb sites upstream and ~2.6kb site downstream SKORI’s ATG, Figure
9). We observed strong direct DNA bindings in both upstream ATG start sites (~8.7kb and
~1.76kb), however MEIS1 did not bind to the ~2.6kb downstream ATG site, and therefore is
unlikely to directly affect SKORI expression via that region. Overall, these in vitro EMSA results
indicate a physical interaction between MEIS1 protein and two regions in SKOR! promoter. In
light of the decreased SKORI expression in RLS cases with homozygous MEIS! risk haplotype
(Figure 6), these direct bindings of MEIS1 to SKORI promoter regions strongly suggests a

regulatory role for MEIS1 over SKORI in RLS.
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free probe

Figure 9. EMSA showing a direct binding for MEIS1/PBX1 to two SKORI promoter

regions. Adapted from Catoire et al. Scientific Reports, 2018.
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Furthermore, to assess the conservation of these MEIS1 binding sites in SKOR! promoter,
we used the publicly available Meisl ChIP-Seq (Chromatin immunoprecipitation followed by
high-throughput sequencing) data in mice (GEO database #GSM2188919) [169]. This analysis
resulted in the identification of two Meisl binding sites upstream Skor! gene (mmS8 genome
assembly). This suggests that these regions are likely real elements involved in the activation of
SKOR]I. Integrated genome browser (IGB) was used to visualize these binding regions (Figure 10)

[170].
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Figure 10. IGB view of the Meisl ChIP-Seq data available from GEO database
(GSES82314) from Mabhe et al. [169]. Two peaks upstream Skorl gene (in orange) show MEIS1

direct DNA binding sites. Adapted from Catoire et al. Scientific Reports, 2018.
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A case-control association study of an additional SNP close to the ~8.7kb MEIS1 binding site
in SKOR1 promoter

In parallel with the functional studies of RLS, our group had also performed an association
study on 401 RLS cases and 588 controls of unrelated individuals with European ancestry
(recruited as previously described) [171]. The average age at enrollment of RLS patients was
52.5+ 14.9 years, with 38.5% men and they were diagnosed based on the IRLSSG criteria [5]. The
average age at enrollment of the control population was 53.0+ 16.1 years, with 38.2% men and
there was no significant difference in sex and age between the cases and controls. The risk allele
(C) frequency of rs4776976 is 0.848 in RLS cases and 0.776 in controls, respectively (the genotype
distribution fits with the Hardy-Weinberg equilibrium). The p-value for the association test of the
C risk allele is 0.0001267. Based on gnom Aggregation Database, the rs4776976 RLS risk allele
(C) is the most common allele in the European population (0.8) compared to its non-risk T allele
(0.2) [172]. rs4776976 is located 17 bp upstream the MEIS1 binding site in SKORI promoter
region (the ~8.7kb site). With the identification of this additional SNP, we also considered its
effects on SKORI gene expression and on the binding affinity of MEISI to this promoter region

of SKOR 1, in the following two sections.

There is no link between rs4776976 and SKORI mRNA expression level

We revised our mRNA expression data based on the two possible genotypes (C and T) to
examine if the rs4776976 SNP influences SKORI expression (Figure 11). No significant effect
was observed from the risk allele on SKOR! expression in the LCL, pons or thalamus of patient

samples.
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Figure 11. g-RT-PCR measurement of SKOR1 expression as a function of rs4776976 (C

is the risk allele). No significant difference was observed in LCL, pons or thalamus samples from

RLS patients. Adapted from Catoire et al. Scientific Reports, 2018.
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The direct binding of MEIS1 to SKOR1 promoter region has a positive regulatory effect on
SKORI1 expression

To examine whether MEIS1 binding to SKOR/ also influences its expression and measure
if the C or T alleles of rs4776976 affect the regulatory role of MEIS1 at the ~8.7kb site, we used
dual-luciferase reporter assay and obtained quantitative measures of expression. We cloned the
two SKORI promoter regions that showed positive bindings to MEIS1 (based on EMSA results)
into two separate fragments upstream a firefly luciferase reporter (PGL3, Promega): P1 contained
the ~8.7kb site with either C or T alleles of rs4776976 SNP, and P2 contained the ~1.76kb site
(Figure 12). These PGL3 vectors in addition to an empty PGL3 vector were separately co-

transfected into HeLa cells, as well as a vector expressing a Renilla luciferase.
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Figure 12. Representation of luciferase expression vectors. The SKOR1 promoter regions
with positive binding to MEIS1 were cloned as two separate segments (P1 or P2). The rs4776976
SNP close to the P1 fragment was constructed with the two possible alleles C or T to detect the
effect of these alleles on MEIS1 regulatory role over SKOR 1. Adapted from Catoire et al. Scientific

Reports, 2018.
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Each pGL3 luciferase vector was co-transfected with either siRNA targeting MEISI or
control low GC duplex siRNA in HeLa cells. The reason for down-regulating MEIS! in these cells
was to mimic the decreased expression of MEISI known to be associated with its risk haplotype
in a subset of RLS patients. The luciferase expression in each of these conditions was calculated
as a percentage between cells co-transfected with the MEISI siRNA and the negative siRNA

control (these values were normalized from the firefly and Renilla signals, Figure 13).

In the condition where MEIS] was down-regulated by siRNA, we observed a significant
decrease (~40%) of luciferase expression in P1 fragment with the rs4776976 C risk allele (p-value
< 0.001). However, P1 fragment with the rs4776976 T non-risk allele did not alter the luciferase
expression. This suggests that the RLS-associated risk allele (C) results in binding of
MEIS1/PBX1 to the P1 segment of SKORI promoter region. Moreover, we observed a significant
decrease of expression (p-value < 0.01) in the P2 SKORI promoter region. These results further
approve the data obtained from previous sections of this chapter, demonstrating that MEIS1
physically binds to SKORI promoter regions and acts as a direct activator of SKORI expression.
We also showed that the rs4776976 SNP plays an important role for MEIS1 binding to SKOR1

promoter, where the presence of C allele results in SKOR/! gene being regulated by MEISI.
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Figure 13. Luciferase reporter assay. Y-axis represents the ratio of luciferase expression

(ratio firefly / Renilla luciferase expression) as percentage of samples with MEIS1 downregulated

(targeted with MEIS1 siRNA) in comparison to samples with wild-type endogenous MEIS1

expression (negative control siRNA). As indicated in the figure, P1 segment (harbouring the C risk

allele) and P2 segment show decreased luciferase expression as a result of MEIS1 downregulation

using siRNA. **p<0.01 and ***p <0.001 compared as indicated. Adapted from Catoire et al.

Scientific Reports, 2018.
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Chapter 4 Mineral absorption is an enriched pathway in a brain region of restless legs

syndrome patients with reduced MEIS1 expression
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Preface

MEIS] significantly contributes to RLS genetic, however we know little about the
functions this gene plays in RLS pathogenic pathways. MEIS1 is a member of homeobox
containing transcription factors and based on the current literature (also the results presented in
Chapter 3), it appears to have a transcriptional regulatory role over other genes that might be
involved in RLS in a more direct manner [2, 100]. Chapter 4 of this thesis is focused on the
identification of MEIS1 downstream targets in a genome-wide context (by RNA sequencing), and
pathway analysis to see if the dysregulated genes would be related to what is known about RLS.
The first set of transcriptomic data was derived from SK-N-SH cells (a neuronal-like human cell
line [148]) overexpressing MEIS] as well as wild-type SK-N-SH cells. We hypothesized that the
differentially expressed genes between these conditions could be downstream MEIS1 regulatory
function. In order to establish any links between these DEGs and RLS pathways, we postulated
that their expression should also be altered in the brains of RLS cases with the MEISI risk
haplotype (who also had reduced levels of MEISI expression) [108]. Therefore, we also generated
RNA-Seq data from postmortem brain tissues obtained from RLS cases. The analysis of the
transcriptomic data and cross validation of the results across the different conditions shed light on

new genes and pathways that might contribute to the mechanisms underlying RLS.
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Results

Characterization of MEIS1 overexpression in SK-N-SH cells

SK-N-SH cells were stably transfected by pcDNA3.1+ vector with the MEISI ORF sub-
cloned downstream the CMV promoter. MEISI overexpression (MEISI-OE) was first
characterized by western blot immunodetection (Figure 14). MEIS1 protein molecular weight
(MW) is 43 kDa and SK-N-SH cells overexpressing it show a notably higher level of MEIS1 by

comparison to their control wild-type SK-N-SH cells.
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Figure 14. Western blot immunodetection of MEIS1-OE cells. MEIS1 is highly
overexpressed in SK-N-SH cells (Four replicates were generated, only clones 1 to 3 were used for

RNA-Seq, MEIS1 MW is 43 kDa). Adapted from Sarayloo et al. PLoS ONE, 2019.
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Subsequently, we confirmed the overexpression of MEISI at the RNA level after
performing RNA-Seq and analyzing the data. Volcano plot of the RNA-Seq data is presented in
Figure 15 and MEIS| is the most differentially expressed gene (log fold change (logFC) = 5.15,

FDR = 2.60E-16).
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Figure 15. Volcano plot of DEGs in SK-N-SH cells overexpressing MEIS1. MEIS1 is

significantly differentially expressed (logFC=5.15, FDR=2.60E-16). Adapted from Sarayloo et al.

PLoS ONE, 2019.
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Differential gene expression analysis of SK-N-SH cells overexpressing MEIS1

The RNA-Seq data obtained from the MEISI-OE SK-N-SH cells were analyzed and
compared with the wild-type cells to identify the differentially expressed genes. We implemented
edgeR algorithm [157] for this aim; 1,374 and 937 genes were significantly up- or down-regulated,
respectively (FDR < 0.05). We also generated another set of human HEK?293 cell line with MEIS1
gene knocked out by CRISPR-Cas9 to further validate the DEGs and refine the data to a smaller
list for the follow-up analyses [3]. Only the DEGs from SK-N-SH MEISI-OE cells that were also
replicated in the MEISI-KO cells were selected for further analysis. As a result, 128 genes were
possibly activated, and 239 genes were possibly repressed by MEIS1 regulatory function (Figure

16).
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Figure 16. Venn diagram of the overlapping genes in the DEGs in the MEISI-OE and
MEISI-KO datasets. A. 128 genes are possibly activated by MEIS1. B. 239 genes are possibly

repressed by MEIS1. Adapted from Sarayloo et al. PLoS ONE, 2019.
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MYTI as an RLS-associated gene is differentially expressed in the human cell lines with
MEIS1 dysregulation

Considering that our group has previously reported a positive regulatory role for MEIS1
on the expression of SKOR! (Chapter 3) [2], we analyzed the data in search for the possibility of
MEISI regulating the expression of other RLS-associated genes. The DGE analysis of our data
revealed the expression of myelin transcription factor 1 (MYT] gene) to be negatively regulated
by MEISI in the cross-validated RNA-Seq data of human cell lines. MYT! is expressed in the
neuronal progenitor cells and is involved in neuronal differentiation [173]. The association of
variants within MYT7 with RLS was reported in the most recent meta-analysis of RLS GWAS on

cases with European ancestry (p-value = 3.36E-14, OR = 1.13 95%CI 1.08-1.17) [100].

Tissue enrichment analysis of the DEGs activated in the cell lines with MEIS1 dysregulation

The 128 DEGs activated and the 239 DEGs repressed in the MEIS1 dysregulated cells were
analyzed for tissue enrichment based on the GNF SymAtlas gene expression [174]. Detailed
information regarding the tissues with enrichment of the DEGs that are activated in the cell line
models are listed in Table 2. The most significant result after correction for multiple testing was
caudate nucleus (a component of basal ganglia, FDR = 7.40E-09); 61 out of the 128 DEGs are
expressed in caudate nucleus.

This tissue enrichment is interesting in regard to RLS biology; brain iron deficiency is the
most consistent biological abnormality observed in RLS patients. This reduced iron level is
observed within the substantia nigra, red nucleus, putamen, caudate nucleus and thalamus [50, 51].
The enrichment of the genes that are expressed in this brain region in this dataset is in co-

occurrence with the well-established iron deficiency that was observed in this brain region of RLS
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patients examined by brain MRI. This further emphasizes on the links that were previously made

between MEIS1 and iron metabolism in RLS [124].

Table 2. Tissues with significant enrichment of the DEGs activated in MEISI dysregulated
human cell lines. Caudate nucleus is the tissue with the most significant enrichment of the DEGs.

Adapted from Sarayloo et al. PLoS ONE, 2019.

Category Term p-value FDR

GNF_U133A_QUARTILE Caudatenucleus_3rd 9.40E-11 7.40E-09
GNF_U133A_QUARTILE Heart 3rd 1.80E-07 6.90E-06
GNF_U133A_QUARTILE Ovary_3rd 1.00E-04 1.90E-03
GNF_U133A_QUARTILE Adrenal Cortex_3rd 9.10E-05 2.40E-03
GNF_U133A_QUARTILE Atrioventricular node 3rd 5.10E-04 7.90E-03
GNF_U133A_QUARTILE Pancreas 3rd 1.20E-03 1.30E-02
GNF_U133A_QUARTILE Trachea 3rd 1.20E-03 1.50E-02
GNF_U133A_QUARTILE Medulla Oblongata 3rd 2.20E-03 2.10E-02

The only enriched pathway in the DEGs in the human cell lines with MEIS1 dysregulation is
mineral absorption

Pathway enrichment analysis of the DEGs obtained from our transcriptomic studies was
performed by Enrichr and we subsequently confirmed the results using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) [159-162]. Mineral absorption
was the only pathway that was significantly enriched in the DEGs lists after correction for

multiple testing, with MEIS1 having an activator function (FDR = 0.0001, Table 3).
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Table 3. Mineral absorption as the only enriched pathway in the DEGs activated in MEIS1

dysregulated human cell lines. Adapted from Sarayloo et al. PLoS ONE, 2019.

Term p-value FDR Genes

Mineral absorption 8.69E-07 1.09E-04 MT2A4,
VDR,
HMOXI,
SLC30A41,
MTIX,
ATPIAl

The genes present in this enriched pathway are: HMOXI, VDR, MT2A, MTI1X, ATP1A1
and SLC30A41. HMOXI (heme oxygenase 1) is required for the degradation of heme to biliverdin,
free iron, and carbon monoxide; it shows interesting links to RLS pathways because of its
involvement in iron metabolism. A previous report showed a small association signal for HMOX1
with RLS in a cohort of Spanish cases [175]. VDR (Vitamin D receptor), the other gene present in
this enriched pathway, also showed an association with RLS in Spanish cases [176]. Furthermore,
several investigations have reported possible links between vitamin D and RLS [177-179]. Even
though, association signals between HMOXI and VDR have been previously reported for RLS, to
our knowledge this is the first study that reports a possible regulatory role for MEIS1 over these
genes. This substantiates how the transcriptional regulatory role of MEIS1 might contribute to
RLS. Members of metallothionein (MT) family of proteins were also present in this enriched
pathway (i.e. MT24 and MT1X). MTs bind intracellular metals and also have a protective role

against free radicals generated by oxidative stress [180].
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Investigation of the publicly available ChIP-Seq data for MEIS1 DNA binding sites

MEISI is a homeobox containing transcription factor with direct DNA binding abilities.
To predict whether the regulatory role of MEIS1 over the genes in the mineral absorption pathway
(listed in Table 3) is by direct binding of this transcription factor to the promoter regions of these
genes, we investigated the Meis1 ChIP-Seq data. This data was generated in mice and is publicly
available from GEO database (GSE82314, by Mahe et al.) [169]. Promoter regions of VDR and
ATPI1A1 orthologs in mice showed peaks in this ChIP-Seq data; this suggests that MEIS1 possibly
regulates these genes by directly binding to their promoter sequences. The results are visualized in

Figure 17 using IGB [170].
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Figure 17. IGB view of the Meis] ChIP-Seq data of genes present in the cell line mineral
absorption pathway. A. Two peaks upstream Vdr (in orange). B. Two peaks upstream Atplal and

one peak in its first intron (in orange). Adapted from Sarayloo et al. PLoS ONE, 2019.
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RNA sequencing of postmortem brain tissues of RLS cases

Our group previously reported a reduced MEIS] mRNA and protein expression in a subset
of RLS patients that were harbouring the MEISI risk haplotype (GG/GG) [108]. To build on this
report, we performed an RNA-Seq experiment using the same brain tissues that were used in our
previous study, i.e. thalamus and pons. The RNA-Seq data was generated from ten thalamus
samples that showed highly contrasting levels of MEISI expression. In this set, five samples had
substantially lower levels of MEISI expression (carriers of MEISI risk haplotype, GG/GG)
compared to five samples with higher expression levels (non-risk, AA/TT or heterozygous carriers,
AG/TG). This reduced expression of MEIS! in these brain samples was verified using a TagMan
gene expression assay (p-value < 0.001). Our previous report though, did not reveal a reduced
MEIS] expression as a result of MEIS] risk haplotype in the pons brain region. Nevertheless, we
also used pons samples, but only based on the different levels of MEISI expression. Therefore, we
also assessed whether the previous observations in pons would replicate by RNA-Seq. 434 and 15
genes were differentially expressed in thalamus and pons, respectively (FDR < 0.05). These results
flag candidate genes that may be downstream to the transcription factor activity of MEIS1 and can

be used to further validate the observations made in the human cell lines.

Mineral absorption is also an enriched pathway in the RLS brain samples with reduced
MEIS1 expression levels

Similar to our cell line enrichment analysis, we used Enrichr in conjunction with the Kyoto
encyclopedia of genes and genomes (KEGG) database to analyze the DEGs possibly regulated by
MEISI in RLS brain tissues. Each tissue was separately analyzed to obtain the enrichment of the
genes that were either potentially repressed or activated in brain samples with MEIS]

dysregulation. This analysis also resulted in the identification of mineral absorption as an enriched
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pathway in DEGs that were repressed in samples of contrasting MEISI expression in thalamus
(FDR = 0.046, Table 4). However, this pathway was not enriched in the pons samples with
contrasting MEIS] expression. This observation is in line with our previous publication where only
thalamus samples showed reduced MEISI expression in the RLS patients with MEISI risk

haplotype [108].

Mineral absorption pathway was the only shared pathway that was enriched in both RNA-
Seq datasets obtained from human cell lines and RLS brains. Furthermore, a closer look at the
results shows that MTs are a prominent family of proteins in this pathway across these different
datasets. The transcriptional regulatory role of MEIS1 over MTs seems to be positive in cell lines
but negative in the brains. This opposite direction may be explained by various mediatory
pathways or genes that are present in in vitro cell lines by comparison to the more complex and
heterogenous nature of the brain tissue. The overall procedure and the results of the cross-validated

transcriptomic analyzed performed in Chapter 4 are summarized in Figure 18.

Table 4. Enriched pathways in the genes with repressed expression in thalamus samples

with contrasting MEISI expression. Adapted from Sarayloo et al. PLoS ONE, 2019.

Term Overlap p-value FDR Genes

Protein processing in 10/165 5.95E-06 8.45E-04 DNAJAIL, DNAJBI, HSP90AAI,

endoplasmic HSPHI, HSPAIL, HSPA4L,

reticulum HSPA6, TRAF2, HSPAIB,
HSPAIA

Antigen processing 6/77 1.15E-04 8.19E-03 HSP90AAI, HSPAIL, HSPA4,

and presentation HSPA6, HSPAIB, HSPAIA

Legionellosis 5/55 2.10E-04 9.96E-03 HSPAIL, HSPA6, HSPAIB,

HSPDI, HSPAIA
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Estrogen signaling 7/137 4.36E-04 1.55E-02 HSP90AAI, HSPAIL, HSPAG,
pathway FKBP4, EGFR, HSPAIB, HSPAIA

Mineral absorption 4/51 1.62E-03 4.60E-02 MT24, MTIM, MTIF, MTIG
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Figure 18. Representation of the procedures and the results of the transcriptomic analyses

of human cell lines and brain tissue. Adapted from Sarayloo et al. PLoS ONE, 2019.
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Seven genes are shared between DEGs from human cell lines and thalamus samples with
dysregulated MEIS1 expression

Among the 15 genes that were identified to be differentially expressed in the pons samples,
there was no genes overlapping with the human cell line DEGs. However, we identified seven
genes that were common between the thalamus and cell lines RNA-Seq data (Table 5). We also
performed g-RT-PCR and their differential expression was validated by this method as well
(Figure 19). Among these seven genes, CNTNAP4 encodes a protein involved in dopaminergic
synaptic transmission [181] and CNTFR which encodes a receptor for ciliary neurotrophic factor
that is involved in neuronal survival. The functions of these two genes are related to the known
RLS pathways [182]. In this list, M72A4 is present in the mineral absorption pathway and is a

member of metallothionein family of proteins.

Table 5. The genes overlapping between the DEGs in thalamus and human cell lines with

MEIS| dysregulation. Adapted from Sarayloo et al. PLoS ONE, 2019.

Gene logFC p-value FDR
BAG3 291 4.42E-13 4.02E-09
CNTFR 1.67 1.09E-06 7.99E-04
CNTNAP4 -1.45 2.92E-05 8.65E-03
COL9A3 -2.025 5.83E-06 2.835E-03
EVC2 1.60 2.29E-04 3.735E-02
MT2A4 1.31 3.79E-06 2.05E-03
SIX4 2.62 2.21E-08 4.01E-05
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Figure 19. g-RT-PCR validation of the DEGs common between thalamus and cell lines
and their corresponding p-values. The differential expression of the genes in high vs. low MEIS1
content samples was assessed by non-parametric Wilcoxon test. *p<0.05; **p<0.01. Adapted from

Sarayloo et al. PLoS ONE, 2019.
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To account for the possibility of an effect from the RIN of brain RNA samples on
identification of the true DEGs, we also performed q-RT-PCR on all the six genes present in the
mineral absorption pathway obtain from human cell lines that were not replicated in the brain
RNA-Seq (Table 3, except MT2A). However, none of the human cell line specific mineral
absorption pathway genes showed differential expression in thalamus (this confirms the results

obtained from RNA-Seq, Figure 20).
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Figure 20. q-RT-PCR measurement of the genes only present in the cell line mineral
absorption pathway in the thalamus samples with high vs. low MEIS1 content. No significant
differential expression was observed (p-value > 0.05). Adapted from Sarayloo et al. PLoS ONE,

2019.
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We further assessed the possibility of direct binding of MEIS1 protein to the promoter
regions of these seven genes common between human cell lines and thalamus samples. Similar to
the earlier section of this chapter, we used the publicly available Meisl ChIP-Seq data in mice
(GEO database, GSE82314) [169]. ChIP-Seq peaks were present in the orthologs of BAG3,
CNTNAP4 and EVC2; this suggests that MEIS1 has a direct regulatory role on these genes (Figure

21). These direct bindings need to be further validated in appropriate human cell lines.
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Figure 21. IGB view of the Meisl ChIP-Seq data of genes common between human cell
lines and thalamus DEGs. A. One peak in intron 1 of Bag3 (in orange). B. Six peaks upstream
Cntnap4 (in orange). C. One peak in intron 1 of Evc2 (in orange). Adapted from Sarayloo et al.
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Chapter 5 SKORI has a transcriptional regulatory role on genes involved in pathways

related to restless legs syndrome
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Preface

A number of independent studies have reported associations between common variants
located within noncoding regions of SKORI and RLS. While several genetic studies discussing
SKORI1 have emerged since the 2007 GWAS [96], the current literature still provides limited
knowledge regarding SKOR1 function; a shortcoming which might partially be due to the lack of
high-quality antibodies specific for the protein. Based on the human Genotype-Tissue Expression
(GTEXx) database [36] we know the cerebellum (more specifically the cerebellar hemisphere) is the
region with the highest SKOR! expression. A limited number of expression and functional studies
conducted in mice revealed Skorl to be expressed a subset of post-mitotic neurons present in the
posterior area of the midbrain-hindbrain border within the embryonic central nervous system.
Moreover, in the developing spinal cord of mice, Skor! is selectively expressed in the dorsal horn
interneurons; in this area a homeodomain transcription factor, Lbx1, is required for proper
specification [37]. Skorl interacts with Lbx1l and they cooperatively repress transcription,
suggesting that Skorl acts as a transcriptional corepressor for Lbxl in regulating cell fate
determination in the dorsal spinal cord (SKOR Iwas previously known as LBXCORI) [37]. Despite
the importance of SKOR! in RLS genetic, very little is known about the role of its product in the
onset and progression of RLS. In Chapter 3, we showed that MEIS1 has a regulatory role
over SKORI and reduced expression of MEISI in LCL and thalamus of RLS patients is
accompanied with SKOR/ reduced expression. Given the fact that SKOR Ireduced expression can
also play a role in RLS pathways and based on the transcriptional corepressor functionality of this
protein in the nervous system, Chapter 5 investigates the transcriptional regulatory role of SKOR1
in two different cell lines by RNA sequencing. For this aim, we also generated a specific polyclonal

anti-SKOR1, a much-needed tool for future SKOR1 studies.
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Results

A new polyclonal anti-SKOR1

The generation of polyclonal anti-SKOR1 was carried out using two different peptide
sequences specific for human SKORI1 to immunize duplicates of New Zealand white rabbits.
Peptidel: MELRKKLEREFQSLKDN (#6033 and #6034) has 100% identity in human/mouse/rat,
while peptide2: SNRFPDDEDAQEETE (#6035 and #6036) is only specific to human. The
locations of the two peptides in SKOR1 protein, and the complete peptide sequence of SKOR1 are

shown in Figure 22.
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Peptide 2 Peptide 1

SKORI1 peptide sequence (965 aa)

MALLCGLGQVTLRIWVSLPSQSENGIGFLAARAFLRSGGMEALTTQLGPGREGSSSPNSKQELQ
PYSGSSALKPNQVGETSLYGVPIVSLVIDGQERLCLAQISNTLLKNYSYNEIHNRRVALGITCVQ
CTPVQLEILRRAGAMPISSRRCGMITKREAERLCKSFLGEHKPPKLPENFAFDVVHECAWGSRG
SFIPARYNSSRAKCIKCGYCSMYFSPNKFIFHSHRTPDAKYTQPDAANFNSWRRHLKLSDKSAT
DELSHAWEDVKAMFNGGTRKRTFSLQGGGGGGANGGSGGQGKGGAGGGGGGGPGCGAEM
APGPPPHKSLRCGEDEAAGPPGPPPPHPQRGLGLATGASGPAGPGGPGGGAGVRSYPVIPVPSK
GFGLLQKLPPPLFPHPYGFPTAFGLCPKKDDPVLGAGEPKGGPGTGSGGGGAGTGGGAGGPGA
SHLPPGAGAGPGGGAMFWGHQPSGAAKDAAAVAAAAAAATVYPTFPMFWPAAGSLPVPSYP
AAQSQAKAVAAAVAAAAAAAAAAAGSGAPEPLDGAEPAKESGLGAEERCPSALSRGPLDED
GTDEALPPPLAPLPPPPPPPARKGSYVSAFRPVVKDTESIAKLYGSAREAYGAGPARGPGPGAG
SGGYVSPDFLSEGSSSYNSASPDVDTADEPEVDVESNRFPDDEDAQEETEPSAPSAGGGPDGE
QPTGPPSATSSGADGPANSPDGGSPRPRRRLGPPPAGRPAFGDLAAEDLVRRPERSPPSGGGGY
ELREPCGPLGGPAPAKVFAPERDEHVKSAAVALGPAASYVCTPEAHEPDKEDNHSPADDLETR
KSYPDQRSISQPSPANTDRGEDGLTLDVTGTHLVEKDIENLAREELQKLLLEQ
FQDQMKRELAYREEMVQQLQIVRDTLCNELDQERKARYAIQQKLKEAHDALHHF

SCKMLTPRHCTGNCSFK PPLLP

Figure 22. Schematic of the locations of peptides 1 and 2 in the SKORI1 protein. Lower

panel shows the complete peptide sequence of SKORI used as the reference for the epitope

analysis (UniProt identifier: P84550-1).
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Characterization of the newly produced polyclonal anti-SKOR1

13 weeks post-immunization of the rabbits, their bleeds were used in a western blot
analysis, to test the affinity and specificity of the antibodies within the different antisera. This
characterization was performed using HEK293 cells overexpressing SKORI open reading frame;
this ORF was sub-cloned in pcDNA3.1+ vector under CMV promoter. The final bleeds obtained
from both replicates of the peptide sequences were tested and the western blot results are presented
in Figure 23 and Figure 24. The antiserum derived from Peptide 1 (rabbit #6034) showed a strong
overexpression of SKOR1 with a low background noise produced from non-specific bindings and
was selected for the follow-up experiments. SKOR1 MW is ~100 kDa, however in this experiment
the overexpressed protein migrated slightly higher, which can be due to post-translational
modifications. Endogenous levels of SKOR1 protein could not be detected on western blots
because the HEK293 cells express a very low level of the protein. The low endogenous expression
level of SKORI was also the reason for not using SKORI-KO cells for characterizing the new

antibody.
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Figure 23. Western blot analyses of the polyclonal anti-SKOR1 generated in New Zealand

rabbits. Rabbits #6033 and #6034 were immunized by peptide 1.

114



HEK293-SKORI1
HEK293-SKOR1
HEK293-SKOR1
HEK293-SKOR1
HEK293-SKORI1
HEK293-SKORI1

HEK293-WT
HEK293-WT

6035 6036

Figure 24. Western blot analyses of the polyclonal anti-SKOR1 generated in New Zealand

rabbits. Rabbits #6035 and #6036 were immunized by peptide 2.

115



Generation of human cells with SKOR1 dysregulation

In order to identify genes that are regulated by SKOR1, two different human cell lines were
used: HAP1 and HEK293. The HEK293 cells from the previous section (tested by #6034 anti-
SKOR1) were used for the generation of cell lines overexpressing SKORI in a stable manner.
Moreover, the ORF of SKORI was also overexpressed in HAP1 cells using the same pcDNA3.1+
vector with CMV promoter (in triplicates) and they were characterized by western blot analysis

(Figure 25).
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Figure 25. Western blot analysis of HAP1 cells overexpressing SKOR1 using #6034
antibody. The black arrow indicates the SKOR1 overexpression band in the transfected cells

compared to their parental wild-type cells.
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Both HEK293 and HAP1 stable cell lines showed an overexpression of SKOR1. Albeit the
overexpression was stronger in the case of HEK293 derived cells, an observation likely due to
these cells being more efficiently transfected than HAP1 cells. The decision to use two different
human cell lines was made to minimize the likelihood of identifying expression changes that would
be specific to a single cell type. Hence, changes that would be observed in the datasets of the two
cell types would be more likely to be linked to SKORI regulatory functions. We considered that
genes which are up- or downregulated in these OE cells are possibly activated or repressed by
SKORI1 transcriptional activity, respectively. In addition to the RNA-Seq datasets derived from
the SKORI-OE cells, datasets derived from SKOR! knockout (SKORI-KO) HAP1 cells and their
parental wild-type (WT) cells (Horizon) were also generated. The direction of SKORI1 regulation
on genes that were up or downregulated in SKORI-OE cells should be observed in the opposing

directions in SKOR1-KO.

Differential gene expression analysis of human cell lines with SKOR1 dysregulation

RNA-Seq experiment was performed using total RNA samples extracted from the human
cell lines in which SKOR expression was dysregulated (OE and KO). Differential gene expression
analysis was performed using edgeR algorithm [157] with the following contrast designs: HAP1-
OE vs. HAP1-WT, HAP1-KO vs. HAP1-WT and HEK293-OE vs. HEK293-WT. The MDS
(multidimensional scale) plots of the RNA-Seq analyses in the two cell lines, separately show
clusters of each condition’s replicates (Figure 26 and Figure 27). MD (mean-difference) plots also
show the distribution of the DEGs, and both HAP1 and HEK?293 cells overexpressing SKOR 1
show the data point corresponding to SKORI as the most differentially expressed gene (Figure 26

and Figure 27).
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Figure 26. RNA-Seq data analysis of HAP1 cells with SKOR1 gene overexpressed or
silenced. The top panel shows MDS plot of the RNA-Seq data analyzed in HAP1 with clusters of
HAP1 SKOR1-KO (in red), HAP1 SKOR1-OE (in green) and HAP1 parental WT cells (in blue).
The middle panel shows MD plot of the DEGs comparing HAP1 cells overexpressing SKOR1

with the parental wild-type cells; the single data point with a high LogFC indicates SKOR1. The
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bottom panel shows the MD plot of the DEGs comparing SKOR1-KO HAP1 cells with their

parental WT cells.
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Figure 27. RNA-Seq analysis of HEK293 cells with SKOR1 gene overexpressed. The top
panel shows MDS plot of the RNA-Seq data analyzed in HEK293 cells with clusters of HEK293
SKORI1-OE (in red) and HEK293 WT cells (in blue). The bottom panel shows MD plot of the

DEGs comparing HEK293 cells overexpressing SKOR1 with the wild-type cells; the single data

point with a high LogFC indicates SKORI1.
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Cross validation of DEGs in HAPland HEK293 cells with SKOR1 dysregulation

The DEGs that are upregulated in OE cells and downregulated in KO cells were deemed
to be possibly activated by SKORI1 (19 genes), conversely the DEGs that are downregulated in OE
cells and upregulated in the KO cells were deemed to be possibly repressed by SKOR1 (44 genes,

Figure 28).
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Figure 28. Venn diagram of DEGs common between HAP1 and HEK293 cells. The left
panel shows the overlaps between DEGs upregulated in HAP1 SKOR1-OE cells, HEK293
SKOR1-OE cells and downregulated in HAP1 SKOR1-KO; 19 genes common to all the three
datasets were considered as possibly regulated by SKOR1. The right panel shows the overlaps
between DEGs downregulated in HAP1 SKOR1-OE cells, HEK293 SKOR1-OE cells and
upregulated in HAP1 SKOR1-KO; 44 genes common to all the three datasets were considered as

possibly repressed by SKORI.
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Pathway and gene set enrichment analysis shows pathways related to known RLS mechanisms

Gene Ontology (GO) annotation and Kyoto encyclopedia of genes and genomes (KEGG)
pathway enrichment information was compiled for the 44 downregulated by SKORI and 19
SKOR1 upregulated genes, using Enrichr [161, 162]. The 44 DEGs which appear to be repressed
by SKOR1 showed a significant enrichment in pathways involved in neurodevelopment processes
(Table 6). These pathways include, axon guidance, spinal cord development, glial cell
development and post-synapse assembly. This result is noticeably fitting with previous
observations made by Mizuhara et al. who profiled the expression of SKOR1 in mice and observed
it to include the developing spinal cord [143]. Skorl is selectively co-expressed with Lbx1
transcription factor and they cooperatively repress transcription. It is hypothesized that Skor1 acts
as a transcriptional corepressor for Lbx1 in regulating cell fate determination in the dorsal horn

spinal cord [143].

Table 6. Significantly enriched pathways in the DEGs possibly repressed by SKORI.

Pathway Description p-value FDR Genes
KEGG:04360 Axon guidance 2.33E-06 1.28E-4  NING2, WNT5A4,
SLIT2, NGEF,
NFATC4, NTN3
G0:0021782 Glial cell development ~ 1.20E-05  7.8E-3 MXRAS, DLLI, SOX4
GO:0016055 Wnt signaling pathway ~ 9.06E-05  0.02 DDX3X, WNT5A,
CELSR2, SOX4
G0:0060828 Regulation of canonical 9.25E-05  0.02 PRKN, DDX3X,
Whnt signaling pathway WNT5A4, SOX4,
RBMS3
G0:0099068 Post-synapse assembly  2.93E-4 0.04 NLGN2, WNT5A
GO:0021510 Spinal cord 2.93E-4 0.04 DLLI, SOX4
development

In addition to the neurodevelopmental pathway, other pathways were observed and among

them ferroptosis pathway showed a significant enrichment in the 19 DEGs possibly activated by
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SKORI1 (Table 7). Ferroptosis is an iron related form of programmed cell death, where the
accumulation of reactive oxygen species (ROS) leads to oxidative stress and death. Ferroptosis is
an iron dependent non-apoptotic cell death process [183]. This process is only dependent on
intracellular iron and not the other metals. Inhibiting ferroptosis can protect the organism from
neurodegenerative disorders [184]. Its role has been implicated in several neurological diseases
including Parkinson’s and Alzheimer’s disease [185-187]. As mentioned earlier in this thesis, brain
iron abnormality is the principal well-accepted dysregulation in RLS. Moreover, MEIS! as another
RLS-associated gene plays roles in regulation of iron management proteins [124] and also
positively regulates SKOR1 expression [2]. The interactions between MEIS] and SKORI and their
individual roles in regulation of iron metabolism can be subject to future RLS studies to decipher

other possible interactors and to further explain the RLS underlying pathways in the brain.

Table 7. Significantly enriched pathways in the DEGs activated by SKOR1

Pathway Description p-value FDR Genes
GO:0015175 Neutral amino acid 2.2E-4 0.01 SLC1A44, SLC3A42
transmembrane transporter
activity
GO:0015807 L-amino acid transport 2.4E-4 0.03 SLCI1A4, SLC342
GO:1901342  Regulation of vasculature 3.1E-4 0.03 WARS, HMOXI1
development
G0:0043043  Peptide biosynthetic process 4.9E-4 0.03 WARS, EEFI1A2,
SARS
GO:0045765 Regulation of angiogenesis 5.1E-4 0.03 WARS, SARS,
HMOXI1
KEGG:04216 Ferroptosis 5.8E-4 0.02 HMOXI, SLC3A42
G0O:0043039 tRNA aminoacylation 6.1E-4 0.03 WARS, SARS
GO:0004812  Aminoacyl-tRNA ligase activity 6.4E-4 0.01 WARS, SARS
GO:0006418 tRNA aminoacylation for 8.1E-4 0.03 WARS, SARS
protein translation
GO:0006865 Amino acid transport 8.8E-4 0.03 SLCI1A4, SLC342
G0:0003924  GTPase activity 99E-4 0.01 RABI1S5, EEF1A2,
RAB394
G0O:0046942  Carboxylic acid transport 9.8E-4 0.03 SLCI1A4, SLC342
GO:0006412 Translation 1.1E-3 0.03 WARS, EEF1A42,

SARS

125



GO:0015171  Amino acid transmembrane 1.2E-3 0.01 SLC1A44, SLC3A42
transporter activity

GO:0031400 Negative regulation of protein 1.5E-3 0.04 WARS, FAM1294
modification process

KEGG:00970 Aminoacyl-tRNA biosynthesis 1.6E-3 0.03 WARS, SARS

G0:0032482  Rab protein signal transduction ~ 1.8E-3 0.04 RABI5, RAB39A4

GO:0071705 Nitrogen compound transport 2E-3 0.04 SLCI1A4, SLC342

G0O:0042326 Negative regulation of 2.1E-3 0.04 WARS, FAM1294
phosphorylation

GO:0006812  Cation transport 2.3E-3 0.04 SLC1A44, SLC3A42

G0:0022603  Regulation of anatomical 2.5E-3 0.04 WARS, HMOXI
structure morphogenesis

GO:0042803  Protein homodimerization 2.5E-3 0.02 WARS, SARS,
activity HMOXI, ABAT

G0:0034613  Cellular protein localization 2.8E-3 0.05 RABIS, ID1,

RAB39A4

GO:0017111  Nucleoside-triphosphatase 6.1E-3 0.03 RABI5, EEF142,
activity RAB394

G0:0005432 Calcium:sodium antiporter 6.2E-3 0.03 SLC3A42
activity

GO:0015193  L-proline transmembrane 7.1E-3 0.03 SLCI1A4
transporter activity

GO:0015180 L-alanine transmembrane 7.1E-3 0.03 SLCI1A4
transporter activity

G0:0022858  Alanine transmembrane 7.1E-3 0.03 SLCI1A4
transporter activity

GO:0015368 Calcium:cation antiporter 0.01 0.05 SLC3A42
activity

G0O:0003746  Translation elongation factor 0.01 0.05 EEF142
activity

G0O:0008483  Transaminase activity 0.01 0.05 ABAT

Genes common between SKORI and MEIS1 regulatory network

Following the identification of ferroptosis as an enriched pathway for the DEGs that are
possible downstream target of SKOR1, we noted that HMOX1 (heme oxygenase 1) is also present
in the ferroptosis pathway [184]. This gene has been suggested to play roles in brain aging and
neurodegeneration [188]. HMOXI was also reported to have a small association with RLS in a

Spanish cohort [175]. Furthermore, HMOXI was previously observed to be regulated by MEIS1
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(Chapter 4). Given that MEIS1 also showed a transcriptional regulatory role on SKOR! (Chapter
3) it would seem that this action of MEIS1 takes place, at least partially, through SKORI.
Observing the regulation of HMOXI, a gene highly related to iron metabolism, by the two
transcription factors strongly associated with RLS is significant as it suggests that a transcriptional
regulatory network is at play between these three genes. This network could be the pathogenic
route at play in a subset of RLS cases. In a search for other genes that might also be common
between SKOR1 and MEIS1 regulatory network, we also looked for the overlaps between the data
obtained from Chapters 4 and 5. This resulted in the identification of seven genes (Figure 29).
Among these genes, CDC20, LANCLI and NTN3 show functions related to nervous system and
can be implicated in the future studies. We believe that investigating the regulatory functions, and
possible networks between the various DEGs identified for MEIS1 and SKORI1, represents a valid
approach to shed light on the pathogenic event underlying the onset and progression of RLS in a
subset of patients. The dysregulations and networks identified for these two RLS genes might also
be contributing to RLS cases not associated with these two genes and this could warrant further

investigations in other RLS cases with or without the currently established genetic risk factors.
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Figure 29. Integrating the data obtained from cell line transcriptomic analyses from
Chapters 4 and 5 (MEIS1 and SKORI regulatory network). Seven genes are present in the
transcriptomic data obtained from both SKOR1 and MEIS1. HMOXI1 and CDC20 are positively
regulated by both transcription factors. RBMS3, CTSF, LANCLI, PPMIL and NTN3 are

negatively regulated. The values represent the logFC of the gene expression.
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Chapter 6 Discussion
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The focus of this thesis is the study of restless legs syndrome (RLS), a complex sleep-
related sensory-motor disorder with a strong genetic component. RLS is known to be most
prevalent in European descent populations and to occur in genetically predisposed individuals.
Specifically, the symptoms of RLS occur during the rest and sleep phases, and depending on their

severities they will decrease the quality of life and affect mental health of those affected [189].

Despite the high prevalence of RLS (ranked among the most common movement
disorders), its biology remained somewhat poorly defined. It was only after 1945, when the
Swedish neurologist Karl Ekbom provided a detailed description of this new disease, that RLS
became the focus of more attention by the research and medical community [190]. Following its
early descriptions, RLS investigations were primarily centered on its clinical characterization and
the evaluation of therapy. However, since the early 2000s, several studies were launched to
decipher the contribution of genetic risk factors. Between 2001 and 2012, linkage studies were
conducted with the assumption that RLS was a monogenic mendelian disorder, an approach which
identified eight RLS candidate loci (mostly with autosomal dominant mode of inheritance) [92].
In 2007, the first genome-wide association study on a common sleep-related disorder was
performed on RLS [96]. This approach was made to assess the contribution of common risk factors
[96]. Since this first GWAS, a number of studies using this approach have been reported and
altogether have established a total of 19 genetic loci associated with RLS, each locus with a low
to moderate effect size [100]. Such genetic findings have shed a much-needed light on the nature
of the genetic architecture underlying RLS. As a complex trait a combination of several genetic
factors, each probably interacting with the other, in addition to environmental factors are deemed

to contribute to the development and/or progression of the symptoms.
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Two of the 19 RLS predisposing genetic loci, MEISI and SKOR 1, are the focus of the work
presented in this thesis. The association of these two genes with RLS was replicated in the follow-
up studies and was reported to be valid for individuals from different populations. The common
variants in MEISI noncoding regions (intron 8) showed the most significant association signals
with RLS. Our group has previously performed investigations on lymphoblastoid cell lines (LCLs)
and postmortem brain tissues (thalamus and pons) which were obtained from individuals who had
received an RLS diagnostic from a physician specialized in sleep disorders [108]. That study
revealed that LCLs and thalamus obtained from the subset of patients who carried the intronic risk
variants located within MEIST (rs12469063/rs2300478: GG/GG), expressed significantly reduced
levels of MEISI mRNA and protein [108]. Such an observation suggested a regulatory role for the
common variants located within MEIS]. It also suggested that MEIS| insufficiency could be a key
underlying event at play in the onset and/or progression of RLS in the subset of the patients

carrying the associated variants.

Follow-up investigations aiming to identify the role of MEISI in RLS were conducted in
model organisms, with a focus on possible links with iron metabolism because of the evident role
of iron dysregulation in RLS. The literature indicates a higher prevalence of RLS in populations
with iron deficiency [49]. MRI examinations of RLS patients’ brains revealed a reduced levels of
iron in this organ, by comparison to observations in control individuals without RLS [191].
Moreover, iron treatments has been reported to be an effective therapy for a subset of the RLS
patients [192]. A study of the links between MEISI and iron metabolism made by our group in a
C. elegans model also revealed the downregulation of Unc-62 (MEISI orthologue in worms) to
cause changes in the expression of iron management proteins (e.g. ferritin and DMTT). This study

supported the existence of a regulatory role for MEIS1 over iron metabolism proteins.

131



Other investigations made using a mouse model showed that MEISI haploinsufficiency
can result in hyperactivity and this effect was more specific to the beginning of the rest phase of
the animal, a phenotype resembling the RLS symptoms [118]. Moreover, mice and zebrafish
models showed that the noncoding regions of MEIS] harboring the RLS-associated risk variants
have cis-regulatory roles during neurodevelopment [114]. These follow-up studies of the RLS

GWAS were significant at various levels:

e They opened the possibility of a regulatory role for the other RLS-associated
common variants on their own gene expression; an event which could be similar to
the regulatory role observed for MEISI common variants on its expression level.

e They put an emphasis on the biological function of MEISI protein in the
development of RLS symptoms, in addition to the highly significant genetic
associations of its noncoding variants.

e They suggested some connections between MEIS1 functions and the iron pathways
relevant to RLS.

e They raised the possibility of a regulatory role for MEISI as a transcription factor

on other genes that might be more directly involved in RLS pathways.

The experimental designs and findings of this thesis are divided in three approaches.

Chapter 3 investigates the RLS underlying mechanisms in two aspects:

1. Itexamines the effects of the common RLS-associated variants on the expression levels

of their corresponding genes as regulatory single nucleotide polymorphisms (rSNP). A
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majority of post-GWAS follow-up research has focused on the regulatory role of
common SNPs found by GWAS [193]. These common association signals have low to
moderate effect size on the development of the symptoms; some of them are located
within highly conserved noncoding regions (HCNRs) and are composed of cis-
regulatory elements (CREs). Thus, raising the possibility for these noncoding variants
to affect the regulatory function of the CREs harboring them. A previous study from
our group had investigated the noncoding variants of MEISI and confirmed such a
regulatory effect (Xiong et al. [108]). We also conducted similar examinations to assess
the effects of common variants from the noncoding regions of SKORI, BTBD9Y and
MAP2KS5 levels (at that time these were the only strong associations) on the mRNA
expression of their respective genes but no significant effect was revealed. We also
measured the effects of these common variants on the expression levels of the other
RLS-associated genes [96]. Among all combinations of the variants and gene
expressions, a significant positive correlation was observed between MEISI risk
haplotype and SKORI mRNA expression levels. This reduced expression of SKOR1
followed a pattern similar to the one observed for MEIS1 in individuals with the MEIS]
risk haplotype; i.e. the samples that carried the MEISI risk haplotype had lower
expression of both MEISI and SKORI. This regulatory effect might be directly due to
the action of the MEIS1 protein because it is a transcription factor and was also
observed to regulate additional proteins (e.g. FTN and DMT]) that were deemed to be

relevant to RLS [124].

. We investigated the regulatory effect of MEIS1 transcription factor on SKORI using

human cell lines [2]. When the expression of MEISI was downregulated using siRNA,
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we observed a 70% reduction of SKORI mRNA level. An in silico analysis revealed
the presence of three consensus MEISI specific DNA binding sites in the promoter
region and intron 2 of SKORI. The possibility of a direct protein-DNA binding was
assessed using an electrophoretic mobility shift assay (EMSA) designed to separately
look at these three predicted MEIS1 binding sites. EMSA results showed that MEIS1
has a direct binding to the two predicted sites located in the promoter region of SKOR].
EMSA revealed no binding to the third predicted site, which was located in the second
intron of SKORI. Following the observation of these EMSA results, a luciferase
reporter assay was designed to examine the enhancer activity of the SKORI promoter
regions with positive MEIS1-DNA binding results. The regulatory role of MEIS1 over
SKOR1 was confirmed by this reporter assay in the two promoter regions with positive
EMSA results. Furthermore, the luciferase assay enabled us to observe that one of the
MEIS1 DNA binding regions harbored an RLS-associated variant in its close proximity
and we reported that the binding of MEISI to this region only happens when the risk

allele is present.

Based on the findings from Chapter 3, we suggest existence of a link between two RLS-

associated genes where the reduced expression of MEIS] is associated with the reduced expression

of SKORI. A link we confirmed in material (LCLs and thalamus) obtained from RLS cases (this

link was however not observed in the pons brain region). Furthermore, we hypothesized this direct

binding and regulatory effect of MEIS1 to be part of the pathogenic route underlying RLS.

Moreover, the direct binding of MEIS1 to one of its binding sites in the SKOR!I promoter region

is dependent on the presence of an RLS risk variant near this binding site. Interpretation of the

results presented in Chapter 3 suggests that in addition to a plausible transcriptional regulatory role
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for MEIS1 in RLS pathogenesis, in the RLS-associated intergenic region of MAP2K5/SKORI,

SKORI should be prioritized for further functional follow-up studies.

In Chapter 4 we studied the regulatory role of MEIS]1 as a transcription factor in RLS in a
transcriptome-wide context. The rational for this chapter was based on the fact that MEIS] has a
significant association signal with RLS (to our knowledge the most significant association thus far
reported for any common condition). However, its product had no direct involvement in the RLS
pathways, and it deemed critical. The previous functional studies of its links with RLS suggested
some regulatory roles on other genes involved in RLS relevant pathways (e.g. iron management
and neurodevelopment). We hypothesized that identifying genes that are regulated by MEIS1, and
are linked to RLS relevant pathways, would be a key advancement toward a better characterization
of molecular mechanisms underlying this disease. We generated human cell lines in which MEIS]
expression was dysregulated. MEIS] was overexpressed in one set, and it was knocked out in
another set of human cell lines. The transcriptome profiles of these cells were subsequently
generated using an RNA-Seq approach. Differential gene expression analysis made across these
sets of human cell lines identified genes and pathways which appear to be regulated by MEISI,
either in a direct or indirect manner. Some of the identified DEGs are relevant to pathways
previously reported to be involved in RLS. For instance, HMOX1I is a heme degrading protein that
produces free iron in addition to carbon monoxide and biliverdin. VDR (vitamin D receptor) is
another RLS relevant gene because past studies suggested RLS to be more prevalent in vitamin D
deficient populations [177-179]. Associations between RLS and variants within HMOX1 and VDR
were also previously reported in a small Spanish cohort [175, 176]. Pathway analysis of the RNA-

Seq results in Chapter 4 also showed that mineral absorption is the only significantly enriched
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pathway in the DEGs activated in the MEISI manipulated cell lines. In this pathway, in addition

to HMOXI and VDR, members of metallothionein (MT) family of proteins are also present.

In Chapter 4, we also used postmortem brain tissues from RLS patients to build on our
earlier report where a reduced MEISI expression level was observed in the LCL and thalamus of
the subset of RLS patients carrying the MEIS]I risk haplotype. RNA-Seq data was generated from
10 thalamus and 10 pons samples showing highly contrasting levels of MEISI expression (with
risk vs. non-risk RLS MEIS] haplotype). The brain tissues obtained from RLS patients enabled us
to look into the effect of MEISI dysregulations in actual RLS brains and to validate the results
from our cell models. Pathway analysis of the RNA-Seq results derived from the RLS brains also
revealed a significant enrichment of mineral absorption pathway, with MTs as a consistent family
of proteins also present in thalamus RNA-Seq dataset. MTs are small proteins that bind to
intracellular metals [180]. Among the five types of MTs, MT1 and MT2 expression is localized in
the spinal cord and brain. In these regions, they regulate the cellular homeostasis of essential metals
and protect cells from free radicals generated by the oxidative stress. MT3 have been mainly found
in the neurons [180]. In Parkinson’s disease, low levels of antioxidants and high levels of free iron
make grey matter vulnerable to reactive oxygen species (ROS) attack. It has been argued that MTs
(more specifically MT2A) released from astrocytes may play a role in protecting dopaminergic
neurons from oxidative stress damage. To our knowledge, the possible role of MTs in RLS

pathogenesis is reported for the first time in the work in Chapter 4 (published at PLoS ONE [3]).

The findings from Chapter 4 demonstrate an enrichment of the mineral absorption pathway

in RLS and links it to the most significant genetic risk factor of RLS (MEIST). This pathway is

highly relevant to the currently known RLS mechanisms, because of the evident role of iron
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metabolism in the disease. The detailed links between RLS and mineral absorption pathway and
the intricate roles that MTs probably play in the pathogenesis of RLS would remain to be

elucidated and it should be more extensively investigated in the future RLS research.

Chapter 5 of the thesis moved its focus to SKORI. Common variants within SKOR/
noncoding regions significantly contribute to RLS genetic [ 100]. The research on the identification
of the functions of SKORI1 is very limited and based on the current knowledge, SKORI has its
highest expression in the central nervous system (CNS). This protein acts as a corepressor for a
transcription factor called Lbx1 in mice (SKORI was previously called LBXCORI). These two
genes cooperatively act in regulation of cell fate in the dorsal horn interneurons of the spinal cord.
The necessity of Lbx1/Skor1 for generation of GABAergic phenotypes in dorsal horn interneurons
of spinal cord potentially implicate a role for SKORI in the modulation of pain and sensory input
of RLS [115, 194, 195]. Due to the lack of a good-quality antibody specific to SKORI,
examination of its role in RLS through functional assays were not immediately possible.
Consequently, SKOR studies were mostly limited to RNA expression. The most informative data
about the links between SKORI and RLS are the published data from Chapter 3 of this thesis [2].
The links between MEIS1 and SKOR! and the reduced expression of SKOR! in one RLS brain
region point to the possibility of an effect from SKOR/ dysregulation in RLS development. Based
on the corepressor transcriptional activity of SKOR1 in the nervous system, we sought to assess
its regulatory action in a transcriptome-wide context in RLS, an approach similar to the

experiments performed on MEIS1 in Chapter 4.

In Chapter 5, we first designed and produced specific antibodies for SKOR1 so that this

would enable new avenues for SKOR1 investigations. Then we generated human cell lines in
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which SKORI is either highly overexpressed or knocked out. RNA-Seq datasets were obtained
from these lines and followed up with analyses focused on differential gene expression to identify
genes regulated by SKOR1. These DEGs would likely be indirect targets of SKOR1 transcriptional
activity, since this protein does not present binding features that would enable it to directly interact
with DNA. Then we sought to elucidate the pathways enriched in the genes regulated by SKORI.
Interestingly, the pathway analyses revealed enrichments in terms that are relevant to RLS biology.
Among the enriched pathways on which SKORI appears to have a positive regulatory action,
ferroptosis was relevant to RLS. Ferroptosis is an iron related form of programmed cell death,
where the accumulation of reactive oxygen species (ROS) leads to oxidative stress and death [184].
A role for ferroptosis has been implicated in neurological diseases including Parkinson’s and
Alzheimer’s disease [185-187]. As introduced in the above sections, brain iron dysregulation is
the most widely accepted abnormality in RLS and the identification of this iron related pathway in
the SKORI1 regulated genes is meaningful. In this pathway, HMOXI (heme oxygenase 1) is also
present. This gene has been suggested to play roles in brain aging and neurodegeneration [188]
and was also present in the MEIS1 regulatory network (Chapter 4). It is noteworthy to reiterate
that we also observed a positive regulatory role of MEIS1 over SKOR! (Chapter 3). These results
altogether suggest that a regulatory network might exist across these three genes, a network which

we believe should warrant investigation in a broader range of RLS cases.

Additionally, the functional annotation of genes onto which SKOR1 appears to have a
repressor action suggests an enrichment of pathways and terms that are highly related to
neurodevelopment (e.g. axon guidance, glial cell development, spinal cord development and post-
synaptic assembly). Similar enrichment analyses that were performed in the latest meta-analysis

of RLS GWAS (15,126 cases and 95,725 controls of European ancestry) by Schormair et al. in
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2017 [100] also puts an emphasis on neurodevelopmental genes, specifically genes with roles in
axon guidance, synapse formation and neuronal specification [100]. The observation of a similar
enrichment across the independent RLS GWAS meta-analysis and our functional annotation of
SKORI1 regulated genes certainly strengthens these pathways as relevant to the onset and/or
progression of RLS. The meta-analysis also warrants the investigation of these pathways in a

broader range of RLS cases, and not just cases associated with MEIS1 or SKORI.

Overall, RLS is a highly prevalent condition for which very limited biological explanations
are fully ascertained, and for which much still remains to be discovered. This is due to the complex
nature of the disorder and the contribution of several environmental factors, as well as interactions
between several predisposing genes, each with a minor contribution. A major issue of the post-
GWAS era is that very limited aspects of the roles of association signals of complex traits have
been investigated and RLS is not an exception. The findings presented in this thesis were shared
with the research community through peer review journals, hence they represent an important
contribution to our knowledge of RLS underlying mechanisms. Our in-depth examination about
the roles of two significant RLS genetic contributors provided novel insight in regard to their

relevance with the disease.

The links between two genes (MEISI and SKORI) strongly associated with RLS, their
regulatory actions toward novel genes and pathways previously not known to be related to this
condition, open new avenues for RLS investigations. It is also noteworthy to remark that common
genes (e.g. HMOXI) were observed to be downstream the regulatory activities of the two RLS-

associated genes.
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Chapter 7 Conclusions and Future Directions
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Restless legs syndrome (RLS) is a complex neurological condition. A combination of
genetic and environmental susceptibility factors contributes to its development. So far, RLS
research has been mainly focused on the identification of genetic risk factors, but the actual roles
of the genes associated with the disorder have not been widely understood, a situation similar to
what is observed in other complex disorders. The work presented in this thesis implemented a
combination of in vitro protein-DNA binding and reporter assays as well as high-throughput
transcriptomic and pathway analyses in human cell lines and postmortem RLS brain tissues to
investigate the intricate roles of two RLS candidate genes, MEISI! and SKORI. The novel
outcomes of this thesis include identification of a link between MEISI and SKORI, as well as an
enrichment in pathways involved in iron metabolism (mineral absorption and ferroptosis) and
neurodevelopment. Furthermore, HMOXI which is involved in iron metabolism showed
significant enrichment in the transcriptomic data obtained from both MFEIS! and SKORI
dysregulated cells. This implicates a possible network between these three genes that might be

playing roles in RLS mechanisms.

These findings shared with the scientific community are some of very few functional and
expression studies performed on RLS, to date. In the future, the possible actions of other RLS
susceptibility genetic factors in this disorder could be studied using approaches similar to those
that were performed here (e.g. in vitro cell models, RNA-Seq from postmortem brain tissues, etc.).
Mending together studies conducted at different levels (e.g. the integration of genomic and
transcriptomic data) could drive the development of a much-needed therapy and give the affected

individuals the rest they deserve.
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