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1. INTRODUCTION 

 

Multiple sclerosis (MS) is a multifactorial chronic neuroinflammatory disease with 

unknown etiology and variable clinical evolution [1]. It affects twice as many women as 

men, usually with the age of onset ranging from 18 to 40. On a global scale, there are 

about two to three million MS patients who can mainly be found in Europe and in 

countries with Caucasian immigration, such as USA, Australia and Northern Asia [2, 3]. 

The prevalence of MS is influenced by family history, ethnicity, age and geography [4]. 

 

Neuroinflammation is a descriptive denominator in MS, based on histopathological 

observations. Clinical symptoms of relapses, remissions and progressive paralysis result 

from the losses of myelin and neurons [5, 6]. People who have been diagnosed with 

clinically definite MS have been through several diagnostic stages. Uncertainty over the 

cause, course and control of MS means that there is a constant high level of demand for 

information relating to the disease. 

 

The complex and delicate nature of the disease poses a challenge to clinical diagnosis, 

especially in its early stages. We have to take in consideration that a large number of 

diseases can mimic the white matter changes occurring in MS [7].  

 

The etiology of MS remains unknown to this date, as do the mechanisms associated with 

its unexpected onset, the unpredictable clinical course spanning decades and the 

different rates of progression leading to disability over time [8]. The available data 

suggest a complex multifactor etiology, including interactions of genetic and 

environmental factors [9].  

 



2 
 

While evidence indicates a genetic component in the pathogenesis of MS, a simple 

model of inheritance is unlikely [10]. A nonlinear decrease in disease risk in families 

with increasing genetic distance from the index case has been observed. Recurrence risk 

estimates in twin data and multiplex families predict that a genotype predisposing to the 

development of MS results from multiple independent and/or interacting polymorphic 

genes, each of which may exert a minor or moderate effect [10]. 

 

The risk of developing MS is higher for the relatives of a person with the disease than 

for the general population, especially in the case of siblings, parents and children [11]. 

The disease has an overall familial recurrence rate of 20%. With monozygotic twins, 

concordance occurs only in about 35% of the cases, while dropping to around 5% in the 

case of siblings and even lower in half-siblings [11]. This indicates susceptibility is 

partly polygenically driven [11].   

 

To date, the best-established genetic association with susceptibility to MS is mapped to 

the chromosomal region 6p21.3 [12–16]. Within this region, the major 

histocompatibility complex (MHC), class II, DR beta 1.”(HLA DRB1) locus has the 

strongest and most consistent association with MS in both northern European and North 

American populations [12–16].  Polymorphisms in HLA class II antigens seem to be 

decisive in attributing the genetic burden for MS. Initial studies found positive 

correlation between the DRB1∗1501- DRB5∗0101-DQA1∗0102-DQB1∗0602 haplotype 

and disease frequency [17–22]. Nevertheless, it is striking that, even for individuals who 

carry the HLA DRB1*1501 allele, only a very small fraction of them ever develops MS 

[23]. This observation seems to implicate the critical presence of other susceptibility 

alleles at different locations. Genetic susceptibility to MS seems to be determined by the 

involvement of multiple genetic loci scattered throughout the genome [24]. 

In general, genes showing variable expression include mainly immunological and 

inflammatory genes, as well as stress and antioxidant genes. In addition, metabolic and 
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central nervous system markers were investigated [25]. Due to the clinical complexity of 

the disease and large amounts of genetic data, it is difficult to interpret the available 

information. Several genome-wide association screens and “omic” approaches 

undertaken in recent times have substantially lengthened the list of genes implicated in 

MS. Although the etiology and the pathogenesis of MS have been extensively 

investigated, no single pathway, reliable biomarker, diagnostic test, or specific treatment 

has yet been identified for all MS patients. Uncertainty over the cause, course and 

control of MS means that there is a constant high level of demand for information 

relating to the disease and for the continuous search for new reliable genetic biomarkers. 

It is therefore of primary importance to distinguish reliable biomarkers for MS, 

especially in genomic regions and genes related to MS ethiopathogenesis. 

 

In order to facilitate the discovery of biologically significant genetic alterations based on 

datasets from various types of studies in MS (linkage, genome-wide association, 

transcriptomic and proteomic studies data), we used integration-based search to find 

genomic regions and genes related to MS ethiopathogenesis. By integrating different 

genomic data, we have identified Top gene MS candidates. We decided to carry out tests 

for association and gene expression in blood, the signal transducers and activators of 

transcription genes (STAT genes), the STAT3 and STAT5A genes.  

 

We also used a specific epidemiological characteristic of MS to generate an inovative 

hypothesis. There is namely a north-to-south gradient in the Northern Hemisphere and a 

south-to-north gradient in the Southern Hemisphere, with MS being much less common 

among people living near the Equator [11, 26]. Climate and sunlight have been 

investigated as possible causes of the disease [27]. The suggestion that sun exposure 

protects against MS by increasing vitamin D3 levels has become a common explanation 

for the latitude effect on the disease [27], but vitamin D is not the only factor affected by 

exposure to sunlight that has the capacity to modify the immune function. Nevertheless, 

the understanding of geoepidemiology of MS can represent a valuable source of 

environmental and genetic etiological clues [28, 29]. We hypothesize that the difference 
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in geoepidemiology of MS might be associated with chronobiology. Chronobiology 

examines periodic phenomena in living organisms and their adaptation to solar- and 

lunar-related rhythms, which include alternations of day and night (day length, light 

intensity), changes in the environment temperature and changes of seasons (photoperiod) 

[30]. External circadian rhythms arise as a direct result of environmental stimuli such as 

light, while a master clock is responsible for the interior circadian rhythms and is 

regulated by means of circadian rhythm genes. We have therefore decided to test two 

master key circadian rhythms genes, the Circadian Locomotor Output Cycles Kaput 

(CLOCK) and the Aryl hydrocarbon receptor nuclear translocator-like (ARNTL) gene.  

 

We expect our findings to contribute to the better understanding of the mechanisms of 

this disease, as well as to improve the basic knowledge enabling the understanding of 

ethiopathogenesis of MS, and to discover novel potential genetic biomarkers for MS in 

blood.  
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In order to identify new genetic biomarkers for MS, we decided to test the following two 

hypotheses: 

 
Hypothesis 1: The differences in gene variability in STAT genes (the STAT3 and 

STAT5A genes) might be associated with multiple sclerosis.  

 

Hypothesis 2: The differences in epidemiology of MS related to the geographical 

latitude effect might be associated with chronobiology. Thus, gene variability in key 

regulators of circadian rhythm genes (the CLOCK and ARNTL genes) might be 

associated with multiple sclerosis. 

 

To test our two hypotheses, we performed a retrospective cross-sectional case-control 

genetic association and gene expression studies on the STAT3 and STAT5A as well as 

the CLOCK and ARNTL genes on a population of patients with multiple sclerosis and 

healthy controls. 
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LITERATURE OVERVIEW 
 

1.1. Clinical characteristics of multiple sclerosis (MS) 

 

MS is characterized by the development of plaques within the central nervous system 

(CNS) [25]. Although some people with MS experience little disability during their 

lifetime, up to 60% are no longer fully ambulatory 20 years after the onset, with major 

implications for their quality of life and the financial cost to society [25]. The etiology of 

MS remains unknown, as do the mechanisms associated with its unexpected onset, the 

unpredictable clinical course spanning decades and the different rates of progression 

leading to disability over time [8].  

 

Clinically, the complexity of this disease involves the location, size and duration of 

lesions which are variable and unpredictable [11, 31]. This lack of predictability can lead 

to a vast spectrum of symptoms which can vary among attacks or episodes of the disease 

throughout the progression [11, 31]. 

 

Symptoms of multiple sclerosis involve several disturbances of the visual, motor and 

sensory systems, as well as disruptions in coordination and balance, 

bowel/bladder/sexual functioning and cognition. Vision problems may include double 

vision, blurred vision and blindness in one or both eyes, eye pain and jerky eye 

movements. Motor problems may include partial or full paralysis, muscle weakness, 

stiffness, slurred speech and twitching muscles or tremors. Some individuals may 

experience sensory discomfort such as numbness (especially in the extremities), loss of 

awareness, facial pain, electric shock-like sensations, sensitivity to heat, and tightness 

around the torso or stomach. Ataxia, nausea, vertigo, stuttering and loss of the ability to 

produce rapidly alternating movements are symptoms of impaired coordination and 

balance. Bladder and/or bowel problems include the urgency to urinate/defecate, 

incontinence, retention and sexual impotence. Cognitive difficulties include depression, 
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short- or long-term memory loss, dementia, mood swings and anxiety. Other symptoms 

include fatigue, sleeping disorders and epileptic seizures [11, 32]. 

 

The complex and delicate nature of the disease poses a challenge to clinical diagnosis, 

especially in its early stages. We have to take in consideration that a large number of 

diseases can mimic the white matter changes occurring in MS. Pathological conditions 

that cause non-specific white matter lesions on magnetic resonance imaging (MRI) 

include acute disseminated encephalomyelitis (ADEM), neurosarcoidosis, 

leukodystrophies, systemic lupus erythematosus, primary anti-phospholipid antibody 

syndrome, migraine, cerebrovascular disease, Behçet’s syndrome, ageing, 

decompression sickness, high altitude illness, fat embolism, HIV encephalitis, HTLV1-

associated myelopathy, hydrocephalus, irradiation, mitochondrial encephalopathy, motor 

neurone disease, phenylketonuria, progressive multifocal leukoencephalopathy (PML) 

and subacute sclerosing panencephalitis [7]. 

 

 

1.1.1. Multiple sclerosis diagnostic criteria 
  

There are different clinical manifestations of multiple sclerosis. In some ways, each 

person with multiple sclerosis lives with a different illness. Although nerve damage is 

always involved, the pattern is unique for each individual suffering from MS.  

 

Physicians, particularly neurologists, take a detailed history and perform complete 

physical and neurological examinations. Collectively, three tests (MRI, 

electrophysiological test and cerebrospinal fluid exam (spinal tap, lumbar puncture)) are 

of help in confirming the diagnosis of multiple sclerosis. For definitive diagnosis,  

dissemination in time (at least two separate symptomatic events or changes on MRI over 

time) and in anatomical space (at least two separate locations within the central nervous 

system, which can be demonstrated by an MRI or a neurological exam) is usually 

required.  
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The most recent McDonald’s criteria [33] incorporate MRI findings for determining 

whether lesions on the brain MRI are abnormal and whether these abnormalities satisfy 

the criteria for dissemination in time and space. The McDonald’s criteria simplify the 

diagnostic outcome to being ‘MS’, ‘possible MS’ or ‘not MS’. The McDonald’s MS 

diagnostic criteria are presented in Table 1. 

 
Table 1: McDonald's MS diagnostic criteria [33]  

Clinical 
(attacks) 

Lesions Additional criteria to make diagnosis 

2 or more Objective clinical 
evidence of ≥2 lesions or 
objective clinical evidence 
of 1 lesion with 
reasonable historical 
evidence of a prior attack 

None. Clinical evidence alone will suffice; 
additional evidence is desirable but it must 
be consistent with MS. 

 

2 or more Objective clinical 
evidence of 1 lesion 

DIS; Or await further clinical attack 
implicating a different CNS site 

1 Objective clinical 
evidence of ≥ 2 lesions 

DIT; Or await second clinical attack 

1 Objective clinical 
evidence of 1 lesion 

DIS; Or await further clinical attack 
implicating a different CNS site and DIT; Or 
await second clinical attack 

0 

(progression 

from onset) 

 One year of disease progression 
(retrospective or prospective) and at least 
two of: DIS in the brain based on ≥1 T2 
lesion in periventricular, juxtacortical or 
infratentorial regions; DIS in the spinal cord 
based on ≥2 T2 lesions; or positive CSF 

 

DIT = lesion dissemination in time, DIS = lesion dissemination in space, CNS = central nervous system 

 

 

1.1.2. The course of MS 
 

Doctors and researchers have identified several major types of MS. The categories are 

important because they help predict disease severity and response to treatment. The most 

common type is relapsing-remitting multiple sclerosis (RRMS), which occurs in 
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approximately 55% of the cases [34]. Clinically, it is characterized by relapses or attacks 

followed by either partial or total recovery of symptoms. Biologically, it is characterized 

as focal areas of inflammation and demyelination, which resolve themselves over time 

leading to recovery. Thus, the damage caused by inflammation is at least partially 

reversible. Secondary progressive MS (SPMS) is the second most common type of MS 

accounting for about 30% of the cases. SPMS is characterized by initial relapses of 

RRMS, which over the course of the disease are replaced by progressive disability. 

Individuals with SPMS begin with reversible disability but, for unknown reasons, axonal 

degeneration occurs, leading to irreversible damage, which presents itself clinically as 

progressive disability [34]. Primary progressive MS (PPMS) occurs in approximately 

10% of MS cases. It is characterized by progressive disability with no remitting stages. 

Thus, individuals with this clinical sub-type are plagued with irreversible damage that 

causes a slow or gradual progression to increased disability with little to no symptomatic 

relief [34]. Progressive relapsing MS (PRMS) occurs in nearly 5% of the cases. This 

clinical sub-type is characterized by progressive disability from the onset of symptoms, 

similar to PPMS, but also involves acute attacks or relapses. The reasons for this 

neurological variability remain unknown [34].  

 

It is clear that the course of the disease in multiple sclerosis is characterised by a wide 

range of progression rates. A clinically isolated syndrome (CIS) is an individual's first 

neurological episode caused by inflammation or demyelination of the nerve tissue. An 

episode may be monofocal, in which symptoms occur at a single site in the central 

nervous system, or multifocal, in which symptoms are manifested at multiple sites [35]. 

In 85% of young adults with multiple sclerosis, the onset occurs in the form of a 

subacute clinically isolated syndrome of the optic nerves, brainstem or spinal cord [35]. 

Methods of assessing the prognosis for patients who display a CIS have been sought, as 

only 30–70% of the patients with a CIS develop MS [35]. When clinically silent brain 

lesions are seen on MRI, the likelihood of developing MS is high. MS can be diagnosed 

within 3 months of CIS presentation with certain MRI and CSF criteria. Disability from 

MS is less likely in patients with a CIS of optic neuritis or sensory symptoms only, a few 

or no MRI lesions, and those who have experienced a long period leading up to the first 
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relapse and no disability after the first 5 years [36]. The mildest form of clinically 

apparent multiple sclerosis is benign multiple sclerosis [37]. In an international survey 

on defining the clinical course of multiple sclerosis, there was disagreement concerning 

the criteria defining the benign disease, the consensus being that patients should be 

“fully functional” more than 15 years from the onset [37]. 

 

Much of the biological process is clinically silent. Moreover, despite intuitive reasoning, 

the lesion burden does not necessarily correlate with the scope or intensity of the 

disability [32, 38 and 39]. 

 

 

1.1.3. Expanded Disability Status Scale in multiple sclerosis 

 

The Expanded Disability Status Scale (EDSS) is a rating system that is frequently used 

to classify and standardize the condition of people with multiple sclerosis. 

The EDSS score is based upon neurological testing and examination of functional 

systems (FS), which are areas of the central nervous system that control body functions. 

The functional systems are [40] (i) pyramidal (ability to walk), (ii) cerebellar 

(coordination), (iii) brain stem (speech and swallowing), (iv) sensory (touch and pain), 

(v) bowel and bladder functions, (vi) visual, (vii) mental and (viii) other (include any 

other neurological findings due to MS). 

The EDSS scale [40] is graded from 1.0 to 10.0. The EDSS steps 1.0 to 4.5 refer to 

patients who are fully ambulatory, and the precise step number is defined by the 

Functional System score(s). The EDSS steps 5.0 to 9.5 are defined by impairment to 

ambulation, and usual equivalents in Functional Systems scores are provided. EDSS 

should not change by 1.0 step unless there is a change in the same direction of at least 

one step in at least one FS. 
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1.2. Biomarkers 
 

Biomarkers are indicators of normal and abnormal biological processes in the human 

body. It is an objectively measured and evaluated characteristic [41]. For a biomarker to 

be clinically useful, non-invasive detection is desirable. In neurological diseases 

affecting the central nervous system (CNS), the availability of the affected tissue is 

limited. Cerebrospinal fluid (CSF) collection is an invasive, although a relatively benign, 

procedure and can therefore be used only in selected patient population. It is quite 

difficult to obtain CSF from healthy controls, especially for research purposes. Studies 

in the brain are mostly limited to post-mortem tissue because biopsies for analytical 

purposes are only rarely taken. All studies that include brain tissue are based on a small 

number of cases, most of which were in a progressive disease stage. This is in contrast to 

studies using peripheral blood, where large numbers of patients at different disease 

stages can be sampled [42]. 

 

Peripheral blood is easily accessible tissue allowing relatively non-invasive screening 

for a host of medical conditions, and gene expression patterns have been shown to exist 

in human blood in a wide variety of central nervous system diseases where no obvious 

clinical phenotype in blood is present [43–47]. Correlation between gene expression in 

blood and in CNS tissues shares significant gene expression similarities with multiple 

CNS tissues [48]. 

 

During the last decades it has been proven very difficult to establish satisfactory 

biomarkers for multiple sclerosis due to the clinical and pathophysiological complexities 

of the disease. Moreover, different mechanisms of inflammation – demyelination, axonal 

damage – neurodegeneration, gliosis, and remyelintion – repair combine together in 

various degrees to create a unique clinical result for each patient [17]. 
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An ideal biomarker for MS should represent the use of certain criteria [17]:  

- Biological rationale: degree of the correlation of the biomarker with an identified     

pathogenic mechanism  

- Clinical rationale: accuracy in depicting the clinical status 

- Predictability of disease initiation, reactivation or progression  

- Sensitivity and specificity  

- Reproducibility of results  

- Practicality of the method in use for the measurement 

- Correlation with therapeutic outcome 

- Correlation with prognosis and disability 

 

The etiology of MS remains unknown to this date, as do the mechanisms associated with 

its unexpected onset, the unpredictable clinical course spanning decades and the 

different rates of progression leading to disability over time [8]. Reliable and clinically 

useful diagnostic and prognostic markers for MS are still not available. In diseases with 

a complex pathogenesis, such as multiple sclerosis, an individual biomarker is likely to 

reflect only one of the many on-going pathogenic processes. Consequently, there is still 

a substantial gap between the estimated heritability and evidence of contribution of 

already identified genetic biomarkers. Further research information is essential for the 

understanding of the pathogenesis of MS. It is therefore of primary importance to 

distinguish reliable biomarkers for MS, especially in genomic regions and genes related 

to MS ethiopathogenesis. 

 

 

1.3. Genetic biomarkers in multiple sclerosis 
 

Complex diseases, as opposed to Mendelian diseases, do not show a clear inheritance 

pattern in families [4]. The genetic component in MS is suggested by familial 

aggregation of cases and by the high incidence in some ethnic populations compared 
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with other populations [4]. A genetic etiology is indicated the most by the recurrence 

risk in family members of the affected individual.  

 

1.3.1 Family studies 
 

The first familial clustering of multiple sclerosis documented by neurologists has 

revealed that ~20% of patients have one or more affected relatives [49]. Building on this 

observation, the last decade has seen definitive studies of recurrence risks in informative 

groups of family members. These studies represent an enormous amount of field work, 

and, although some have incorporated flaws in design or analysis, their results can be 

usefully summarized as follows: compared with a lifetime risk for northern European 

Caucasians (~1:300), there is an increased relative risk (λ) for identical twins (λ=100–

190 [50,51]), full siblings (λ=13 [52]), half siblings (λ=7 [53]), other first-degree (λ=7 

[52]) and second-degree (λ=3.5 [53]) relatives and the children of single affected parents 

(λ=5.5 [52]), and in conjugal parents (λ=60 [54]), but not adoptees (λ=1 [55]). Further 

evidence for a genetic contribution to causation is provided by a similar age at the onset 

within multiplex families [56, 57]. These statistics suggest that genetic factors play a 

major role in multiple sclerosis. 

 

Prior to the introduction of genome-wide association studies (GWAS), the primary 

method of investigation was through inheritance studies of genetic linkage in families. 

This approach has proven highly useful with regard to single gene disorders [58], for 

complex diseases, however, the results of genetic linkage studies proved hard to be 

reproduced [59, 60]. A suggested alternative to linkage studies was the genetic 

association study.  

 

 

1.3.2. Genetic association studies 
 

Genetic association study is a study type that poses the question of whether the allele of 

a genetic variant is found more often than expected in individuals with the disease being 
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studied, and it might represent or reflect a piece of the mosaic in susceptibility factors 

[61]. 

 

Two types of genetic association studies are performed at present:  

- hypothesis-free studies (GWAS studies) and  

- candidate gene approaches. 

 

 

1.3.2.1. Genome-wide association studies  
 

A genome-wide association study (a GWA study or GWAS), also known as a whole 

genome association study (a WGA study or WGAS), is an examination of many 

common genetic variants in different individuals to see if any variant is associated with a 

trait. GWAS using single nucleotide polymorphism (SNP) maps have revolutionized the 

mapping of common genetic loci determining susceptibility to a wide range of common, 

multifactorial disorders [24], particularly in autoimmune diseases [62].  

 

A major challenge of the genome-scale transcription analysis is the very large number of 

genes compared to a generally small number of measurements [63]. Without appropriate 

statistical measures used to make corrections in multiple testing, almost any approach 

will yield significant genes, including many false positives [63]. The creation of large 

databases in recent years has brought an additional layer of complexity and precautions 

to take. 

 

To date, 12 GWAS and 16 other large-scale studies have been conducted [64, 65]. So 

far, GWAS have enabled 57 additional risk loci associated with the disease [66]. 

Immunological and inflammatory genes, stress and antioxidant genes, as well as 

metabolic and central nervous system markers were mainly investigated as MS 

associated genes. 80% of so far identified genes associated with the disease are primarily 

expressed in immune cells [67]. Polymorphisms of the IL2RA and IL7RA regions seem 
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to be the most promising at the moment [68]. Increasing evidence also indicates other 

loci, such as the EVI5, CD58, KIAA0350 and RPL5 genes [69, 70 and 71]. 

 

Identification of biomarkers appears desirable for an improved diagnosis of MS as well 

as for monitoring the disease activity and treatment response. It is of primary importance 

to distinguish reliable biomarkers for MS, especially in genomic regions and genes 

related to MS ethiopathogenesis. 

 

 

1.3.2.2. Candidate gene approach 
 

To date, the best-established genetic association with susceptibility to MS has been 

mapped to the chromosomal region 6p21.3 [12–16]. Within this region, the major 

histocompatibility complex (MHC), class II, DR beta 1.”(HLA DRB1) locus (and 

especially the haplotype that includes the DRB1*1501 allele) has the strongest and most 

consistent association with MS in both northern European and North American 

populations [12–16].  

 

Polymorphisms in HLA class II antigens seem to be decisive in attributing the genetic 

burden for MS. Initial studies found a positive correlation between the DRB1∗1501- 

DRB5∗0101-DQA1∗0102-DQB1∗0602 haplotype and the disease frequency. Multiple 

recent researches conducted in many MS cohorts made it clear that HLA-DRB1∗1501 is 

the allele that contributes the most to genetic risk in the MS population [17–22].   

 

Nevertheless, it is striking that, even among individuals who carry the HLA DRB1*1501 

allele, only a very small fraction of them ever develops MS [50]. This observation seems 

to indicate the critical presence of other susceptibility alleles at different locations. 

Genetic susceptibility to MS seems to be determined by the involvement of multiple 

genetic loci scattered throughout the genome [24]. 
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The next steps to follow up on these findings are the identification of particular 

candidate variants and haplotypes, and the investigation of the molecular effects of these 

genetic variants. To investigate the potential effects of candidate causal variants and 

haplotypes on gene regulation, researchers have been correlating SNPs with inherited 

gene expression known as expression quantitative trait loci (eQTLs). The combination 

of genome-wide genotyping with quantification of RNA transcripts using microarray 

technology in sufficiently large cohorts has already demonstrated the widespread 

presence of eQTLs in the human genome [72–75]. 
 

 

1.3.3. Other “omic” studies 
 

The term “omics” refers to a group of emerging novel technologies. These technologies 

enabled large-scale analyses and identification of candidate biomarkers on multiple 

levels of cell biology [17]. The following are the most commonly utilized “omics” 

technologies [17]:  

 

(i) Transcriptomics: Genome-wide studies of RNA sequences. Two main types 

of transcriptomics technologies in common use are microarrays and next-

generation sequencing. 

(ii) Proteomics: Large-scale studies of protein distribution 

 

 

1.3.3.1. Transcriptomic studies 
 

A transcriptome is a set of all RNA molecules which are commonly defined as the 

complete set of transcripts in a cell for a specific developmental stage or physiological 

condition [76]. It is important to understand that the transcriptome is essential for 

interpreting the functional elements of the genome and that it reveals the molecular 

constituents of cells and tissues. The key aims of transcriptomics are to determine the 
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transcriptional structure of genes and to quantify the changing expression levels of each 

transcript during development and under different conditions [76]. 

Microarray technologies have provided hundreds of valuable datasets in a wide variety 

of diseases, including multiple sclerosis [63]. This approach has been used to 

disentangle different aspects of its complex pathogenesis. RNA sequencing (RNA-seq), 

the current next-generation sequencing approach, is expected to provide similar power 

as microarrays.  

 

In addition to messenger RNA, miRNAs play an important role in regulating 

physiological and homeostatic processes. In the human immune system, miRNA 

molecules modulate innate immune responses. These inflammatory responses of 

immune cells against invading pathogens must be efficiently and closely regulated [77]. 

MicroRNAs regulate gene expression in health and disease, during development, 

immune system activation, neurogenesis, and myelin formation in the CNS. In MS, 

miRNA profiles are altered within CNS lesions and in the immune system, and affect 

gene expression in many cell types involved in the disease [77]. A global consideration 

of miRNA dysregulation and the resulting alterations in gene expression may provide 

valuable insights into the pathophysiology of MS and reveal new alternatives for early 

diagnosis and treatment [77].  

 

 

1.3.3.2. Proteomic studies 
 

Proteomics is an evolving technology platform that has the potential to identify novel 

proteins involved in key biological processes in the cell that may serve as potential drug 

targets [78].  

 

Proteomics-based analyses are now starting to make progress in building databases to be 

utilized in studies on the normal brain and spinal cord, and on neurological and 

psychiatric disorders [79–81]. Several performed proteomic research approaches play an 
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important role in identification and quantitation of proteins which undergo disease-

related changes, and also in protein expression studies on normal adults. Proteomic 

alterations in MS were investigated in various tissues such as the human brain, brain 

lesions, cerebrospinal fluid and the blood serum [79–81].  

 

 

1.3.3.3. Integration of global “omic” data 

 

Results obtained from the “omic” studies in MS have still not clarified the disease 

etiology and pathophysiology to a satisfactory degree, and have provided a multiplicity 

of results that are complex to interpret [82]. Multiple attempts at integration of such 

heterogeneous data have already been reported; approaches to such prioritization have 

been based either on candidate genes, functional similarity to a set of predefined training 

genes with known biological role in a disease under investigation [83], or on 

experimental data from studies examining specific alterations in the disease state [84, 

85].  

 

Methodologies utilizing integration approaches predominantly investigated which genes 

were overlapping in results from different types of included studies, and thus utilized the 

gene-centric approach toward integration [83, 85 and 86]. Considerable fractions of 

meaningful genetic alterations are located outside of genes, between adjustment genes, 

or spanning over several neighbouring genes: single nucleotide polymorphisms, copy 

number variations, regions defined by linkage disequilibrium studies as well as 

epigenetic alterations and others [87]. As it is difficult to map these genetic alterations to 

appropriate genes unambiguously, a choice of an efficient common denominator for the 

integration process might be problematic [87]. There might be difficulties due to 

incompatible reporting of results in publications from various studies. Consequently, this 

represents notable problems not only when analysing data from multiple study types, but 

also when using data from a single type of study [87]. Although tools and relation 

databases enabling conversion of these identifiers exist, this process is often incomplete 

and results in significant loss of data [87].  
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Moreover, the etiology and the pathogenesis of MS have been extensively investigated, 

but no single pathway, reliable biomarker, diagnostic test or specific treatment has yet 

been identified for all MS patients. Consequently, there is still a substantial gap (missing 

heritability) between the estimated heritability and evidence of contribution of the 

already identified genetic biomarkers. Uncertainty over the cause, course and control of 

MS means that there is a constant high level of demand for information relating to the 

disease and for the continuous search for new reliable genetic biomarkers. Identification 

of reliable biomarkers for MS bears the potential for an improved diagnosis of MS, 

monitoring of the disease activity and progression, and evaluation of treatment 

responses. 

 

The selection of two candidate genes was based on our integratomic study (linkage, 

GWAS, transcriptomic and proteomic studies data), where we characterised significant 

genomic regions associated with MS (details about region selection are described in the 

section entitled Experimental). We therefore decided to conduct tests for association and 

gene expression in blood, the signal transducers and activators of transcription genes 

(STAT genes), especially the STAT3 and STAT5A genes as possible genetic 

biomarkers.  

 

 

1.4. The signal transducers and activators of transcription genes (STAT genes, 
STAT3 and STAT5A)  
 

The human STAT gene family consists of seven members (STAT1, STAT2, STAT3, 

STAT4, STAT5A and STAT5B, STAT6), many of which play highly specific roles in 

innate and acquired immunity, that are localized on three chromosomal regions 

(chromosome 2, 12 and 17) [88].  

 

Signal transduction pathways are of essential importance for organisms, enabling them 

to react to environmental changes [82–85]. Activation of STATs results in expression of 

genes that control critical cellular functions including cell proliferation, survival, 
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differentiation and development, as well as specialized cellular functions such as those 

associated with immune responses [89–92]. Although the STAT family is highly 

preserved in terms of structure, there are distinct differences both in the primary 

sequence and function [89–92]. The STATs genes are involved in multiple pathways and 

functions, including the JAK/STAT pathway, neuron axonal guidance, apoptosis, 

activation of immune responses, and Th17 cell differentiation [93]. Although the 

mechanism of JAK/STAT signaling is relatively simple in theory, the biological 

consequences of pathway activation are complicated by interactions with other signaling 

pathways [94–96]. The understanding of this cross-talk is only beginning to emerge, but 

the best characterized interactions of the JAK/STAT pathway are those occurring with 

the receptor tyrosine kinase (RTK)/Ras/MAPK (mitogen-activated protein kinase) 

pathway as presented in Figure 1. 

 

In normal cells, these signal transduction mechanisms are closely controlled to prevent 

unscheduled gene regulation and, consequently, inappropriate biological responses. 

Uncontrolled STAT activation can result in a variety of immune-mediated disease states 

such as multiple sclerosis, rheumatoid arthritis disorders of the bone marrow and several 

types of tumours [78, 97 and 98].  

 

Figure 1: Signal Transducer and Activator of Transcription pathway 

          Modified by [99] 
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The STAT3 protein is active in tissues throughout the body. It plays an important role in 

the development and function of several body systems and is essential for life. In the 

immune system, the STAT3 protein transmits signals that help control the body's 

response to foreign invaders such as bacteria and fungi. In particular, the protein is 

involved in the regulation of inflammation, which is one way the immune system 

responds to infections or injuries. A recent meta-analysis of GWAS in MS listed STAT3 

as one of the genes with a suggestive role in inflammatory bowel disease and multiple 

sclerosis [16].  

 

The STAT5 gene (STAT5A) was first identified as a prolactin-induced transcription 

factor. Biochemical studies aiming to identify an Interleukin-3 (IL-3)-induced 

transcription factor and cDNA screens led to a discovery of two closely related 

sequences of STAT5A and STAT5B [100, 101]. These proteins were found to be 

encoded by two linked genes, STAT5A and STAT5B, which shared 96% of identity and 

only diverged at their carboxy termin [102]. STAT5 promotes cell survival and/or 

proliferation by regulating the expression of genes involved in the control of the cell 

cycle [103]. Besides the physiological role of STAT5 in hematopoietic cell 

development, there is increasing evidence suggesting that inappropriate activation of 

STAT5 may contribute to the development of leukaemias and solid cancers [104, 105]. 

 

Activation of STAT5A is often an integral component of redundant cytokine signal 

cascades involving complex cross-talk and pleiotropic gene regulation. STAT5 has been 

implicated in cellular functions of proliferation, differentiation and apoptosis with 

relevance to the processes of hematopoiesis and immunoregulation, reproduction and 

lipid metabolism [106]. Moreover, diseases like asthma [107], lupus [108], B-cell 

leukaemia [109], melanoma [110] and breast cancer [111] have been linked to STAT5A.  
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1.5. Circadian rhythm genes – the ARNTL and CLOCK genes  
 

There are some MS characteristics that are far from adequately explained. A direct 

correlation exists between latitude and frequency, i.e. the disease is most frequent in 

northern climes [11, 112]. According to our hypothesis, the difference in 

geoepidemiology of MS might be associated with chronobiology.  

 

Chronobiology examines periodic (cyclic) phenomena in living organisms and their 

adaptation to solar- and lunar-related rhythms. These adaptations include alternations of 

day and night, changes in the environment temperature and changes of the seasons. 

External circadian rhythms arise as a direct result of environmental stimuli such as light, 

while a master clock is responsible for the interior circadian rhythms and is regulated by 

means of circadian rhythm genes. Beyond the potential for underlying genetic 

predisposition, however, it is possible that geographic differences in the amount of 

sunlight may prove to be potential risk factors [113]. 

 

Although the CNS cells have a central role as timekeepers in mammals, they are not the 

only cells in the mammalian body that have an internal circadian rhythm or an ability to 

reset it in response to light [114]. The proper working of circadian clocks represents a 

fundamental problem in cell biology. Although we do not yet understand all the details, 

studies in a wide variety of organisms have revealed many of the basic principles and 

molecular components [114]. 

 

Molecular components of the circadian clock network represent positive and negative 

transcriptional-translational feedback loops of many genes. The core circadian clock 

genes that have been identified in mammals are Circadian Locomotor Output Cycles 

Kaput (CLOCK), Aryl hydrocarbon receptor nuclear translocator-like (ARNTL), 

Cryptohromes (CRY), Period (PER) and Rev-erb ɑ genes. CLOCK and ARNTL are 

basic helix-loop-helix transcriptional activators that drive the expression of PER and 

CRY genes as presented in Figure 2 [115]. PER and CRY inhibit their own CLOCK and 

ARNTL induced transcription, whereas the turnover of PER and CRY allows this cycle 
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to restart (see Figure 2) [116, 117]. The stability and precision of circadian rhythms is 

further enhanced by the interplay between different modulators of the core clock genes 

[118].  

 

Figure 2: Molecular components of the circadian clock network 

 

Modified by [119] 

 

 

 

 

 

 

 

 

 

 

 

 

 

The circadian system represents a complex multioscillatory temporal network [120]. The 

circadian clock influences hormones, behaviour, cognitive function, metabolism, cell 

proliferation, apoptosis and responses to genotoxic stress [121]. In an intact body, the 

CNS cells receive neural cues from the retina, entraining them to the daily cycle of 

darkness and light, and they send information about the time of day to another brain 

area, the pineal gland, which relays the time signal to the rest of the body by releasing 

the hormone melatonin in time with the clock [114]. 

 

Absolute sensitivity of the suprachiasmatic nucleus (SCN) to photic stimulation received 

through the retino-hypothalamic tract changes along the 24-hour day [122, 123]. Pevet et 
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al. demonstrated that the duration of the SCN phase sensitivity to light is closely related 

to the length of the night [124]. However, circadian disruption occurs when endogenous 

rhythms are out of phase with the external environment.   

 

Circadian disruption as consequences of shift work are associated with disturbed 

melatonin secretion and enhanced pro-inflammatory responses, and may play a role in 

the onset of MS [121]. Furthermore, disturbed melatonin secretion due to circadian 

disruption may lead to dysregulation of the immune system [121]. Desynchronization of 

circadian rhythm genes has been linked to various neurodegenerative disorders, 

metabolic disorders, insomnia, depression, coronary heart diseases and cancer [117, 125 

and 126]. 

 

 

2. EXPERIMENTAL 

 

To test our two hypotheses, we performed a retrospective cross-sectional case-control 

genetic association and gene expression study on the STAT3 and STAT5A and CLOCK 

and ARNTL genes on a population of patients with multiple sclerosis in comparison 

with healthy control population. 

 

 

2.1. Subjects:  
 

The study was performed on Caucasian population from the Central South East Europe. 

Slovenian subjects diagnosed with multiple sclerosis were recruited with collaboration 

of the Specialist Outpatient Clinics functioning within the University Medical Centre 

Ljubljana, the Department of Neurology at the University Medical Centre Ljubljana, and 

the Department of Family Medicine Rehabilitation for patients with multiple sclerosis in 

Topolšica, Slovenia. The patients’ blood samples from other countries were obtained 

from the Central South East European Genomic Consortium for Multiple Sclerosis (the 



25 
 

CSEE-GCMS consortium). The research included patients with definitive MS disease 

who fulfilled the McDonald’s criteria for MS [33]. The patients filled out a structured 

questionnaire about family history and risk factors associated with MS. One thousand 

and fifty-eight white patients from the Central South East Europe (Slovenia, Croatia and 

Serbia) with relapse-remitting multiple sclerosis (RRMS), secondary progressive 

multiple sclerosis (SPMS), primary progressive multiple sclerosis (PPMS), clinically 

isolated syndrome (CIS) and patients with the benign course of MS were recruited in 

this study. Patients were excluded from the study if they had a history of any kind of 

previous neurological symptoms or signs, i.e. clinical, laboratory, MRI, or cerebrospinal 

fluid findings suggestive of any diagnosis other than multiple sclerosis. The control 

group consisted of healthy individuals matched in terms of ethnicity, age and gender, 

with no family history of MS or any other inflammatory demyelinating disease. The 

control group comprised one thousand and forty individuals. Blood samples of healthy 

controls from Slovenia were obtained from healthy blood donors and under the research 

project entitled Family History – A Genetic Tool for Preventive Medicine (J3-3628 (C)). 

Some of the blood from controls from other countries was obtained through the CSEE-

GCMS consortium. For gene expression in blood, we analysed 50 patients and 40 

controls. None of the studied patients was undergoing immunomodulatory therapy.  
 

 

2.2. Ethics statement:  
 

The study was approved by the National Medical Ethics Committee (90/08/12). All 

participants gave informed written consent to participate in the study. 

 

 

2.3. Integratomic approach:  
 

We approached the integration of datasets originating from global molecular studies in 

MS using a position-based integrative approach as described previously by our research 
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group [87]. The study was commenced by searching, reviewing and selecting the studies 

reporting results of global molecular profiling in MS, with the aim of inclusion in the 

dataset for integration. Initially, a search of Medline (www.ncbi.nlm.nih.gov/pubmed/) 

was performed using the search string: [“Multiple sclerosis” AND (transcriptom* OR 

proteom* OR “genome-wide” OR “linkage scans” OR microarray OR profiling)]. 

Afterwards, a search in microarray data repositories was conducted: Gene Expression 

Omnibus (GEO) repository (http://www.ncbi.nlm.nih.gov/geo/), ArrayExpress 

(http://www.ebi.ac.uk/arrayexpress/) and Stanford Microarray Database 

(http://smd.stanford.edu). Datasets resulting from genome-wide association studies were 

obtained from the dbGAP repository (http://www.ncbi.nlm.nih.gov/gap). Standardized 

functional characterization of genes was obtained from Kyoto Encyclopedia of Genes 

and Genomes (KEGG) (http://www.genome.jp/kegg/) and GeneOntology databases 

(http://www.geneontology.org/), while the coexpression dataset was downloaded from 

the CoXpresDB project site (http://coxpresdb.jp/), and genotype-phenotype associations 

were obtained from Online Mendelian Inheritance in Man (OMIM). GWAS revealed 

many single nucleotide polymorphisms as candidates for genetic burden augmentation in 

MS. Most of them, however, had only a modest effect on susceptibility in Human 

Phenotype Ontology Project databases (http://www.ncbi.nlm.nih.gov/omim and 

http://www.human-phenotype-ontology.org/) and data on MS mouse models from the 

Mouse Genome Informatics (MGI) site (http://www.informatics.jax.org/). Ultimately, 

data obtained from 39 studies or data sources and comprising 16 study categories were 

included in the final data set prior to integration. 

 

In total, 158,520 distinct and significant results discovered on 16 different biological 

levels were included in the dataset prior to statistical analyses. A custom rank product 

prioritization approach based on genomic position of included results was utilized for 

data synthesis, and nested permutation cycling was then employed to determine 

significant accumulation of most significant results discovered on the most diverse 

biological levels. Results from different studies were synthesized for each biological 

layer separately. Human genome assembly was subdivided into 10 kb regions and with a 

5000 bp overlap with the neighbouring region (616,108 regions). This overlap was 
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introduced in order to prevent losing information of signal aggregation at the borders of 

defined regions. Significant signals from the above-referenced studies were arranged 

into their corresponding regions according to their genomic position. For each region, 

rank product values were calculated and significance values were estimated by 

permuting the original dataset. In total, 381 genomic regions were characterized by a 

significant accumulation of results, reaching local permutation P-value below 0.001.  

 

Results originating from several different studies conducted on various molecular 

biological layers have supported the selection of STAT3 and STAT5A as notable 

candidates for multiple sclerosis. Firstly, data from three different GWAS data sources 

suggested several SNPs in STAT3-STAT5A genomic region to be associated with MS 

[16, 127 and 128]. Furthermore, a differential expression of the STAT3 gene was 

detected in blood samples in a study conducted by [129], and the gene was also singled 

out in the meta-analysis performed across three different genome-wide expression 

profiling studies. Additionally, STAT3 [130, 131] and STAT5A [130] represent two of 

the targets of miRNA molecules that have been found differentially expressed in the 

blood samples of MS patients. The gene was found to be indirectly related to the genes 

strongly associated with MS in the OMIM database, either through protein interaction 

reference information, KEGG pathways or phenotypic similarity in the Human 

Phenotype ontology datasets. Finally, STAT3 was found to be interacting with proteins 

that are related to EAE in mouse knock-out models [132].  

 

 

2.4. DNA and RNA extraction 
 

Blood collections were taken within a 4-hour window (9 am to 1 pm) to minimize the 

effect of diurnal variation (gene expression studies) [133]; the patients and controls were 

not using immunomodulatory drugs. 
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2.4.1 DNA extraction 
 

For extraction of genomic DNA from whole blood samples collected in 3ml tubes with 

EDTA, we used the FUJIFILM QuickGene DNA whole blood extraction kit and Nucleic 

Acid Isolation System QuickGene-610L. All blood samples were frozen before 

extraction. The DNA extraction protocol was carried out in the following way: In an 

empty 50ml centrifuge tube we added 300µl of protease (dried protease was dissolved 

with ultra-pure water following the manufacturer’s instructions), 2ml of whole blood 

and 2.5ml of lysis buffer. We mixed this mixture thoroughly by shaking the tube up and 

down 10 times, which was followed by thorough mixing by means of vortexing at the 

maximum speed of 2500 rpm for 15 seconds. We incubated the tube by means of a water 

bath at 56oC for 5 minutes. Next, we added 2.5ml of 99% ethanol. We then mixed the 

mixture thoroughly by shaking it up and down 10 times, which was followed by 

thorough mixing by means of vortexing at the maximum speed of 2500 rpm for 15 

seconds. Afterwards, we transferred the whole lysate into the cartridge of QuickGene 

610L. Genomic DNA was eluted with automated FUJIFILM Nucleic Acid Isolation 

System QuickGene-610L. The eluted volume of genomic DNA amounted to 500µl. 

Genomic DNA was then stored at -24oC until the time for genotyping.  

 

 

2.4.2 RNA extraction 
 

For extraction of total RNA from venous whole blood collected in Vacuette Tempus 

blood RNA tubes (9ml), we used the FUJIFILM QuickGene RNA blood cell kit and 

Nucleic Acid Isolation System QuickGene-810. All blood samples were frozen before 

extraction. The RNA extraction protocol was carried out in the following way: Frozen 

venous whole blood collected in tubes was melted for 2 hours until the RNA isolation 

(extraction) procedure was started. In an empty 50ml centrifuge tube we added all 9ml 

of whole blood from the tempus tubes (6ml of stabilizer and 3ml of venous whole blood) 

and 3ml of PBS (1x). We mixed the mixture thoroughly by vortexing it at the maximum 

speed of 2500 rpm for 30 seconds, after which we centrifuged the tubes at 4000 rpm for 
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30 minutes at 4oC. We eliminated pellets by flicking the tube. We added 520µl of the 

mixture of 2-mercaptoethanol (2-ME) and lysis buffer (LRB) per sample (10µl of 2-ME 

per 1µl of 1ml of LRB). The mixture was mixed gently by means of vortexing. The 

samples were kept on ice during the entire RNA extraction protocol. We transferred the 

samples into 1.5ml bio pure tubes and added 250µl of 99% ethanol, followed by 

vortexing for 5 minutes at 1700 rpm. We then transferred the samples into the 

QuickGene 810 cartridge. RNA was eluted by means of automated FUJIFILM Nucleic 

Acid Isolation System QuickGene-810. The eluted volume of the extracted RNA 

amounted to 50µl. Samples of RNA were then stored at -80oC until the time for gene 

expression. 

 
 

2.5. Association studies: 
 

Genetic variants in STAT genes (STAT3 and STAT5A) and in both key circadian 

rhythm-regulating genes (CLOCK and ARNTL) were genotyped in this study. Five 

tagging SNPs were chosen from STAT genes. Of these, three SNPs, rs7211777, 

rs963987 and rs1053004, were selected in STAT3 and two SNPs, rs6503695 and 

rs12601982, in the STAT5A gene. Eight tagging single nucleotide polymorphisms 

(SNPs) of circadian rhythm-regulating genes were chosen from both genes. Of these, 

four SNPs, rs11932595, rs6811520, rs6850524, and rs13124436, were selected in the 

CLOCK gene, and four SNPs, rs3789327, rs1481892, rs4757144 and rs12363415, in the 

ARNTL gene. We based the selection of SNPs on the known genetic linkage in genes 

according to HapMap Phase 3 (http://www.hapmap.org). The SNPs were regarded as 

proxies for the neighbouring SNPs when their pairwise r2 values exceeded 0.80. The set 

of the most representative tagSNPs for gene regions was obtained using the Tagger 

algorithm [134] available through the Haploview software (Haploview, version 4.2). To 

maximize statistical power, only the SNPs with minor allele frequency values exceeding 

0.05 were included in the investigated set. 
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2.6. Genotyping  
 

Genotyping was performed by real-time PCR, using KASPar SNP Genotyping system 

(KBiosciences, UK). KASPar system employs a competitive allele-specific PCR 

combined with a FRET quenching reporter oligo. For each SNP genotyping reaction, 

custom made assays were ordered from KBiosciences, UK. For each assay three oligos 

are synthesized (two labeled allele specific primers and one common reverse primer) 

and after amplification using genomic DNA as a template, the fluorophore signals are 

measured and genotypes are determined. KASPar SNP genotyping system uses FAM 

and VIC fluorescence dyes for distinguishing between genotypes, and ROX as a passive 

reference dye. After completion of PCR cycling under conditions specific for each 

assay, the fluorescence levels were measured using ABI prism 7000 sequence detection 

system (ABI, Foster City, USA). Genotypes were scored by analyzing data from allele 

discrimination method using SDS software provided by the ABI (ABI, Foster City, 

USA). The total reaction volume for SNP in all genotyping reactions was 8µl as 

recommended by KBioscience. Pipetting of reactions in 96 well plates was performed by 

automated pipetting system (Precision XS Microplate Pipetting System, BioTek™, VT, 

USA). All genotyping was performed at the same location at the Laboratory of the 

Institute of Medical Genetics, University Medical Centre Ljubljana, Slovenia, and was 

interpreted independently by three investigators. 

 

 

2.6.1. Genotyping of the STAT3 and STAT5A genes 
 

The PCR reaction mix for STAT genes consisted of 8µl final volume comprising 3µL of 

the DNA sample and 5µl of the mixture (4µl of reaction mix (2x), 0.11µl of assay mix, 

and 0.989µl of nuclease-free water (NFH2O)). The protocol for PCR amplification in 

STAT genes consisted of initial denaturation at 94oC for 15 minutes, then 10 cycles of 

denaturation at 94oC for 10 seconds, annealing started at 61oC for 60 seconds and then 

touchdown with a drop of 0.6 oC/cycle and final extension of 36 cycles of denaturation at 

94oC for 10 seconds, annealing at 55 oC for 60 seconds. 
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2.6.2. Genotyping of the CLOCK and ARNTL  

 

The PCR reaction mix in circadian rhythm genes consisted of the 8µl final volume 

comprising 3µL of the DNA sample and 5µl of the mixture (4µl of reaction mix (2x), 

0.11µl of assay mix, and 0.826 or 0.890µl of NFH2O (SNP dependent) and 0.064µl of 

50mM MgCl2 at rs3789327, rs4757144 and rs12363414 in the ARNTL gene and 

rs11932595, and rs13124436 in the CLOCK gene). The protocol for amplification of the 

circadian rhythm genes was carried out in the following way: initial denaturation step at 

94°C for 15 minutes, then 20 cycles of: 94°C for 10 seconds, followed by 57°C or 61°C 

for 5 seconds (SNP dependent), 72°C for 10 seconds and 20 cycles of:  94°C for 10 

seconds, 57°C or 61°C for 20 seconds (SNP dependent), and final extension at 72°C for 

40 seconds. 

 

 

2.7. Gene expression 
 

Three quality control steps were performed on isolated RNA samples. The first step 

determined the quantity, the second the purity and the third the integrity of the RNA that 

has been isolated. All these quality control steps were performed by means of Nanodrop 

(Thermo scientific NanoDrop 2000). Equal amounts of RNA samples passing quality 

checks were subjected to reverse transcription using the SuperScript® VILO™ reverse 

transcriptase (Invitrogen, Carlsbad, CA, USA) in line with the manufacturer’s 

instructions. Input cDNA samples were diluted so that an amount of cDNA equivalent to 

50ng of RNA was used in each reaction. The resulting cDNA was then amplified using 

specific gene candidate primers designed with PrimerBlast 

(www.ncbi.nlm.nih.gov/tools/primer-blast/). The threshold cycle (Ct) values were then 

determined for each primer pair. Expression levels were normalized according to the 

housekeeping gene β-actin, by using software provided by ABI (ABI, Foster City, USA) 

and co-run with each sample. The primer pairs from Invitrogen were for the CLOCK 
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gene  (F primer: TCA AGA AAA TCA TCT CAC ACG and R primer: CTA AAT GAT 

GAC CTT CTT TGC), for the ARNTL gene (F primer: CAG AAC ACC AAG GAA 

GGA TAA AA and R primer: GAC ATT GCG TTG CAT GTT G), for the STAT3 gene 

(F primer: GGG AAG AAT CAC GCC TTC TAC and R primer: ATC TGC TGC TTC 

TCC GTC AC), for the STAT5A gene (F primer: GGT GTT GAA GAA GCA CCA CA 

and R primer: CAC TAA AGC GCA ACA AGA AGG), and for the housekeeping gene 

β-actin (F primer: CTG GAA CGG TGA AGG TGA CA and R primer: AAG GGA CTT 

CCT GTA ACA ATG CA). The protocol for PCR amplification was initial denaturation 

at 95oC for 15 minutes, then 40 cycles of denaturation at 95oC for 15 seconds, annealing 

at 57oC for 30 seconds and elongation at 72oC for 30 seconds, and final extension of 40 

cycles of denaturation at 95oC for 15 seconds, annealing at 57oC for 20 seconds and 

elongation at 95oC for 15 seconds. To minimize stochastic effects, all reactions were run 

in triplicates. We pipetted reactions in 96 well plates using the Precision Microplate 

Pipetting System. Reactions (11µl) were performed using the Applied Biosystems 

Power SYBR® Green™ master mix for quantitative PCR (qPCR) on an ABI 

PRISM®7000 sequence detection system (ABI, Foster City, USA). The final volume of 

11µl reaction consisted of 5.5µl of Power SYBR® Green™ master mix, 0.1µl of each 

primer (reverse and forward) and 0.3µl of NFH2O. The Power SYBR® Green™ dye 

specifically binds to double-stranded DNA and emits fluorescence only upon binding. 

Since dye binding is not sequence-specific, each primer test was first tested for 

specificity and reaction efficacy by dissociation and melt curve. Only specific primer 

pairs were selected for further analysis. After the analysis, we verified whether the 

baseline and threshold were called correctly for each well by viewing the resulting 

amplification plots, and adjusted the baseline and threshold values manually. All gene 

expressions studies were performed at the same location at the Laboratory of the 

Institute of Medical Genetics, University Medical Centre Ljubljana, Slovenia, and were 

interpreted independently by two investigators. 
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2.8. Statistical analyses:  
 

The significance of association was analysed using the Chi-Square test (χ2). Odds ratios 

(OR) and their respective 95% confidence intervals (CI) were also calculated to compare 

the allelic frequency and genotype distribution in patients and control subjects. Analyses 

were performed using the Genetic Analysis Package for R available from 

http://cran.rproject.org/web/packages/gap/. χ2 test for deviation from Hardy-Weinberg 

was calculated. Associations were regarded as significant when they reached the P-value 

equal to or less than 0.05. Haplotype frequencies were estimated using the haplo.stats 

package [135]. Differences in gene expression between samples could then be calculated 

using the delta-delta Ct method, as previously described [136]. The significance of 

expression differences in the two groups investigated in the validation phase was 

calculated using the two-sample t-distribution test, and differences were deemed 

significant at alpha values under 0.05. For measuring the statistical strength of a 

monotonic relationship between SNPs in investigated genes compared with gene 

expression in blood, we used a Spearman’s correlation coefficient. Associations were 

regarded as significant when they reached the P-value equal to or less than 0.05. 

 
 

3. RESULTS AND DISCUSSION  

 

The experimental group of patients with MS consisted of 749 females and 309 males, 

47.5 ± 26.5 years of age at blood sampling. The female to male ratio was 2.49. At 

disease onset, they were 40 ± 25 years old and the mean disease duration was 23 ± 22 

years. The control group consisted of 564 female and 476 male subjects of the same 

ethnic background (mean age 46.5 ± 24.5 years). Table 2 presents disease-related 

characteristics on the studied patients’ population used for association studies. Table 3 

presents disease-related characteristics on the studied patients’ population used for gene 

expression studies in blood. 
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The genotype frequencies of investigated polymorphisms were in accordance with those 

predicted by the Hardy-Weinberg equilibrium in patients and in the control group 

(p<0.05). As multiple SNPs were investigated, appropriate corrections of significance 

values were also applied using the Bonferroni correction method. 

 

Table 2: Patients’ disease-related characteristics for the studied group in association 

studies 

 

 

 

 

 

 

 

 

Table 3: Patients’ disease-related characteristics for the studied group in gene 

expression in blood 

 

 

 

 
 
 
 
 
 

Course oN (%) Female (%) Male (%) 
RR MS 722 (68.24) 521 (49.24) 201 (19.00) 
SP MS 229 (21.64) 159 (15.03) 70 (6.62) 
PP MS 70 (6.62) 41 (3.88) 29 (2.74) 

Benign MS 22 (2.08) 15 (1.42) 7 (0.66) 

CIS 15 (1.42) 13 (1.23) 2 (0.19) 

MS course oN (%) Female (%) Male (%) 
RR MS 19 (38.00) 10 (20.00) 9 (18.00) 
SP MS 10 (20.00) 6 (12.00) 4 (8.00) 
PP MS 15 (30.00) 7 (14.00) 8 (16.00) 

Benign MS 4 (8.00) 3 (6.00) 1 (2.00) 

CIS 2 (4.00) 2 (4.00) 0 (0.00) 
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3.1. Results of the STAT3 and STAT5A genes  
 

3.1.1 Association studies in the STAT3 and STAT5A genes 
 

The results of genotyping and allelic distribution of the STAT3 and STAT5A 

polymorphisms in MS patients and healthy controls are presented in Table 4. A 

significant difference presented in Table 4 was found in the distribution of the STAT3 

gene in rs963987 polymorphism genotypes with P-value 0.025, and in the distribution of 

the STAT5A gene in rs6503695 polymorphism genotypes with P-value 7.5·10-4. 

 

Table 4: Genotype and allelic distribution of the STAT3 and STAT5A polymorphisms 

in MS patients and healthy controls 

 
 
Genotypes 

 
 
Control (%) 

 
 

MS (%) 

 
 
χ2 

 
 

P 

 
 

P corr. 

OR  
[95% confidence 

interval] 

   
   

 S
TA

T3
 

  AA 401 (42.66) 408 (42.46) AA+AG/GG 
rs7211777 AG 442 (47.02) 433 (45.06) 2.26 0.20 1.00 1.24 [0.93–1.65] 
  GG 97 (10.32) 120 (12.49) 
  AA 89 (9.36) 135 (13.85) AG+GG/AA 
rs963987 AG 392 (41.22) 361 (37.03) 10.51 5.00·10-3 0.02 1.56 [1.17–2.07] 
  GG 470(49.42) 479 (49.13) 
  AA 350 (38.00) 388 (41.28) AG+GG/AA 
rs1053004 AG 413 (44.84) 411 (43.72) 2.73 0.25 1.00 1.15 [0.95–1.38] 
  GG 158 (17.16) 141 (15.00) 

   
   

ST
A

T5
A

   CC 112 (12.71) 193 (20.86) CT+TT/CC 
rs6503695 CT 395 (44.84) 393 (42.49) 22.18 1.50·10-5 7.50·10-4 1.81 [1.41–2.34] 
  TT 374 (42.45) 339 (36.65) 
  AA 599 (65.39) 660 (66.94) AA+AG/GG 
rs12601982 AG 291 (31.77) 285 (28.90) 3.81 0.15 0.74 1.48 [0.9–2.47] 
  GG 26 (2.84) 41 (4.16) 

 

The results of genotyping and allelic distribution of the STAT3 and STAT5A 

polymorphisms in MS patients and healthy controls separated by gender are presented in 

Table 5. A significant difference was observed in the distribution of the STAT5A gene 
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in rs6503695 polymorphism genotypes of the female (P=0.01) and the male (P=0.045) 

MS population. No significant differences were observed in the STAT3 gene in terms of 

gender. 

 

Table 5: Genotype and allelic distribution of the STAT3 and STAT5A polymorphisms 

in MS patients and healthy controls in terms of gender 

   Genotypes, females Control (%) MS (%) χ2 P 

 
 
P corr. 

OR [95% 
confidence 
interval] 

   
   

 S
TA

T3
 

  AA 233 (42.67) 290 (42.71)       AA+AG/GG 
rs7211777 AG 259 (47.44) 307 (45.21) 1.63 0.44 1.00  1.25 [0.87–1.81] 
  GG 54 (9.89) 82 (12.08)       
  AA 53 (9.74) 98 (14.16)     AG+GG/AA 
rs963987 AG 220 (40.44) 256 (36.99) 5.87 0.05 0.26  1.53 [1.07–2.19] 
  GG 271 (49.82) 338 (48.84)     
  AA 193 (36.42) 279 (41.58)       AG+GG/AA 
rs1053004 AG 238 (44.91) 300 (44.71) 6.61 0.04 0.18  1.24 [0.98–1.57] 
  GG 99 (18.68) 92 (13.71)       

   
   

ST
A

T5
A

 

  CC 64 (13.09) 136 (20.86)     CT+TT/CC 
rs6503695 CT 215 (43.97) 279 (42.79) 12.82 2.00·10-3 0.01 1.75 [1.27–2.43] 
  TT 210 (42.94) 237 (36.35)     
  AA 350 (66.29) 469 (66.90)       AA+AG/GG 
rs12601982 AG 164 (31.06) 206 (29.39) 1.33 0.51 1.00 1.41 [0.74–2.81] 

  GG 14 (2.65) 26 (3.71)       

Genotypes, males Control (%) MS (%) χ2 P P corr. 

OR [95% 
confidence 
interval] 

   
   

 S
TA

T3
 

  AA 158 (43.41) 117 (41.94)       AA+AG/GG 
rs7211777 AG 167 (45.88) 125 (44.80) 0.99 0.61 1.00 1.27 [0.79–2.06] 
  GG 39 (10.71) 37 (13.26)       
  AA 34 (8.99) 37 (13.21)     AG+GG/AA 
rs963987 AG 157 (41.53) 103 (36.79) 3.58 0.17 0.83 1.54 [0.94–2.53] 
  GG 187 (49.47) 140 (50.00)     
  AA 145 (40.17) 108 (40.60)       AG+GG/AA 
rs1053004 AG 162 (44.88) 110 (41.35) 1.34 0.51 1.00 1.02 [0.74–1.41] 
  GG 54 (14.96) 48 (18.05)       

   
   

ST
A

T5
A

   CC 44 (12.05) 57 (21.11)     CT+TT/CC 
rs6503695 CT 167 (45.75) 112 (41.48) 9.53 9.00·10-3 0.04 1.95 [1.27–3.01] 
  TT 154 (42.19) 101 (37.41)     
  AA 231 (64.53) 189 (67.02)       AA+AG/GG 
rs12601982 AG 116 (32.40) 78 (27.66) 3.28 0.19 0.97 1.76 [0.8–4.03] 
  GG 11 (3.07) 15 (5.32)       
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The results of genotyping and allelic distribution of the STAT3 and STAT5A 

polymorphisms in MS patients in terms of the course of MS (RRMS and SPMS) are 

presented in Table 6. 

 

Table 6: Genotype and allelic distribution of the STAT3 and STAT5A polymorphisms 

in MS patients and healthy controls in terms of the course of RRMS and SPMS 

 
 
Genotypes, RRMS 

 
 
Control (%) 

 
 

MS (%) 

 
 
χ2 

 
 

P 

 
 

P corr. 

OR  
[95% confidence 
interval] 

ST
A

T3
 

 AA 401 (42.66) 280 (43.01)    AA+AG/GG 
rs7211777 AG 442 (47.02) 285 (43.78) 3.69 0.15 0.79 0.76 [0.55–1.02] 

 GG 97 (10.32) 86 (13.21)     
 AA 89 (9.36) 98 (14.50)    AG+GG/AA 

rs963987 AG 392 (41.22) 249 (36.83) 11.05 4.00·10-3 0.02 0.61 [0.44–0.82] 
 GG 470 (49.42) 329 (48.67)     
 AA 350 (38.00) 265 (41.41)    AG+GG/AA 

rs1053004 AG 413 (44.84) 273 (42.66) 1.86 0.39 1.00 0.87 [0.71–1.06] 
 GG 158 (17.16) 102 (15.94)     

ST
A

T5
A

 

 CC 112 (12.71) 225 (35.77)    CT+TT/CC 
rs6503695 CT 395 (44.84) 263 (41.81) 131.39 0.00 1.97·10-6 3.44 [2.74–4.31] 

 TT 374 (42.45) 141 (22.42)     
 AA 599 (65.39) 452 (66.67)    AA+AG/GG 

rs12601982 AG 291 (31.77) 202 (29.79) 1.20 0.55 1.00 0.80 [0.45–1.40] 
 GG 26 (2.84) 24 (3.54)     
 
 

Genotypes, SPMS 

 
 

Control (%) 

 
 

MS (%) 

 
 
χ2 

 
 

P 

 
 

P corr. 

OR  
[95% confidence 

interval] 

ST
A

T3
 

 AA 401 (42.66) 91 (43.54)    AA+AG/GG 
rs7211777 AG 442 (47.02) 99 (47.37) 0.29 0.86 1.00 0.87 [0.51–1.44] 

 GG 97 (10.32) 19 (9.09)     

 AA 89 (9.36) 29 (14.72)    AG+GG/AA 
rs963987 AG 392 (41.22) 65 (32.99) 7.61 0.02 0.11 1.68 [1.05–2.6] 

 GG 470 (49.42) 103 (52.28)     
 AA 350 (38.00) 83 (41.50)    AG+GG/AA 

rs1053004 AG 413 (44.84) 95 (47.50) 4.65 0.09 0.49 1.16 [0.85–1.58] 
 GG 158 (17.16) 22 (11.00)     

ST
A

T5
A

 

 CC 112 (12.71) 27 (13.71)    CT+TT/CC 
rs6503695 CT 395 (44.84) 92 (46.70) 0.56 0.76 1.00 1.09 [0.68–1.7] 

 TT 374 (42.45) 78 (39.59)     
 AA 599 (65.39) 141 (69.12)    AA+AG/GG 

rs12601982 AG 291 (31.77) 55 (26.96) 2.24 0.32 1.00 1.42 [0.59–3.06] 
 GG 26 (2.84) 8 (3.92)     
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A significant difference was found in the distribution of polymorphism genotypes in 

patients with RRMS in both genes (the STAT3 gene in rs963987 P-value 0.02, and 

STAT5A gene in rs6503695 P-value 1.97 10-6). On the other hand, no significant 

differences were observed in the distribution of the STAT3 and STAT5A genes in 

patients with SPMS. 

 

Table 7 presents the results of genotyping and allelic distribution of the STAT3 and 

STAT5A polymorphisms in PPMS patients and healthy controls. A significant 

difference was observed in the distribution of the STAT5A gene in rs12601982 

polymorphism genotypes, with P-value 0.005. 

 

Table 7: Genotype and allelic distribution of the STAT3 and STAT5A polymorphisms 

in PPMS patients and healthy controls  

 
 
 
Genotypes, PPMS 

 
 
Control (%) 

 
 

MS (%) 

 
 
χ2 

 
 

P 

 
 

P corr. 

OR  
[95% confidence 
interval] 

ST
A

T3
 

  AA 401 (42.66) 28 (41.79)       AA+AG/GG 
rs7211777 AG 442 (47.02) 30 (44.78) 0.65 0.72 1.00 1.37 [0.61–2.72] 
  GG 97 (10.32) 9 (13.43)       
  AA 89 (9.36) 4 (5.97)     AG+GG/AA 
rs963987 AG 392 (41.22) 27 (40.30) 1.03 0.59 1.00 0.64 [0.19–1.6] 
  GG 470 (49.42) 36 (53.73)     
  AA 350 (38.00) 28 (43.08)       AG+GG/AA 
rs1053004 AG 413 (44.84) 26 (40.00) 0.73 0.69 1.00 1.24 [0.74–2.05] 
  GG 158 (17.16) 11 (16.92)       

ST
A

T5
A

 

  CC 112 (12.71) 16 (25.00)     CT+TT/CC 

rs6503695 CT 395 (44.84) 22 (34.38) 8.18 0.02 0.08 2.30 [1.22–4.12] 
  TT 374 (42.45) 26 (40.63)     
  AA 599 (65.39) 48 (69.57)       AA+AG/GG 
rs12601982 AG 291 (31.77) 14 (20.29) 13.13 1.00·10-3 5.00·10-3 3.91 [1.5–8.98] 
  GG 26 (2.84) 7 (10.14)       

 
In Table 8, the results of inferred haplotypes in the STAT3 and STAT5A genes are 

presented. Only the results of 5% and above of present haplotypes are presented. 

Statistically significant differences in haplotype distribution supported our results 
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obtained in association studies. Significant results were observed at the STAT3 gene 

locus in haplotype AGG with P-value 2.5·10-4, and at the STAT5A gene locus in 

haplotypes CA with P-value 3·10-5 and TGA with P-value 6.6·10-4. 

 

Table 8: Haplotypes in the STAT3 and STAT5A genes 

 
Control=986 , MS=1049 

STAT3 gene 
  rs7211777 rs963987 rs1053004 Hap freq. (%) P-value P corr. % control %MS 
1 A A A 6.07 0.01 0.07 4.97 7.14 
2 A G A 52.62 0.89 1.00 52.77 52.54 
3 A G G 5.71 5.00·10-5 2.50·10-4 7.43 3.95 
4 G A G 21.86 0.83 1.00 21.99 21.80 
5 G G G 9.42 0.38 1.00 9.42 8.73 

STAT5A gene 
  rs6503695 rs12601982 Hap freq. (%) P-value P corr. % control %MS 
1 C A 23.39 1·10-5 3·10-5 19.93 26.58 
2 C G 15.20 0.49 1.00 14.94 15.55 

3 T A 57.94 2.20·10-4 6.60·10-4 61.25 54.85 
 
 

To conclude, we found statistically significant differences in the STAT3 and STAT5A 

genes in association studies. The differences in rs6503695 in the STAT5A gene were 

significant in the entire group of patients and also when separated by gender, whereas 

the differences in rs963987 in the STAT3 gene were significant only in the entire group 

of participants. We supported our results by means of haplotype distributions in both 

genes. In the studied population, the AGG haplotype in the STAT3 gene might be a 

protective factor in MS. Moreover, in the STAT5A gene, the CA haplotype might be a 

risk factor and the TA haplotype might be a protective factor in MS. 
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3.1.2. Gene expression in the STAT3 and STAT5A genes 
 

In order to support our results from genotyping, we conducted gene expression studies in 

blood. The results of 50 patients and 40 controls with regard to gene expression in blood 

in the STAT3 and STAT5A genes as obtained within the entire group of patients and by 

gender are presented in Chart 1. Significant differences were limited to the male 

population in the STAT3 gene with P-value 0.02. 

 

Chart 1: Differential expression of genes in MS in comparison to controls in the 

STAT3 and STAT5A genes in all participants and separated by gender 

 

 
 

Chart 2 represents the results of gene expression profiling in blood for the STAT3 and 

STAT5A genes, stratified according to the course of the disease. The graphs represent 

expression profiles of STAT3 and STAT5A for subsets of all subjects affected by 

distinct MS course patterns, along with healthy controls. The height of bars correspond 

to the level of expression (measured quantitatively as delta Ct values). Colour of bars 

reflect expression in varying MS course patterns and yellow bars reflect expression in 

the group of healthy controls. Error bars in the plot correspond to the 95% confidence 

intervals for measured expression values.  
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Chart 2: Differential expression of genes in MS in comparison to controls in the 

STAT3 and STAT5A genes in all participants according to the disease course 

 
 

To conclude, we found statistically significant differences in gene expression of the 

STAT3 gene in blood of the male population. 

 
 

3.1.3. Correlation between SNPs and blood expression in the STAT3 and STAT5A 
genes 
 

Due to the observed results we were also interested in the correlation of SNPs in the 

examined STAT3 and STAT5A genes and their expression in blood. Correlating the 

genotype expression results from the same patients has revealed a significant relation 

between the genotype and expression levels for SNPs in STAT3 and STAT5A. We have 

detected a significant correlation of the rs963987 genotypes with the STAT3 gene 

expression (P=0.014) and of the rs6503695 (P=0.015) genotype with the STAT5A gene 

expression according to the non-parametric Spearman rank correlation test. The results 

are presented graphically in Chart 3. We have detected the same trend for genotype 

expression correlation in the GeneVar database (the rs963987 STAT3 gene with 

P=0.064 and the rs6503695 STAT5A gene with P=0.479). Correlation of MS-associated 
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SNP genotype with differences in gene expression in STAT3 and STAT5A may reveal 

the functional basis for associations of polymorphisms with MS.  

 

Chart 3: Correlation between SNP rs963987A/G and expression of STAT3 and 

Correlation between SNP rs6503695 C/T and expression of STAT5A 

 

 

 

3.2. Discussion on the STAT3 and STAT5A genes   
 

The integratomic approach developed by our research group enables the synthesis of 

data originating from various types of genomic studies, and facilitates the discovery of 

disease candidate genes based on empiric evidence from a multitude of biological levels 

examined in omic studies. Using the information on the position and the significance of 

alterations detected in separate omic studies, it is possible to determine genomic regions 

where significant accumulation of signals from heterogeneous biological levels occurs. 

This approach might therefore serve in promoting the discovery of specific genomic 

variants playing a role in complex diseases where true biological signals are commonly 

lost in the noise of false-positive results, especially due to their low-effect sizes. 
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Detection of these biological alterations may, however, be promoted by the 

incorporation of several levels of biological information into integrated analyses of omic 

data. For this reason, we carried out a selection of candidate genes for multiple sclerosis 

using this approach.  

 

Based on the results obtained through our integratomic approach, we hypothesized that 

genetic variants in STAT genes (the STAT3 and STAT5A genes) might be associated 

with multiple sclerosis. We found a statistically significant difference in the allelic 

distribution of the STAT5A and STAT3 genes. This association was supported by the 

examination of haplotype distribution at the STAT5A and STAT3 gene loci. Moreover, 

correlating the genotype-expression results from the same patients has revealed a 

significant correrelation between the genotypes at STAT3 and STAT5A SNPs and gene 

expression levels. Correlation of MS-associated SNPs with differences in gene 

expression in STAT3 and STAT5A might imply the functional basis for these 

associations. Although we have found correlation between genotype and expression, we 

have not found statistically significant differences in the expression of these two genes 

in blood samples, with the exception of the STAT3 gene expression in the male patient 

population. 

 

The genomic region containing the STAT3 and STAT5A (17q11.2-22) genes could 

represent a plausible candidate region for MS for several reasons:  

 

1. Genome-wide association studies and GWAS meta-analyses data suggested 

several SNPs in the STAT3-STAT5A genomic region to be associated with MS.  

2. In a global expression profiling study of peripheral blood from MS patients, a 

differential expression of STAT3 and STAT5A was detected.  

3. Proteins coded by the STAT3 and STAT5A genes were found to interact with 

proteins related to EAE in mouse knock-out models. 

4. Activation of STATs results in the expression of genes that control critical 

cellular functions associated with immune responses. 
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Ad1. Meta-analysis of GWAS in MS implicated STAT3 as one of the candidate genes 

with a suggestive role in inflammatory bowel disease and multiple sclerosis [16]. 

Jakkula et al. [127] found an association between multiple sclerosis and rs744166 

polymorphism in the STAT3 gene with the A allele conferring a protective effect against 

MS. The same group also found evidence for association between STAT3 and MS risk 

in other populations of European descent [127]. Patsopoulos et al. [137] found an 

association between rs2293152 and STAT3 locus with MS susceptibility. To validate 

findings by Jakkula et al. [127] and Patsopoulos et al. [137] obtained in GWAS studies, 

Lill et al. [138] performed a replication genetic association study of the STAT3 gene in a 

German case-control sample. There was a nominally significant association between the 

G allele of rs744166 and MS, and no association with rs2293152. 

 

Ad2 In global expression profiling in peripheral blood samples, differential expression 

of the STAT3 and STAT5A genes between patients and healthy controls was detected 

[129,130,131]. It is known that STAT3 promotes differentiation of Th17 and follicular 

helper T cell subsets [139]. Although the exact pathogenesis of MS remains to be fully 

clarified, current evidence suggests an autoimmune etiology which includes infiltration 

of T cells, B cells and macrophages in active MS brain lesions. The immune attack in 

the CNS is mediated by autoreactive T cells that enter through a disturbed blood-brain 

barrier (BBB) and attack oligodendrocytes and myelin. Expression of genes tagging T 

cells was upregulated in blood samples from patients with all forms of MS [129]. 

 

Ad3 Studies on mice showed that the loss of STAT3 in CD4+ T cells prevents 

development of experimental autoimmune diseases like experimental autoimmune 

encephalomyelitis (EAE), which is a multiple sclerosis mouse model [140]. This 

suggests that the expression of STAT3 in CD4+ T cells is essentially related to the 

development of EAE [140]. STAT3 pathways and Th17 cells therefore represent 

attractive targets for inhibiting CNS autoimmune diseases. 

 

Ad4 Activation of STATs results in the expression of genes that control critical cellular 

functions associated with immune responses [89–92]. In normal cells, these signal 
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transduction mechanisms are closely controlled to prevent unscheduled gene regulation 

and, consequently, inappropriate biological responses.    

STAT3 is known to be activated in the brain and is part of a broader network that 

includes key regulators of cellular signalling [141]. Dysregulation of the STAT3 

pathway may play a role in MS for several reasons, namely the importance of STAT3 in 

myeloid cell activation, T-cell differentiation and cytokine/chemokine induction [142]. 

Signalling through STAT3 is a critical component of Th17-dependent autoimmune 

processes [143]. Moreover, an increased phosphorylated (activated) STAT3 was 

reported in the T cells of patients evolving from a clinically isolated syndrome to the 

defined MS and in relapsing patients [143].  

 

Through this work, we provided further evidence of the implication of STAT genes by 

identifying the STAT5A gene associated with MS susceptibility. Namely, in addition to 

STAT3, STAT5 has also been implicated in cellular functions of proliferation, 

differentiation and apoptosis with relevance to the processes of immunoregulation [106]. 

Unrestricted STAT5 activation can lead to pathological conditions such as inflammation 

or autoimmunity, cancer promotion and progression, and myeloproliferative diseases. 

Therefore, the activity of STAT5 needs to be controlled closely [144]. Precise 

mechanisms through which the STAT5 proteins exert their function are still largely 

unknown, as are the post-translational modifications of STAT5 necessary for its proper 

function. In general, proper functioning of the STAT5 molecules is essential for all 

immune cells and these processes include lymphocyte development, NK cell activity, 

cytotoxic T cell function, T helper or suppressor/regulatory T cell function, mast cell 

function, platelet/megakaryocyte function, and macrophage responses or stress 

erythropoiesis [145–151]. Prominent direct transcriptional targets of STAT5 include (i) 

proteins important for cell cycle progression and cellular growth, (ii) tissue invasion, 

(iii) survival, (iv) negative feedback inhibition in tyrosine kinase signalling pathways, 

(v) lymphocyte function, (vi) cofactor regulation, (vii) liver function, (viii) major urinary 

proteins, (ix) ribosomal proteins, (x) acute phase response genes, but also (xi) genes 

involved in DNA damage repair, (xii) reproduction or (xiii) mammary gland function 

and differentiation [145–152]. The way in which the STAT5 proteins exert their distinct 
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and specific functions in different cell types under various physiological and 

pathological conditions remains to be elucidated.  

 

 

3.3. Results of the CLOCK and ARNTL genes 
 

3.3.1. Association studies on the CLOCK and ARNTL genes 
 

Genotype frequencies of investigated polymorphisms in ARNTL and CLOCK genes 

were in accordance with those predicted by the Hardy-Weinberg equilibrium in the case 

and control groups, with the exception of rs12363415 which was excluded from further 

analyses. 

 

The results of genotype and allelic distribution of the ARNTL and CLOCK 

polymorphisms in 900 patients with MS and 1026 controls are presented in Table 9. A 

significant difference in the distribution of the ARNTL gene in rs3789327 

polymorphism genotypes was observed in patients with MS, with P-value 7.49·10-5. A 

significant difference was also detected in the distribution of genotypes in rs6811520 

polymorphism in the CLOCK gene, with P-value 0.021. 
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Table 9: Genotype and allelic distribution of the ARNTL and CLOCK polymorphisms 

in MS patients and healthy controls 

 
 
 

Genotypes 

 
Total control 

(%) 

 
Total MS 

(%) 

 
 
χ2 

 
 

P 

 
 

P corr. 

OR [95% 
confidence 
interval] 

A
R

N
TL

 G
EN

E 

  CC 198 (19.68) 257 (29.11)       TT+CT/CC 

rs3789327 CT 489 (48.61) 375 (42.47) 22.89 1.07·10-5 7.49·10-5 1.67 [1.35–2.07] 
  TT 319 (31.71) 251 (28.43)  

  CC 93 (9.57) 73 (9.97) CC+GC/GG 
rs1481892 GC 424(43.62) 313 (42.76) 0.16 0.92 1.00 1.02 [0.84–1.23] 
  GG 455 (46.81) 346 (47.27)  

  AA 280 (31.67) 190 (27.54) AA+AG/GG 
rs4757144 GA 422 (47.74) 354 (51.30) 3.28 0.19 1.00 1.04 [0.81–1.32] 
  GG 182 (20.59) 146 (21.16)  

C
LO

C
K

 G
EN

E 

  CC 598 (64.09) 512 (72.01) CT+TT/CC 
rs6811520 CT 274 (29.37) 166 (23.35) 11.75 3.00·10-3 0.02 1.44 [1.17–1.78] 
  TT 61 (6.54) 33 (4.64)  

  CC 151 (15.07) 138 (15.94) CC+GC/GG 
rs6850524 GC 502 (50.10) 403 (46.54) 2.38 0.30 1.00 1.12 [0.93–1.36] 
  GG 349 (34.83) 325 (37.53)  

  AA 306 (33.89) 250 (30.38) AA+AG/GG 
rs11932595 GA 450 (49.83) 397 (48.95) 4.96 0.08 0.59 1.30 [1.02–1.67] 
  GG 147 (16.28) 164 (20.22)  

  AA 88 (11.47) 83 (10.81) AA+AG/GG 
rs13124436 GA 336 (43.81) 331 (43.10) 0.36 0.84 1.00 1.06 [0.86–1.29] 
  GG 343 (44.72) 354 (46.09)  

 

 

The results of genotype and allelic distribution of the ARNTL and CLOCK gene 

polymorphisms in the male population are presented in Table 10. No statistically 

significant distributions of polymorphisms were observed in the ARNTL and CLOCK 

genes in the male population.  
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Table 10: Genotype and allelic distribution of the ARNTL and CLOCK 

polymorphisms in male MS patients and healthy male controls  

 

Genotypes, male Control (%) MS (%) χ2 P P corr. 
OR [95 % 

confidence interval] 

A
R

N
TL

 G
EN

E 

  CC 95 (20.21) 82 (29.71)       TT+CT/CC 
rs3789327 CT 226 (48.09) 125 (45.29) 9.57 8.00·10-3 0.06 1.67 [1.18–2.35] 

  TT 149 (31.70) 69 (25.00)       
  CC 47 (10.54) 21 (9.77)     CC+GC/GG 

rs1481892 GC 193 (43.27) 97 (45.12) 0.23 0.89 1.00 0.96 [0.69–1.33] 

  GG 206 (46.19) 97 (45.12)     
  AA 115 (28.19) 60 (27.52)       AA+AG/GG 

rs4757144 GA 211 (51.72) 118 (54.13) 0.40 0.82 1.00 0.90 [0.58–1.36] 

  GG 82 (20.10) 40 (18.35)       

C
LO

C
K

 G
EN

E 

  CC 292 (68.71) 148 (73.27)       CT+TT/CC 
rs6811520 CT 108 (25.41) 42 (20.79) 1.63 0.44 1.00 1.25 [0.86–1.82] 

  TT 25 (5.88) 12 (5.94)       

  CC 71 (15.27) 50 (18.45)     CC+GC/GG 
rs6850524 GC 231 (49.68) 122 (45.02) 1.93 0.38 1.00 1.07 [0.78–1.46] 

  GG 163 (35.05) 99 (36.53)     

  AA 150 (34.25) 80 (31.13)       AA+AG/GG 
rs11932595 GA 225 (51.37) 125 (48.64) 4.07 0.13 0.92 1.51 [1–2.26] 

  GG 63 (14.38) 52 (20.23)       

  AA 42 (11.35) 23 (9.87)       AA+AG/GG 

rs13124436 GA 165 (44.59) 97 (41.63) 1.20 0.55 1.00  1.20 [0.86–1.66] 
  GG 163 (44.05) 113 (48.50)       

 

 

The results of genotype and allelic distribution of the ARNTL and CLOCK genes in the 

female population are presented in Table 11. A significant difference was observed in 

the distribution of rs3789327 polymorphism genotypes of the ARNTL gene with P-value 

0.007. A significant difference was also observed in the distribution of rs6811520 

polymorphism genotypes of the CLOCK gene with P-value 0.007, as presented in Table 

11. 
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Table 11: Genotype and allelic distribution of the ARNTL and CLOCK 

polymorphisms in the female population of MS patients and healthy female controls 

 

Genotypes, female Control (%) MS (%) χ2 P P corr. 
OR [95% 

confidence interval] 

A
R

N
TL

 G
EN

E 

  CC 103 (19.22) 175 (28.83)       TT+CT/CC 
rs3789327 CT 263 (49.07) 250 (41.19) 15.03 1.00·10-3 7.00·10-3 1.70 [1.29–2.25] 

  TT 170 (31.72) 182 (29.98)       

  CC 46 (8.75) 52 (10.06)     CC+GC/GG 
rs1481892 GC 231 (43.92) 216 (41.78) 0.79 0.67 1.00 1.03 [0.81–1.32] 

  GG 249 (47.34) 249 (48.16)     

  AA 165 (34.66) 130 (27.54)       AA+AG/GG 
rs4757144 GA 211 (44.33) 236 (50.00) 5.71 0.06 0.41 1.09 [0.8–1.48] 

  GG 100 (21.01) 106 (22.46)       

C
LO

C
K

 G
EN

E 

  CC 306 (60.24) 364 (71.51)     CT+TT/CC 

rs6811520 CT 166 (32.68) 124 (24.36) 15.05 1.00·10-3 7.00·10-3 0.57 [0.32–0.98] 
  TT 36 (7.09) 21 (4.13)       
  CC 80 (14.90) 88 (14.79)     CC+GC/GG 

rs6850524 GC 271 (50.47) 281 (47.23) 1.48 0.48 1.00 1.16 [0.91–1.47] 

  GG 186 (34.64) 226 (37.98)     
  AA 156 (33.55) 170 (30.69)       AA+AG/GG 

rs11932595 GA 225 (48.39) 272 (49.10) 1.28 0.53 1.00 1.15 [0.84–1.58] 

  GG 84 (18.06) 112 (20.22)       
  AA 46 (11.59) 60 (11.21)       AA+AG/GG 

rs13124436 GA 171 (43.07) 234 (43.74) 0.06 0.97 1.00 0.99 [0.76–1.28] 

  GG 180 (45.34) 241 (45.05)       
 

 

The analyses were also stratified by clinically defined subtypes of MS. The results of 

genotype and allelic distribution of the ARNTL and CLOCK polymorphisms in RRMS 

patients and healthy controls are presented in Table 12. A significant difference in the 

distribution of rs3789327 polymorphism genotypes of the ARNTL gene in RR form of 

MS was observed when compared to controls, with P-value 2.5·10-5.  
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Table 12: Genotype and allelic distribution of the ARNTL and CLOCK 

polymorphisms in RRMS patients and healthy controls 

 

RR MS n=596 
 

Genotypes 
 

Control (%) 
 

MS (%) 
 
χ2 

 
P 

 
P corr. 

OR [95% confidence 
interval] 

A
R

N
TL

 G
EN

E 

  CC 198 (19.68) 180 (30.20)       TT+CT/CC 

rs3789327 CT 489 (48.61) 245 (41.11) 25.10 3.50·10-6 2.50·10-5 1.81 [1.43–2.29] 

  TT 319 (31.71) 160 (26.85)       
  CC 93 (9.57) 47 (7.89)       CC+GC/GG 
rs1481892 GC 424(43.62) 187 (31.38) 0.67 0.71 1.00 1.05 [0.84–1.32] 
  GG 455 (46.81) 217 (36.41)       
  AA 280 (31.67) 125 (20.97)       AA+AG/GG 
rs4757144 GA 422 (47.74) 221 (37.08) 1.54 0.46 1.00 1.06 [0.8–1.4] 
  GG 182 (20.59) 95 (15.94)       

C
LO

C
K

 G
EN

E 

  CC 598 (64.09) 320 (53.69)       CT+TT/CC 
rs6811520 CT 274 (29.37) 104 (17.45) 7.62 0.02 0.15 1.41 [1.11–1.81] 
  TT 61 (6.54) 23 (3.86)       
  CC 151 (15.07) 92 (15.44)       CC+GC/GG 
rs6850524 GC 502 (50.10) 267 (44.80) 1.71 0.42 1.00 1.11 [0.9–1.37] 
  GG 349 (34.83) 213 (35.74)       
  AA 306 (33.89) 171 (28.69)       AA+AG/GG 
rs11932595 GA 450 (49.83) 268 (44.97) 2.64 0.27 1.00 1.24 [0.94–1.64] 
  GG 147 (16.28) 106 (17.79)       
  AA 88 (11.47) 56 (9.40)       AA+AG/GG 
rs13124436 GA 336 (43.81) 228 (38.26) 0.12 0.94 1.00  0.99 [0.79–1.24] 
  GG 343 (44.72) 227 (38.09)       

 

 

The results of genotype and allelic distribution of the ARNTL and CLOCK 

polymorphisms in SPMS patients and healthy controls are presented in Table 13. We 

observed that SNPs in the CLOCK and ARNTL genes in the SP form of MS did not 

display significant associations with MS susceptibility. 
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Table 13: Genotype and allelic distribution of the ARNTL and CLOCK 

polymorphisms in SPMS patients and healthy controls 

 

SP MS n=229 
 

Genotypes 
 

Control (%) 
 

MS (%) 
 
χ2 

 
P 

 
P corr. 

OR [95% confidence 
interval] 

A
R

N
TL

 G
EN

E 

  CC 198 (19.68) 61 (26.64)       TT+CT/CC 
rs3789327 CT 489 (48.61) 96 (41.92) 6.16 0.05 0.32 1.50 [1.07–2.08] 

  TT 319 (31.71) 70 (30.57)       

 
CC 93 (9.57) 16 (6.99)    CC+GC/GG 

rs1481892 GC 424(43.62) 88 (38.43) 1.44 0.49 1.00 1.17 [0.87–1.58] 
  GG 455 (46.81) 107 (46.72)       
  AA 280 (31.67) 61 (26.64)       AA+AG/GG 
rs4757144 GA 422 (47.74) 102 (44.54) 0.36 0.84 1.00 0.97 [0.66–1.41] 
  GG 182 (20.59) 41 (17.90)       

C
LO

C
K

 G
EN

E 

  CC 598 (64.09) 147 (64.19)       CT+TT/CC 
rs6811520 CT 274 (29.37) 49 (21.40) 8.16 0.02 0.12 1.52 [1.09–2.15] 
  TT 61 (6.54) 5 (2.18)       
  CC 151 (15.07) 33 (14.41)       CC+GC/GG 
rs6850524 GC 502 (50.10) 110 (48.03) 0.05 0.98 1.00 1.03 [0.76–1.4] 
  GG 349 (34.83) 79 (34.50)       
  AA 306 (33.89) 59 (25.76)       AA+AG/GG 
rs11932595 GA 450 (49.83) 106 (46.29) 3.930 0.14 0.98 1.37 [0.93–1.99] 
  GG 147 (16.28) 44 (19.21)       
  AA 88 (11.47) 17 (7.42)       AA+AG/GG 
rs13124436 GA 336 (43.81) 75 (32.75) 2.88 0.24 1.00 1.30 [0.95–1.79] 
  GG 343 (44.72) 97 (42.36)       

 

 

The results of genotype and allelic distribution of the ARNTL and CLOCK 

polymorphisms in PPMS patients and healthy controls are presented in Table 14. We 

observed that SNPs in the CLOCK and ARNTL genes in SPMS did not display 

significant associations with MS susceptibility as presented in Table 14. 
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Table 14: Genotype and allelic distribution of the ARNTL and CLOCK 

polymorphisms in PP MS patients and healthy controls 

 

PP MS n=48 

Genotypes Control (%) MS (%) χ2 P P corr. OR [95% confidence 
interval] 

A
R

N
TL

 G
EN

E 

  CC 198 (19.68) 9 (18.75)       TT+CT/CC 

rs3789327 CT 489 (48.61) 22 (45.83) 0.01 0.99 1.00 1.03 [0.46–2.1] 

  TT 319 (31.71) 14 (29.17)       

  CC 93 (9.57) 4 (8.33)       CC+GC/GG 
rs1481892 GC 424 (43.62) 24 (50.00) 2.65 0.26 1.00  0.61 [0.31–1.15] 
  GG 455 (46.81) 15 (31.25)       
  AA 280 (31.67) 4 (8.33)       AA+AG/GG 
rs4757144 GA 422 (47.74) 23 (47.92) 7.18 0.03 0.19 0.87 [0.32–2.02] 
  GG 182 (20.59) 6 (12.50)       

C
LO

C
K

 G
EN

E 

  CC 598 (64.09) 31 (64.58)       CT+TT/CC 
rs6811520 CT 274 (29.37) 6 (12.50) 4.93 0.08 0.59 2.44 [1.12–6.14] 
  TT 61 (6.54) 1 (2.08)       
  CC 151 (15.07) 9 (18.75)     CC+GC/GG 
rs6850524 GC 502 (50.10) 14 (29.17) 6.24 0.04 0.31 1.79 [0.97–3.28] 
  GG 349 (34.83) 22 (45.83)     
  AA 306 (33.89) 11 (22.92)       AA+AG/GG 
rs11932595 GA 450 (49.83) 18 (37.50) 3.52 0.17 1.00 1.97 [0.92–3.93] 
  GG 147 (16.28) 11 (22.92)       
  AA 88 (11.47) 7 (14.58)       AA+AG/GG 
rs13124436 GA 336 (43.81) 15 (31.25) 1.59 0.45 1.00 1.12 [0.6–2.11] 
  GG 343 (44.72) 20 (41.67)       

 
 

In Table 15, the results of inferred haplotypes in the ARNTL and CLOCK genes are 

presented. Only haplotypes with estimated frequencies above 5% are presented. A 

statistically significant difference in genotyping was supported by haplotype 

distributions at the ARNTL gene locus for haplotypes CGG (P=0.004) and TGA 

(P=0.030). A statistically significant difference was also observed in haplotype 

distributions at the CLOCK gene locus for TCAG haplotype (P= 0.001).  
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Table 15: Haplotypes in the ARNTL and CLOCK genes 

 

control=1024, MS=900 
ARNTL gene         

  rs3789327 rs1481892 rs4757144 Hap freq. 
(%) P-value P corr. % 

control 
% 
MS 

1 C C G 14.95 0.20 1.00 14.70 15.20 
2 C G A 22.10 0.03 0.18 21.02 23.17 
3 C G G 8.44 7.00·10-4 4.00·10-3 6.93 10.34 
4 T C G 11.94 0.22 1.00 12.15 11.66 
5 T G A 27.61 5.00·10-3 0.03 29.31 25.58 
6 T G G 10.51 0.17 1.00 11.40 9.63 

CLOCK gene                    

  rs6811520 rs6050524 rs11932595 rs13124436 Hap freq. 
(%) P-value P corr. % 

control 
% 
MS 

1 C C A G 15.56 0.04 0.23 14.17 17.46 
2 C C G G 5.21 0.08 0.53 4.77 5.62 
3 C G A A 19.54 0.21 1.00 20.66 18.44 
4 C G G A 12.43 0.24 1.00 11.49 13.29 
5 C G G G 24.49 0.55 1.00 24.49 24.59 
6 T C A G 18.14 2.00·10-3 1.00·10-3 20.68 14.99 
 

 

To conclude, our genotyping results indicate a statistically significant association of 

variants in the ARNTL and CLOCK genes with MS. The results of individual 

polymorphism analyses were supported by the analyses of interfered haplotype 

frequencies in case and control groups. The association for rs3789327 in the ARNTL 

gene was significant in all participants, as well in stratified sub-populations separated by 

gender and in the RR-MS subtype of MS. Additionally, we have shown that, in 

Caucasian population of Slavic origin, the ARNTL gene CGG haplotype might be a risk 

factor for MS and the ARNTL TGA haplotype might be a protective factor for MS. The 

association of rs6811520 in the CLOCK gene was also significant in all participants, but 

when gender-specific stratification analyses were performed, only the female population 

showed a statistically significant association in this gene. Furthermore, we have shown 

that, in Caucasian population of Slavic origin, haplotype TCAG in the CLOCK gene 

might be a protective factor in MS.  
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3.3.2. Gene expression in the CLOCK and ARNTL genes 
 

Characterization of gene expression in whole blood might lead to the identification of 

useful clinical biomarkers for MS. For this reason, we also performed gene expression 

profiling of the ARNTL and CLOCK genes in blood samples in cases with MS and 

healthy controls. Chart 4 represents the relative gene expression level in blood for the 

ARNTL and CLOCK genes in all participants, as well as results stratified by gender. We 

haven't observed any significant differences in gene expression in blood for the ARNTL 

and CLOCK genes within the entire study population. In gender-separated results of 

gene expression, we observed significant differences in the ARNTL gene in male 

patients (P=0.002).  

 

Chart 4: Differential gene expression of blood in the CLOCK and ARNTL genes in all 

participants and separated by gender 
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Furthermore, we performed a separate comparison of the ARNTL and CLOCK gene 

expression levels in blood according to the course of disease and separated by gender. 

We observed a significant differential expression of the ARNTL gene in female subjects 

(RR-MS P-value 0.047 and SP-MS P-value 0.027) and in male patients (SP-MS P-value 

0.019). 

 

To conclude, we found statistically significant differences in the ARNTL gene 

expression in MS.  

 

 

3.3.3. Correlation between SNPs and blood expression in the CLOCK and ARNTL 
genes 
 
Due to the observed results, we were also interested in the correlation of SNPs in the 

examined CLOCK and ARNTL genes, and their expression in blood. To determine this 

relationship, we utilized the Spearman's correlation. Correlating the genotype expression 

results from the same patients has not revealed a significant correlation between the 

genotype and expression levels in blood (ARNTL gene: rs3789327 P=0.60; rs1481892 

P=0.16; rs4757144 P=0.24 and CLOCK gene: rs6811520P= 0.62; rs6850524 P=0.62; 

rs11932595 P=0.06 and rs13124436 P=0.17).  

 

 

3.4. Discussion on the CLOCK and ARNTL genes   
 

We hypothesized that the differences in epidemiology of MS related to the geographical 

latitude effect might be associated with chronobiology. Moreover, gene variability in 

key regulators of circadian rhythms genes (CLOCK and ARNTL) might be associated 

with multiple sclerosis. In answer to our hypothesis, we found a statistically significant 

association of the ARNTL and CLOCK genes with MS. The differences in the ARNTL 

gene were detected on a sample of all study participants, but also in the male and female 

sub-population and in RR-MS patients. We supported our results by determining the 
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ARNTL and CLOCK gene expression in blood. The CLOCK gene exhibited significant 

association in a sample of all participants, as well as in the female sub-population. 

Results of the association study were also supported when comparing differences in the 

frequencies of inferred haplotypes in a sample of cases and controls.  

 

The association between MS and circadian rhythms is further supported by evidences 

that: 

1. exposure to shift work and migration between high- and low-risk geographic 

regions increase the risk for MS later on, 

2. the lack of exposure to darkness/light is a strong stimulus for melatonin 

production and is geographically associated with areas of high MS prevalence,  

3. The month of one’s birth and the risk of MS are related.  

 

Ad1 Studies have shown that exposure to shift work and migration at a young age 

increase the risk for MS later on [121, 153, 154]. A key issue when discussing health 

problems in shift workers is the role of the disturbed circadian rhythm. Circadian 

disruption and sleep restriction are related to the disturbed melatonin secretion and 

enhanced proinflammatory responses [121]. Many biological variables follow the 

circadian rhythm, and shift work can interfere with disorders involving these variables. 

Shift work influences the mismatch of circadian rhythms (light intensity and day length), 

sleep/wake disturbances, increased susceptibility, internal desynhronization of circadian 

rhythms, behavioural changes and stress and jet lag-like symptoms and gastrointestinal 

malfunction [153,155–157]. Chronic circadian disruption may also increase 

susceptibility to disorders like obesity, diabetes mellitus, cardiovascular disease, 

thrombosis and even inflammation [153,155–157]. Circadian disruption and sleep 

deprivation may be contributory factors explaining the association between early 

exposure to shift work and an increased MS risk [121]. 

 

Studies of migrants indicate that the MS risk is strongly associated with the place of 

residence in early life [154]. The effects of migration between high- and low-risk 

geographic regions have been examined in several populations (UK immigrants to South 
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Africa, or Asian and Caribbean immigrants to the UK). Individuals born in low-risk 

areas appear to benefit from some long-lasting protection that is not, however, 

transmitted to their children. Immigrants who migrate before adolescence acquire the 

risk of their new country, while those who migrate later retain the risk of their home 

country [154]. MS is very rare among black people living in Africa. Although it is 

somewhat more frequent among black people in the USA, it is still less frequent than 

among white people of European descent living in the USA [158, 159]. Studies suggest 

that the risk at the same latitude is lower in individuals with darker skin pigmentation 

[158, 159]. 

 

Ad2 The daily molecular oscillator, known as the circadian clock, senses changes in the 

photoperiod and mediates a diverse number of photoperiodic responses such as hormone 

secretion in mammals [160]. Lack of exposure to light/darkness is a strong stimulus for 

melatonin production and is geographically associated with areas of high MS prevalence 

[161]. Alternatively, it is possible that producing more melanin represents an 

evolutionarily advantageous adaptation for populations exposed to higher levels of 

environmental factors (sun exposure, UV radiation), and that these factors may be 

involved in triggering autoimmune demyelination. There are evidences that also support 

a strong seasonal pattern in subclinical MS activity based on non-contrast brain MRI. 

The disease activity pattern (new T2 activity) is two to three times higher in the period 

from March to August than during the rest of the year, and correlates strongly with 

regional climate data, particularly solar radiation and light intensity [162]. 

 

An essential fact that supports the relation between melatonin and the immune system is 

the presence of melatonin receptors in immune organs and cells. Conversely, lack of 

exposure to the light-darkness cycle is a strong stimulus for melatonin production [161] 

and is geographically associated with areas of high MS prevalence. Melatonin secretion 

undergoes annual rhythms with a zenith in winter and declines to a nadir in the spring 

[163]. Thus, the fall in melatonin secretion in the spring may account for 

epidemiological findings revealing a high incidence of relapse of MS in the spring [163]. 
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The main role of melatonin is the regulation of circadian rhythms [164, 165]. Circadian 

rhythms are controlled by circadian rhythm genes. 
 

Ad3 The performed pooled analysis of datasets from Canada, Great Britain, Denmark 

and Sweden showed that significantly fewer people with MS were born in November 

and significantly more of them were born in May [166]. The results were derived from 

over 42000 patients with MS. This effect is greater in Scotland, where the population 

prevalence of this disease is highest [166]. The month of one’s birth and the risk of MS 

are related, more so in familial cases, implying climate-related interactions between 

genes and the environment [166]. The risk factors responsible for the effect of timing of 

birth must vary seasonally and probably interact with the development of the central 

nervous system or immune systems, or both. Such interactions may take place during 

gestation or shortly after the birth in individuals born in the northern countries studied 

[166].  
 

Circadian rhythms serve to align physiological functions with the environment. The 

CLOCK-ARNTL heterodimer regulates the transcription of many clock-controlled 

genes (CCGs), which in turn influence a wide array of physiological functions external 

to the oscillatory mechanism. Genome-wide array analyses have indicated that ~10% of 

all expressed genes in any tissue are under circadian regulation [167]. Moreover, CCGs 

directly control genes encoding regulators of the cell cycle, proliferation and cellular 

metabolism [167].  

 

The results of our study can contribute to the possible explanation for the latitude effect 

on the disease, with association in correlation between MS and circadian rhythm genes 

presented for the first time. In light of our results with regard to the circadian rhythm 

genes, further investigations underlying the etiology and pathogenesis of MS will be 

needed. Replication in large samples is required to validate these associated loci. 

 

 



59 
 

4. CONCLUSIONS 

 

We have confirmed both of our hypotheses. Our first hypothesis supposed that genetic 

variability in STAT genes (the STAT3 and STAT5A genes) might be associated with 

multiple sclerosis. We have found a statistically significant association of genetic 

variants in the STAT5A and STAT3 genes with MS. A statistically significant difference 

was supported by haplotype distributions at the STAT5A and STAT3 gene loci. 

Moreover, correlating the genotype expression results in STAT3 and STAT5A from the 

same patients has revealed a significant relation between the genotype and expression 

levels. Correlation of MS-associated SNPs with differences in gene expression in 

STAT3 and STAT5A may reveal the functional basis for detected associations. We thus 

provided further evidence for the implication of the STAT system in the pathogenesis of 

MS. 

  

According to our second hypothesis, the differences in epidemiology of MS related to 

geographical latitude effect might be associated with chronobiology. The gene 

variability in key regulators of the circadian rhythm genes (the CLOCK and ARNTL 

genes) might thus be associated with multiple sclerosis. We found a statistically 

significant association of the ARNTL gene and the CLOCK gene with MS. These results 

were supported by inferred haplotypes in both genes. Genetic variability in the ARNTL 

gene and the CLOCK gene might therefore be associated with multiple sclerosis and 

could contribute to the possible explanation for the latitude effect on this disease.  
 
Due to the inherent limitations of association and expression studies, further 

investigations underlying the etiology and pathogenesis of MS will be needed. 

Replication studies on independent and large cohorts are required to validate association.  
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5. SUMMARY 

 

Multiple sclerosis (MS) is a serious neurological disorder. There is still a substantial gap 

(missing heritability) between the estimated heritability and the evidence of contribution 

of already identified genetic biomarkers. We therefore integrated different levels of 

genomic data to identify new gene candidates which we tested for association and blood 

expression. Among the 381 genomic regions and 409 genes, we selected STAT3 and 

STAT5A for association and expression studies. According to our hypothesis, the 

differences in gene variability in the selected top gene candidate (STAT3 and STAT5A) 

genes might be associated with multiple sclerosis. There are still some unexplained 

epidemiological data associated with the disease, including the notion of association 

between the gradient of increasing MS risk and the increasing latitude in both 

hemispheres. We hypothesized that the differences in epidemiology of MS related to the 

geographical latitude effect might be associated with chronobiology. Thus, the gene 

variability in circadian rhythms genes (CLOCK and ARNTL) might be associated with 

multiple sclerosis. Our study was performed on a Caucasian population of 1058 patients 

with MS from the Central South East Europe and a group of 1040 individuals matched 

healthy individuals with no family history of MS or any other inflammatory 

demyelinating disease in terms of ethnicity, age and gender. We also conducted a 

comparative gene expression study in blood samples obtained from 50 patients and 40 

controls. Expression levels were normalized according to the housekeeping gene β-actin 

and were co-run with each sample. In total, we genotyped 13 SNPs in STAT genes 

(STAT 3 and STAT5A) and in both key circadian rhythm-regulating genes (Clock and 

ARNTL). For all analyses carried out in association studies and gene expression studies, 

we used the software provided by ABI (ABI, Foster City, USA). 

 

We found a statistically significant difference in the allelic distribution of the STAT5A 

gene (P=7.5·10-4), which was particularly strong in patients with RR MS (P=1.97·10-6). 

These results were supported by determined haplotype distributions of the STAT5A 

gene (haplotype CA (P=3·10-5)). A significant association of genetic variants in the 

STAT3 gene and MS was also found (P=0.025) and was supported by differences in 
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haplotype distribution (haplotype AGG (P=2.5·10-4)). Furthermore, we observed 

significant differences in the STAT3 gene expression in male patients (P=0.01). 

 

We found a statistically significant difference in the allelic distribution of ARNTL in all 

participants (P=7.5·10-5) and confirmed our results by means of haplotypes distribution 

(haplotypes CGG (P=0.004) and TGA (P=0.03)). The significant association in the 

ARNTL gene was also supported by gene expression in blood in male patients 

(P=0.002). In addition, we found a statistically significant association of the CLOCK 

gene with MS (P=0.021) and supported our results by means of haplotypes distribution 

in the CLOCK gene (haplotype TCAG (P= 0.001)).  

 

In this dissertation study, we provided evidence that genetic variability in the STAT3 

and STAT5A genes and the ARNTL and CLOCK genes might be associated with 

multiple sclerosis. 

 

Keywords: Multiple sclerosis (MS), circadian rhythms genes, STAT genes  
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5. POVZETEK 

 

Multipla skleroza (MS) je resna avtoimuna nevrološka bolezen. Kljub intenzivnemu 

raziskovanju vloge genetskih dejavnikov pri nastanku MS, njenega poteka in 

zdravljenja, večjega dela heritabilnosti pri MS še ne znamo pojasniti. Zaradi zapletenosti 

klinične slike bolezni in velike količine genskih podatkov je težko razložiti razpoložljive 

informacije. Povezali smo različne genomske podatke, ki so pokazali pomembno 

dovzetnost do MS na izraženih genomskih regijah za določitev top kandidatnih genov. 

Testirali smo jih v asociacijski študiji, kot tudi z ekspresijo izbranih genov v krvi. Med 

381 genomskimi regijami in 409 geni smo izbrali STAT3 in STAT5A za asociacijsko 

študijo in ekspresijo genov v krvi. Domnevali smo, da bi razlika v genski variabilnosti v 

top izbranih genih (v STAT3 in STAT5A genu) lahko bila povezana z dovzetnostjo do 

MS. Vsemu trudu navkljub še vedno manjka neka povezava med dejavniki tveganja in 

MS, ki bi lahko pojasnila nekatere nepravilnosti, povezane z boleznijo, kot na primer, da 

je MS pogostejša pri ljudeh, ki živijo dlje od ekvatorja. Obstaja namreč geografski 

vzorec frekvence bolezni, ki narašča z oddaljenostjo od ekvatorja v smeri obeh polobel. 

Razlike v epidemiologiji MS v zvezi z zemljepisno širino bi lahko bile povezane s 

kronobiologijo, zato smo domnevali, da je genska variabilnost v dveh glavnih 

regulatorjih cirkadialnega ritma (bio ritma) v genih ARNTL in CLOCK povezana s 

tveganjem za nastanek multiple skleroze. Študija je bila izvedena s 1058 pacienti 

kavkazijske rase z MS iz osrednje jugo-vzhodne Evrope. Kontrolna skupina je bila 

sestavljena iz 1040 etnično, starostno in po spolu usklajene populacije, ki v družini ni 

imela multiple skleroze ali druge demielizacijske bolezni. Za gensko ekspresijo v krvi 

smo testirali 50 pacientov z MS in 40 zdravih kontrol. Nivoji genske ekspresije so bili 

usklajeni z notranjo endogeno kontrolo (housekeeping gene) β-actinom, ki je bila 

usklajevana z vsakim vzorcem posebej. Skupaj smo pri študiji STAT genov (STAT3 in 

STAT5A) in pri študiji bioritmičnih genov (CLOCK in ARNTL genu) testirali 13 

SNPjev (polimorfizmov). Za vse analize asociacije, kot tudi genske ekspresije, smo 

uporabljali SDS program, dobavljen s strani podjetja ABI (ABI, Foster City, ZDA).  
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Statistično pomembno razliko pri STAT5A smo našli pri vseh pacientih (P=7,5·10-4) in 

pri pacientih z RR obliko MS (P=1,97·10-6), hkrati pa smo to pomembno razliko potrdili 

tudi z distribucijo haplotipov pri STAT5A genu (haplotip CA P=3·10-5). Statistično 

pomembno razliko smo našli tudi pri STAT3 genu (P=0,025) in jo potrdili s haplotipi 

(haplotip AGG P=2,5·10-4). Statistično pomembna razlika je bila potrjena z ekspresijo v 

krvi pri moških pacientih (P=0,01).  

 

Statistično pomembno razliko smo našli pri ARNTL genu (P =7,5·10-5) in jo potrdili z 

distribucijo pri haplotipih (haplotip CGG (P=0,004) in haplotipu TGA (P=0,03)). Ta 

pomembna razlika je bila potrjena tudi z ekspresijo v krvi pri moških pacientih 

(P=0,002). Statistično pomembno razliko smo našli tudi pri CLOCK genu (P=0,021) in 

jo potrdili z distribucijo pri haplotipih (haplotip TCAG (P= 0,001)).  

 

V tej disertaciji smo pokazali, da bi lahko genska variabilnost pri STAT3 in STAT5A 

genu ter ARNTL in CLOCK genu lahko bila povezana z nastankom multiple skleroze. 

 

Ključne besede: multipla skleroza (MS), bioritmični geni, STAT geni 
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