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Abstract. Several polymorphisms in genes related to the 
ubiquitin‑proteasome system exhibit an association with 
pathogenesis and prognosis of various human autoimmune 
diseases. Our previous study reported the association 
between multiple sclerosis (MS) and the PSMA3‑rs2348071 
polymorphism in the Latvian population. The current study 
aimed to evaluate the PSMA6 and PSMC6 genetic variations, 
their interaction between each other and with the rs2348071, 
on the susceptibility to MS risk and response to therapy in 
the Latvian population. PSMA6‑rs2277460, ‑rs1048990 and 
PSMC6‑rs2295826, ‑rs2295827 were genotyped in the MS 
case/control study and analysed in terms of genotype‑protein 
correlation network. The possible association with the disease 
and alleles, single‑ and multi‑locus genotypes and haplotypes 
of the studied loci was assessed. Response to therapy was 
evaluated in terms of ‘no evidence of disease activity’. To 
the best of our knowledge, the present study was the first to 
report that single‑ and multi‑loci variations in the PSMA6, 
PSMC6 and PSMA3 proteasome genes may have contributed 
to the risk of MS in the Latvian population. The results of the 
current study suggested a potential for the PSMA6‑rs1048990 
to be an independent marker for the prognosis of interferon‑β 
therapy response. The genotype‑phenotype network 
presented in the current study provided a new insight into the 
pathogenesis of MS and perspectives for future pharmaceu‑
tical interventions.

Introduction

Multiple sclerosis (MS) is a lifelong demyelinating disease of 
the central nervous system. The clinical onset of MS tends to 
be between the second and fourth decade of life. Similarly to 
other autoimmune diseases, women are affected 3‑4 times more 
frequently than men (1). About 10% of MS patients experience 
a primary progressive MS form characterized by the progres‑
sion of neurological disability from the onset. In about 90% 
of MS patients, the disease undergoes the relapse‑remitting 
MS course (RRMS); in most of these patients, the condition 
acquires secondary progressive course (SPMS) (2).

The cause of MS is not clear. It is widely believed to be 
an autoimmune disorder triggered in genetically predisposed 
subjects by environmental factors such as infection, exposure 
to sunlight, and vitamin  D deficiency  (3‑5). The vitamin 
deficiency and other genetic factors may also contribute to the 
augmented production of proinflammatory cytokines such as 
IL‑12, IL‑18 and macrophage migration inhibitory factor that 
have been found during the active phases of the disease (6‑9). 
Recent evidence indicated that these abnormal production of 
proinflammatory cytokines may reside in the hyperactiva‑
tion of the inflammasome (10). Simultaneously, MS patients 
showed reduced production of anti‑inflammatory cytokines 
such as IL‑37 as well as endogenous anti‑inflammatory media‑
tors such as IL‑1 receptor antagonist, the soluble IL‑1 receptor 
type 2 and heme oxygenase I (11‑14). MS susceptible loci have 
been identified in regions containing genes with immune, 
co‑stimulatory, signal transduction functions and related to 
vitamin D function (15‑21).

Ubiquitin proteasome system (UPS) plays a vital role 
in immunity and its deregulation and/or modulation may 
inf luence MS development and progression. The 20S 
proteasome has been identified as a target of the humoral 
autoreactive immune response (22) and a major autoantigen 
in MS patients (23). Proteolytic activities of proteasomes are 
reduced in the brain tissue of MS patients  (24). Inhibition 
of proteasomes and lysosomal proteases involved in major 
histocompatibility complex (MHC)  II antigen presenta‑
tion has shown to improve MS therapeutic efficacy (22,25). 
Disease‑modifying treatments significantly decrease the 
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frequency of relapses and impede the progression of disability 
during MS (26). Interferon‑β‑1b (IFNβ‑1b) reduces relapses 
in MS and improves magnetic resonance imaging (MRI) 
outcomes. Plasma levels of ubiquitin and proteasome enzy‑
matic activity in MS patients before IFNβ‑1b therapy have 
been shown to decrease after six months of treatment (25). In 
a similar manner, treatment with IFNβ augments other endog‑
enous anti‑inflammatory mediators such as TGFβ, Heme 
oxygenase 1 and IL‑1 receptor antagonist thus pointing out to 
its pleiotropic pharmacological effects (12,14,27). Preliminary 
studies have shown that the potency of IFNβ can be increased 
further by simultaneous treatment with cyclophosphamide in 
patients with aggressive diseases (28). In this case, studies to 
identify pathways genes that predict a successful response to 
this treatment combination appear promising. Similarly, on the 
basis of analysis of genes and biomarkers it was possible to 
predict therapeutic effects of natalizumab (6,29‑31).

Genetic variations in PSMA3 and PSMB9 protea‑
some genes were reported to be associated with the risk of 
MS in Latvians  (32) and Italians  (33). Polymorphisms of 
the 14q11‑24 proteasome genes PSMA6 and PSMC6 were 
previously involved in susceptibility to juvenile idiopathic 
arthritis (JIA) (34), asthma in children (BA) (35) and obesity 
(OB) (36), type 2 and type 1 diabetes mellitus (T1DM and 
T2DM) (37‑39), cardiovascular disorders (39,40) and adapta‑
tion to the environment of the population (41). Taking into 
account that the statistically proven phenomena of the coexis‑
tence of autoimmune diseases (42) might happen that some of 
these polymorphisms are associated with susceptibility to MS, 
disease prognosis and/or response to therapy.

The aim of the current study was to evaluate the asso‑
ciation of genetic variations in the proteasome genes PSMA6 
(rs2277460 and rs1048990) and PSMC6 (rs2295826 and 
rs2295827) encoding regulatory α‑subunit and ATPase subunit 
respectively with MS development and response to the therapy 
in Latvians. Additionally, the interaction of the PSMA6 and 
PSMC6 polymorphisms with the rs2348071 locus in the 
PSMA3 genes were analysed on MS susceptibility. Further on, 
using publicly available SNPexp database (43) on correlations 
between SNP genotype and gene expression levels in lympho‑
blastoid cells of individuals included in the HapMap populations, 
we performed an in silico analysis of the association between 
the SNPs analysed and the expression levels of the number of 
previously reported MS gene candidates and genes involved in 
the interferon signalling pathway. Genotype‑phenotype corre‑
lations identified in the study may provide a new insight on MS 
pathogenesis and response to the therapy.

Materials and methods

Case‑control study. The case group consisted of 280 MS 
patients (mean age: 41.66±12.16 years) attending the Latvian 
Maritime Medicine Centre, Vecmilgravis Hospital. MS 
patients were diagnosed according to the revised 2010 
McDonald criteria (44) and assigned to RRMS (187 patients; 
mean age: 38.88±12.81 years) and SPMS (93 patients; mean 
age: 51.20±9.94  years) groups. The control group of 305 
individuals representing the total Latvian population was previ‑
ously described (32,38). All controls were carefully assessed to 
exclude the diagnosis of any inflammatory disorders. Written 

consent was obtained from all participants of the study. The 
study was performed according to the Declaration of Helsinki 
and the study protocol was approved by the Central Medical 
Ethics Committee of Latvia (Protocol Nr. 01‑29.1/17).

Treatment. Three disease‑modifying agents, including IFNβ, 
glatiramer acetate and mitoxantrone, were used for the treat‑
ment of 210 MS patients. Details on therapy are given in Table I.

Response to therapy evaluation. Progress of disease and 
response to treatment were evaluated in terms of ‘no evidence 
of disease activity’ (NEDA) standard  (45) measured by 
relapses, the progression of disability and new and/or enlarging 
demyelinating lesions as seen on MRI.

DNA extraction and genotyping. Genomic DNA extraction 
and the rs2277460, rs1048990, rs2295826 and rs2295827 
genotyping technologies (primer sequences, necessary 
Polymerase Chain Reaction procedure and analysis of ampli‑
fied and digested products) were the same as in (34,41). For 
quality control, 16 randomly chosen samples per each marker 
were genotyped in two different experiments. Genotyping data 
were verified by direct sequencing of the corresponding DNA 
fragments in both directions using Applied Biosystems 3130xl 
Genetic Analyzer (Fig.  S1). Loci description and nucleo‑
tide numbering are given according to the recommended 
nomenclature system (http://www.genomic.unimelb.edu.
au/mdi/mutnomen/recs.html). Chromosome 14, GRCh37.p5 
assembly (NCBI reference sequence: NC_000014.8) sequence 
information was used for loci description.

Data analysis. Single locus genotypes' and alleles' frequencies 
were estimated in the MS group by direct gene counting. The 
genetic diversity of SNPs rs2277460, rs1048990, rs2295826 and 
rs2295827 was studied previously by Sjakste et al, 2016 (38) 
in the control group. Genotyping data on the rs2348071 
variations in MS patients were described by Kalnina et al, 
2014 (32). These primary genotyping data were used in the 
current case/control study to construct multi‑locus genotypes, 
haplotypes and identify the main effects of MS in single‑ and 
multi‑locus models. Deviation from the Hardy‑Weinberg 
equilibrium (HWE) and the differences between case and 
control groups in allele, genotype and haplotype frequencies 
were evaluated by χ2 using XLSTAT software for Windows 
(Data Analysis and Statistical Solution for Microsoft Excel, 
https://www.xlstat.com/en, Addinsoft, Paris, France 2017). 
Dominant, recessive, over dominant and multiplicative genetic 
models for every individual locus were designed according 
to (46), and two‑ or one‑tailed P‑value (significant <0.05) was 
evaluated by χ2 using 2x2 contingency tables. Odds ratio (OR) 
higher than two (2) and lower than 0.5 was considered to be 
clinically significant (46). Stratification was performed by MS 
course, NEDA standard and response to the therapy.

Genotype‑phenotype correlation analysis. Data on the 
correlation between SNPs' genotypes and expression 
levels of the number of genes potentially involved in MS 
pathogenesis  (15‑20) and/or response to the IFNβ therapy 
(PathCards, https://pathcards.genecards.org/card/immune_
response_ifn_alphabeta_signaling_pathway) were derived 
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using SNPexp online tool [http://tinyurl.com/snpexp., 
Norwegian PSC Research Center, Rikshospitalet, Oslo, 
Norway (43)] for lymphoblastoid cells of all unrelated indi‑
viduals of the HapMap phase  II release 23 data set which 
consist of 3.96 million SNP genotypes from 270 individuals 
from four populations: CEU (90 Utah residents with ancestry 
from northern and western Europe), HCB (45 unrelated Han 
Chinese in Beijing), JPT (45 unrelated Japanese in Tokyo), YRI 
(90 Yoruba in Ibadan, Nigeria). Dominant and additive genetic 
models were tested for correlation analysis. The Spearman' 
correlation between genotype and the gene expression level 
was considered to be positive if at least one probe per transcript 
showed a statistically significant association (P<0.05).

Taking into account that in the SNPexp platform (43) one 
gene can be represented by several probes, but one probe maps 
only one gene, the results were manually filtered: 1) To exclude 
possible false calls when one probe is found to belong to several 
genes; 2) to optimize repeated data when several probes map 
to one gene; 3)  to exclude potentially false calls identified 
for the rs2295826, but not for the rs2295827.Only Spearman 
correlations with P‑value less than 0.05 or significant correla‑
tion found for both the rs2295826 and rs2295827 were taken 
into account. The data obtained as a result of filtration is given 
in Tables SI and SII.

Results

Genotyping results and single‑locus association analysis. 
In the current study, we have genotyped the rs2277460, 
rs1048990, rs2295826 and rs2295827 in 280 MS patients. In 
Latvia there are 2035 registered MS patients in total. The 
study can be considered to be a representative for the Latvian 
population, as 13.7% of all patients were covered by our study. 
Since significance was achieved and revealed the trend on the 
association with the disease, our results appeared to predict the 
common association trends for larger sample groups, with the 
possibility of further studies reproduced in other populations.

Data on alleles' and genotypes' distributions and 
single‑locus associations are given in Table II. The Genotyping 
call rate was 100% and all genotyped markers were found 
to be in a perfect HWE (P>0.05). The rs2295826 and 
rs2295827 were observed in a complete (D'=1, r2=1) linkage 
disequilibrium and in further analysis, the linkage block 
rs2295826‑rs2295827 will be represented by the rs2295826 
locus. No linkage had been identified between other polymor‑
phic loci analysed (P>0.05).

The rs2277460 and rs1048990 exhibited similar alleles' and 
genotypes' frequencies in the cases and controls and appeared 
to be MS neutral.

The linkage block rs2295826‑rs2295827 showed statisti‑
cally significant MS main effect for both rare alleles [P<0.05; 
odds ratio, OR=1.62, 95% confidence interval (CI) (1.16‑2.26)] 
and genotypes in the dominant model [P<0.001; OR=1.95, 
95% CI (1.34‑2.83)].

Identification of the risk/protective multi‑loci genotypes. Using 
personalized data documentation, we reconstructed individual 
multi‑loci genotypes and tested them on the association with 
the disease. Full‑spectrum and frequencies of the rs22774
60‑rs1048990‑rs2295826‑rs2295827‑rs2348071 genotypes 
is presented in Table SIII. Genotype having the homozy‑
gotes on major alleles simultaneously at the rs2277460 and 
rs1048990 and MS risk genotypes at the rs2295826‑rs2295827 
and rs2348071 showed a strong association with the disease 
[4‑LG7, P=0.0001; OR=3.01, 95% CI (1.70‑5.33)]. Genotypes 
including risk alleles at loci rs2277460, rs2295826‑rs2295827 
and rs2348071 (4‑LG12) and risk genotypes at loci rs2277460 
and rs2295826‑rs2295827 (4‑LG11) were found about two 
times more frequently in MS patients than in controls.

Genotype homozygous on major alleles at all five loci was 
the most frequent in controls (28%) and second by frequency 
in MS patients (~18%) showing significant disease protec‑
tive effect [P<0.05; OR=0.31, 95% CI (0.66‑0.96), Fig. 1A, 
Table SIII].

Table I. Multiple sclerosis treatment and response to therapy.

	 Patient number
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Disease‑modifying	 Commercial			   Total
agent	 name	 Manufacturer	 Formulation of treatment	 treated	 Respon‑ders	 Non‑responders

IFNβ total				    148	 37	 111
  IFNβ‑1a	 Avonex®	 Biogen Idec Limited	 Intramuscular 30 µg once	 25	 10	 15
			   weekly
  IFNβ‑1a	 Rebif®	 Merck Serono; 	 Subcutaneous 44 µg three	 59	 14	 45
		  Merck KGaA	 times per week
  IFNβ‑1b	 Betaseron®	 Bayer AG	 Subcutaneous 250 µg every	 64	 13	 51
	 or Extavia®		  other day
Glatiramer acetate	 Copaxone®	 TEVA Pharmaceutical	 Subcutaneous 20 mg once	 39	 4	 35
		  Industries, Ltd	 a day
Mitoxan‑trone	 Novantrone®	 Wyeth Laboratories	 Intravenous once every	 23	 0	 23
			   3 months

Therapeutic forms of IFNβ can be produced in bacterial expression systems (IFNβ‑1b) or in mammalian cells (IFNβ‑1a). IFNβ, interferon β.
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Further on, we analysed the interaction between any two 
loci (the rs2295826‑rs2295827 linkage block was considered 
as one locus) on MS susceptibility. Data on statistically 
significant interactions are illustrated in Fig. 2.

The rs2295826‑rs2348071 Risk‑Risk genotype, was more 
than twice more frequent in MS patients (22.14%) than in 
controls (8.54%) and showed strong (P<0.0001) association 
with the disease [OR=3.60, 95% CI (1.60‑4.22); Fig. 2A]. The 
rs2277460‑rs2295826 genotype of the CA‑Risk structure 
rarely observed in controls (2.63%) was more frequent in MS 
patients (6.43%) showing nominal (P<0.05) association with 
the disease [OR=2.45, 95% CI (1.05‑5.73); Fig. 2B].

Haplotype analysis. Results on haplotype analysis are given in 
the Table SIV and illustrated in Fig. 1B.

Haplotype diversity was similar in both groups of MS 
patients and healthy individuals. Although, the rs2277460 
locus did not show MS susceptibility in a single‑locus analysis, 
the haplotype of the A‑C‑A‑C‑G structure (Hap6) showed a 
significant association with the disease [P<0.001; OR=2.44 
95% CI (1.45‑4.11), Fig. 1B].

The rs2277460‑rs1048990‑rs2295826 ‑rs229582
7‑rs2348071 haplotype of the C‑C‑G‑T‑A composition (Hap8) 
having MS risk alleles at the rs2295826‑rs2295827 and 
rs2348071 loci simultaneously, showed strong (P<0.0001) 
association with the disease [OR=9.65 95% CI (4.49‑20.76), 

Fig. 1B] supporting the above presented data on the single‑ and 
multi‑loci genotype susceptibility.

Polymorphism association with the response to therapy. 
Patients did not respond to mitoxantrone therapy. Among 
39  patients treated by glatiramer acetate, only four were 
susceptible to this treatment. In the group of 148 patients 
treated with IFNβ, 37 responders were detected (Table I).

Genotyping data were further analysed for the association 
with response to IFNβ therapy (Table III). Alleles' and geno‑
types' distribution were found to be similar between responders 
and non‑responders at the rs2277460, rs2295826‑rs2295827 
and rs2348071. However, the G allele at the rs1048990 was 
approximately twice more frequent in non‑responders than 
in responders and the association of the G allele with no 
IFNβ therapy response was found to be close to statistical 
significance [Table III; OR=2.53 95% CI (0.90 7.08) in the 
multiplicative model].

Correlation between SNPs' genotype and gene expression. 
Suggesting the potential for genetic variations to produce a 
local or distant functional effect in the genome, we analysed 
the further correlation between genotypes of the rs1048990, 
rs2295826‑rs2295827 and rs2348071, identified in the current 
and previous (32) studies as MS susceptible and expression 
levels of 13 well‑characterized genes associated with the 

Table II. SNP genotype and MA frequencies and data on association with MS.

	 Data on association
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
SNP ID and MA or genotype	 MS (n=280)	 Controls (n=305)	 Genetic model	 P‑value	 OR [95% CI]

rs2277460					   
  A	 51 (9.11)	 44 (7.21)	 A vs. C	 n/s	 ‑
  CC	 229 (81.79)	 261 (85.57)	 ‑	 ‑	 ‑
  CA	 51 (18.21)	 44 (14.43)	 CA vs. CC	 n/s	 ‑
rs1048990					   
  G	 50 (8.93)	 57 (9.34)	 G vs. C	 n/s	 ‑
  CC	 233 (83.21)	 250 (81.97)	 ‑	 ‑	 ‑
  CG	 44 (15.72)	 53 (17.38)	 CG + GG vs. CC	 n/s	 ‑
  GG	 3 (1.07)	 2 (0.65)	 ‑	 ‑	 ‑
rs2295826					   
  G	 96 (17.14)	 69 (11.31)	 G vs. A	 0.0042	 1.62 [1.16‑2.26]
  AA	 187 (66.79)	 243 (79.67)	 ‑	 ‑	 ‑
  AG	 90 (32.14)	 55 (18.03)	 AG + GG vs. AA	 0.0004	 1.95 [1.34‑2.83]
  GG	 3 (1.07)	 7 (2.30)	 ‑	 ‑	 ‑
rs2295827					   
  T	 96 (17.14)	 69 (11.31)	 T vs C	 0.0042	 1.62 [1.16‑2.26]
  CC	 187 (66.79)	 243 (79.67)	 ‑	 ‑	 ‑
  CT	 90 (32.14)	 55 (18.03)	 CT + TT vs. CC	 0.0004	 1.95 [1.34‑2.83]
  TT	 3 (1.07)	 7 (2.30)	 ‑	 ‑	 ‑

Numbers of alleles and genotypes (in brackets, frequency in percent) in control are given according to (38). MS and Control data are presented 
as n (%). MA, minor allele; MS, multiple sclerosis; OR [95% CI], odds ratio with 95% confidential interval, indicated when n/s (no statistical 
result or P>0.05); SNP, single nucleotide polymorphism.
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susceptibility to MS (15‑20) and 21 genes involved in IFNα/β 
signalling pathway (PathCards, https://pathcards.genecards.
org/card/immune_response_ifn _alphabeta_signaling_pathway). 
The name of the CD25 gene was not found on the expression 
chips. A statistically significant correlation between mRNA 
transcript level and genotypes of any SNP was found for six 
genes implicated in MS pathogenesis and nine genes involved 
in IFN pathways (Tables IV and SII).

Examples of correlations revealed and details on the 
correlated genes are given in Fig. 3 and Table SII, respec‑
tively. Risk genotypes of the rs1048990 and rs2348071 were 
found in a simultaneous correlation with expression levels 
of the IL7R (Fig. 3B), STAT3 (Fig. 3C), TNFRSF5 (Fig. 3D), 
PTP‑1B (Fig. 3E) and USP18 (Fig. 3F). Fig. 3A illustrated the 
situation when the HLA‑B expression level correlates with the 
rs2295826 and rs2295827.

Discussion

T he ma in  f i nd ing  of  t h is  s t udy i s  t ha t  t he 
PSMC6‑rs2295826‑rs2295827 and PSMA3‑rs2348071 loci 
showed MS susceptibility, and data on single‑locus associations 
were confirmed by haplotype and multi‑loci genotype analysis. 
Remarkably, MS susceptible to rs2277460‑rs1048990‑rs2295826
‑rs2348071 haplotypes of the A‑C‑A‑C‑G and C‑C‑G‑T‑A config‑
uration is identified in this study (Fig. 1B) were found to be linked 
with poly‑JIA and oligo‑JIA, respectively (41), and T1DM (38). 
Similarly, multi‑loci genotype CC‑CC‑Risk‑Risk‑Risk, associ‑
ated with MS risk effect in this study (Fig. 1A), is also a risk 
factor for T1DM (38), BA (35) and JIA (41). We did not find any 
data about the association of the polymorphisms studied by us 
with MS in the literature. However, haplotypes encompassing the 
KIAA0391 localized in 14q13.2 and PSMA6 gene cluster confer 
a genetic link for myocardial infarction and coronary artery 
disease (47). Additionally, in a GWAS study performed by the 
International Multiple Sclerosis Consortium (48) on association 
of SNP rs12436216 of the gene KIAA0391, it was reported that 
14q13.2 could be a MS susceptibility locus.

Some loci of susceptibility may be shared among many 
autoimmune and other immune‑mediated diseases (49,50). 
Earlier, the pleiotropic genetic effect as a frequent phenomenon 

in human complex traits and diseases (51) has been reported 
for BA and OB (52,53) and for BA and juvenile rheumatoid 
arthritis (54,55). Similarly, rs2277460 associated with BA in 
our previous study (35) has been found to determine suscep‑
tibility in Latvians with JIA (34) and T1DM (38). This locus 
turned out not to be associated with MS primary cohort in 
a single‑locus analysis in Latvians, however, it was found in 
the block of interaction of risk loci PSMA6‑rs2277460‑PSM
C6‑rs2295826, which was more frequent in disease's group 
(Fig. 2B). This data was confirmed by haplotype analysis: 
Haplotype A‑C‑A‑C‑G included only the rs2277460 risk allele 
A and showed a significant association with MS [P<0.001; 
OR=2.44 95% CI (1.45‑4.11), Fig. 1B].

In  silico analysis revealed  (34,41) that the nucleotide 
substitutions we have studied, modified transcription factor 
(TFs) binding sites and miRNAs. This can significantly 
modulate the transcription of related genes and gene networks 
in response to the inflammation and other environmental 
stimuli.

The PSMA6‑rs2277460 and PSMA3‑rs2348071 rare 
alleles and the PSMC6‑rs2295826 major allele assisted the 
cytoplasmic ribonucleoprotein hnRNPA1 targeting. This 
multifunctional protein is involved in the pathogenesis of 
many neurodegenerative diseases, including MS (45,56,57). 
It can influence protein‑protein interactions, including those 
involving NF‑κB, which are known to play a critical role in 
the initiation and progression of MS (58,59) and participate 
in the crosstalk with UPS at different levels of the NF‑κB 
signalling pathways  (60). This splicing signal, affecting 
splicing and post‑transcriptional modification of the majority 
of expressed genes in mammals, was shown to directly interact 
with PSMA3 proteins (61) and may be involved in the regula‑
tion of the PSMA3 gene expression through the rs2348071 
allele‑specific targeting.

PSMA6‑rs1048990 rare allele G generates binding sites 
for multifunctional p53 protein, overexpression of which 
can induce apoptosis of oligodendrocytes in MS (62). The 
PSMA6‑rs2277460 substitution to A, produces binding sites 
for BARBIE box proteins, which are shown to be involved 
in innate immunity modulation  (63). The major allele of 
PSMC6‑rs2295826 generates sequence affinity to transcription 

Figure 1. Presentation of the controls and patients with multiple sclerosis of the (A) 5 loci genotypes and (B) 5 loci haplotypes associated with the disease in 
the Latvian population. Light and dark columns correspond to controls and cases, respectively. *P<0.05, **P<0.001 and ***P<0.0001 correspond to nominal, 
moderate and strong levels of statistical significance calculated by χ2 or Fisher's exact test.
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factors of MYT1 and PARF families known to be involved in 
primary neurogenesis; substitution at the PSMC6‑rs2295827 
can bind the BRN5 and LHXF factors and replacement at 
the PSMA3‑rs2348071 may significantly change patterns of 
the local targets for regulatory proteins of MEF2 and HBPX 
families known to mediate transcriptional control of neuronal 
differentiation (64‑67); HOXF family NANOG.01 is involved 
in signal transduction pathways during development (68).

Previously, PSMA6‑rs1048990 had shown to affect PSMA6 
gene expression in vivo  (69) and in vitro  (40). However, it 
should be taken into account that the data on the possibility 
of a particular genetic variant to have multiple transcription 
effects are limited.

To explain the above speculation it should be kept in mind 
also, that changes in the expression of different proteasome 
subunits in response to outer factors is not co‑ordinated. For 
example, cocaine mainly upregulates PSMB1 and PSMA5 
subunits, decreases PSMA6 subunit, but does not affect 
PSMB2 and PSMB5 subunit expression (70). Similar ‘chaotic’ 
changes in proteasome gene expression can happen in patho‑
genesis of the diseases, including MS. General expression of 
the proteasomes is increased in MS and, decreased by the 
interferon therapy (25). At the first stage of this process, the 
expression of the PSMA6 gene could increase, which can 
further promote the formation of more proteasomes with a 
subsequent increase in their activity. The same might happen 

with immune proteasome expression. The composition of 
α subunits in ‘conventional’ and immune proteasomes is 
identical. Thus, higher accessibility of PSMA6 subunits can 
favour initial increase of the formation of ‘conventional’ 
proteasomes with the transformation to immune protea‑
somes.

Based on the present and previously published results (38), 
we propose a concept for correlations between genotypes 
involved in MS risk and the level of expression of MS gene 
candidates. We should keep in mind that the expression studies 
in silico using data obtained for the lymphoblastoid cell line is 
a standard approach used for the MS studies (16).

A group of wel l‑known MS gene candidates 
(Tables  IV  and SII) is represented by genes encoding the 
lymphocyte function‑associated antigen  3 (CD58), MHC 
antigens (HLA‑A and HLA‑B), interleukin‑7 receptor subunit α 
(IL7R), signal transducer and activator of transcription 
3STAT3, tumor necrosis factor receptor superfamily member 5 
[TNFRSF5 (CD40)].

The gene group involved in IFNα/β signalling pathway 
(Tables IV and SII) includes: Genes encoding interferon‑α 
inducible protein 6 and interferon‑α1 (IFI6 (G1P3) and IFNA1 
(IFNα), respectively), representatives of interferon regulatory 
factors (IRF1 and IRF2), proteins related to enzyme binding 
and protein domain specific binding (PRMT1 (HMRT1L2), 
PTP‑1B (PTPN1), SHP‑2 (PTPN11, TYK2 and USP18)).

Figure 2. Visualization of the interaction between the components of multi‑loci genotypes. (A)  Interaction between the rs2295826‑rs2295827 and 
rs2348071 MS risk genotypes. (B) Interaction between the rs2277460 rare CA genotype and MS risk genotypes at the rs2295826‑rs2295827. Linkage block 
rs2295826‑rs2295827 is represented by the rs2295826 locus. Two‑loci genotypes associated with MS are localized in the cross of ellipses and marked by stars. 
The Square of the ellipses corresponds to the genotype frequency of the corresponding loci. MS, multiple scleroses.
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So, the expression of MS susceptible genes coding proteins 
of immune function (CD58, IL7R, STAT3, TNFRSF5 (CD40)) 
and genes involved in the IFN pathway (PTP‑1B (PTPN1) and 
USP18) was found to be in a statistically significant correlation 
with the rs1048990 and rs2348071 risk genotypes simultaneously 
(Fig. 3B‑F). Besides, among genes involved in IFNα/β signalling 
pathway the expression levels of IFI6 (G1P3), IRF2, PRMT1 
(HMRT1L2) and SHP‑2 (PTPN11) were found to be in a corre‑
lation only with PSMA3‑rs2348071, but IFNA1 (IFN‑α), IRF1 
and TYK2 genes correlate only with the PSMA6‑rs1048990 
(Table IV). Loci PCMC6‑rs2295826 and rs2295827, were identi‑
fied as susceptible to MS cohort in this study, are in a correlation 
with HLA‑B encoding the MHC antigen expression level (Fig. 3A).

These results prove that the possibility of the combined 
functional effect of genetic risk factors on various metabolic 
aspects of MS pathogenesis is parallel with the potential for 
each SNP to have its own transcriptional effect on the genes 
involved in this study.

UPS components possess the potential of being a therapeutic 
target for the treatment of several diseases (71). IFNβ is a pleio‑
tropic cytokine belonging to the type I interferons; it is involved 

in the regulation of innate and adaptive immune responses and 
is widely used as the first‑line disease‑modifying treatment for 
multiple sclerosis (72). Interestingly, among the studied loci, 
the association of the G allele at the PSMA6‑rs1048990 with no 
IFNβ therapy response in the Latvian population in the current 
study was found to be close to statistical significance (Table III). 
It might be that with the increase in the number of patients in 
the studied cohorts, the significance of statistical reliability in 
this associative study can increase. The above data provided 
evidence of the cumulative effect of immune‑response genes on 
IFNβ treatment efficacy.

The PSMA6‑rs1048990‑rs2277460, PSMC6‑rs2295826‑​
rs2295827 and PSMA3‑rs2348071 single‑ and multi‑loci 
variations may contribute to the risk of MS in Latvians. The 
nucleotide substitutions may either have their own functional 
effect on transcription of numerous genes involved in MS 
pathogenesis or may be linked to other MS‑susceptible genetic 
variations.

Our results suggested the potential for the rs1048990 of the 
PSMA6 gene to be an independent marker for the prognosis of 
the IFNβ therapy response.

Table III. The rs1048990 alleles and genotypes presentation in responders and non‑responders to IFNβ therapy.

	 IFN‑β (n)	 Statistics
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Allele or genotype	 R	 NR	 Model	 P‑value	 OR [95% CI]

C	 70 (94.59)	 194 (87.39)	 G vs. C	 0.059	 2.53 [0.90‑7.08]
G	 4 (5.41)	 28 (12.61)	 G vs. CC	 0.056	 2.69 [0.92‑7.84]
CC	 33 (89.19)	 86 (77.48)	 ‑	 ‑	 ‑
CG	 4 (10.81)	 22 (19.82)	 CG + GG vs. CC	 0.090	 2.40 [0.78‑7.42]
GG	 ‑	 3 (2.70)	 ‑	 ‑	 ‑

The numbers of alleles and genotypes (in brackets, frequency in percent) in the groups of study participants are presented as n (%). R, 
responders; NR, non‑responders; IFN‑β, interferon β; OR, odds ratio; CI, confidence interval.

Table IV. Data on correlation between mRNA expression and the rs1048990, rs2295826‑rs2295827 and rs2348071 genotypes.

			   Not found on the
Gene group	 In correlation	 Without correlation	 expression chip	 Total

MS	 CD58a,d, HLA‑Aa, HLA‑Bb,c, IL7Ra,d, STAT3a,d,	 CD6, HLA‑DRB1, IL2RA, IL12A,	 CD25	 13
	 TNFRSF5 (CD40)a,d	 IRF8 (ICSBP),
		  TNFRSF1A
IFN	 IFI6 (G1P3)d, IFNA1 (IFNα)a, IRF1a, IRF2d,	 IFNAR1, IFNAR2, IFNB1, ISG15	 ‑	 21
	 PRMT1 (HMRT1L2)d,PTP‑1B (PTPN1)a,d,	 (G1P2), ISG54 (IFIT2), ISGF3
	 SHP‑2 (PTPN11)d, TYK2a, USP18a,d	 (IRF9), JAK1, PML (MYL), 
		  SHP‑1 (PTPN6), SOCS1,
		  STAT1, STAT2
Total	 15	 19	 1	 34

MS, genes implicated in pathogenesis of multiple sclerosis (15‑20); IFN, genes involved in IFNα/β signalling pathway (PathCards, 
https://pathcards.genecards.org/card/immune_response_ifn_alphabeta_signaling_pathway). ars1048990, brs2295826, crs2295827 and 
drs2348071.
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