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Abstract
Parkinson’s disease (PD) is one of the most common neurodegenerative diseases. In most cases, the development of the disease is
sporadicand isnot associatedwithanycurrentlyknownmutationsassociatedwithPD. It isbelieved thatchangesassociatedwith the
epigenetic regulationofgeneexpressionmayplayan important role in thepathogenesisof thisdisease.Thestudyof individualswith
an almost identical genetic background, such asmonozygotic twins, is one of the best approaches to the analysis of such changes.A
whole-transcriptome analysis of dermal fibroblasts obtained from three pairs of monozygotic twins discordant for PDwas carried
out in thiswork.Twenty-ninedifferentially expressedgeneswere identified in the three pairs of twins.Thesegeneswere included in
seven processes within two clusters, according to the results of an enrichment analysis. The cluster with the greatest statistical
significance included processes associated with the regulation of the differentiation of fat cells, the action potential, and the
regulation of glutamatergic synaptic transmission. The most significant genes, which occupied a central position in this cluster,
were PTGS2, SCN9A, andGRIK2. These genes can be considered as potential candidate genes for PD.
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Highlights Parkinson’s disease (PD) is one of the most common neuro-
degenerative diseases.
A highly rare phenomenon is described: i.e., monozygotic twins
discordant for PD.
Processes directly related with the functioning of the nervous systemwere
revealed.
PTGS2, SCN9A, and GRIK2 can be considered as potential candidate
genes for PD.
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Abbreviations
PD Parkinson’s disease
DAergic Dopaminergic
FBS Fetal bovine serum
DEGs Differentially expressed genes

Introduction

Parkinson’s disease (PD) is one of the most common neuro-
degenerative diseases. It is caused by the disruption of the
functioning of various neurotransmitter systems with a distinct
predominance of dopaminergic (DAergic) system deficiency
(Gasser 2009; Lesage and Brice 2009). A long presymptom-
atic period of development is a characteristic feature of PD
pathogenesis. Motor symptoms are manifested only after the
loss of 50–60% of DAergic neurons in the substantia nigra
and a 70–80% decrease in dopamine levels in the striatum
(Cookson et al. 2008; Kalia and Lang 2015).

It has been convincingly demonstrated in recent years that
genetic factors play an important role in the development of PD
(Kalinderi et al. 2016; Lesage and Brice 2012; Soto-Ortolaza
and Ross 2016). In most cases, however, the development of
the disease is sporadic and is not associated with any currently
known mutations associated with PD (Singleton et al. 2013). In
this regard, the picture of the PD etiopathogenesis is not
completely understood. Moreover, it is clear that, in addition
to changes in the primary structure of DNA, changes associated
with the epigenetic regulation of gene expression may also play
an important role in the pathogenesis of PD. Changes in the
epigenetic pattern can be associated with the effect of environ-
mental factors, the assessment of the action of which can be
carried out via the study of individuals with a genetic back-
ground that is almost identical, including monozygotic twins
discordant for PD.

Obviously, the main changes are observed in the cells of the
central nervous system during the development of PD.
However, it is known that the all identified genes of the mono-
genic forms of this disease are not specific to nerve cells and are
expressed in various cell types. Therefore, changes that occur
during the development of this pathology in neurons can be
observed in other types of cells. Skin fibroblasts are among
the cells that are available for research. Currently, only one
transcriptome study of skin biopsies obtained from 12 patients
with PD has been reported. In that study, processes that are
characteristic of PD were identified, including mitochondrial
dysfunction and impaired protein metabolism. The degenera-
tion observed in the central nervous system was concluded to
be systemic and also manifests itself in peripheral tissues
(Planken et al. 2017). Based on these findings, it can be con-
cluded that homeostatic imbalance and stress can lead to in-
creased susceptibility to external and internal factors in patients,
which may be reflected in the functioning of peripheral tissues.

The results of this work suggest that fibroblasts can be
considered as a cellular model to study PD pathogenesis,
search for biomarkers, and select therapies for PD. Here, an
analysis of whole-transcriptome changes in fibroblast cultures
obtained from three pairs of twins discordant for PD was car-
ried out to confirm this hypothesis.

Materials and Methods

Twins Discordant for PD

Three pairs of phenotypically and genetically monozygotic
twins discordant for PD were enrolled in the study. These
individuals (of Russian ethnic origin and residing in
European Russia) were diagnosed at the State Public Health
Institution Primorsk Regional Clinical Hospital No. 1 and did
not have any family history of PD. Participants were studied
according to the International Parkinson and Movement
Disorder Society-sponsored Unified Parkinson’s Disease
Rating Scale (Fahn et al. 1987) and Hoehn–Yahr scores
(Goetz et al. 2004). The diagnosis of PD was based on the
UK Parkinson’s Disease Society Brain Bank criteria (Hughes
et al. 1992). Patients were at stages 2–4 of the Hoehn–Yahr
scale and had a mixed form of PD. The disease duration was at
least 7 years. The healthy siblings did not have any signs of
PD at the time of collection of the biological material. The
twins lived in the same area, and their work was not associated
with dangerous factors, such as pesticides or heavy metals.
There was no information about the presence of head injuries
in their history. Sex, age, and stage of the disease are presented
in Table 1.

Skin Biopsy

A skin biopsy was performed to obtain fibroblasts in compli-
ance with complete anonymity. The skin explant was taken
from the upper third of the forearm. The size of the explant
was 5–8 mm. After the collection of the biomaterial, the
wound was aseptically treated and closed with an antibacterial
patch. Recommendations for the care of the wound surface
were given.

Obtaining the Primary Culture of Skin Fibroblasts

After biopsy, skin explants were placed in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Paneco, Russia), containing
20% fetal bovine serum (FBS) (HyClone, USA), 1 mM glu-
tamine (ICN Biomedicals, USA), and penicillin–streptomycin
(150 U/ml; 150 μg/ml) (Paneco, Russia). Tubes with explants
were placed on ice and delivered to the laboratory within 24 h.
Each explant was then divided into ten parts in a separate Petri
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dish (35 mm) pretreated with 0.1% gelatin. A sterile cover
glass was pressed on top of the explants.

DMEM culture medium (4–5 ml) (Paneco, Russia)
containing 20% FBS (HyClone, USA), 1 mM glutamine
(ICN Biomedicals, USA), and penicillin–streptomycin
(100 U/ml; 100 μg/ml) (Paneco, Russia) was poured in
the Petri dish. The explant was observed under a micro-
scope for infection by bacterial flora without changing the
medium for 5 days. Cells began to “leave” the explant
actively within 1 week. At this time, the medium was
replaced with fresh DMEM (Paneco, Russia) containing
20% FBS (HyClone, USA), 1 mM glutamine (ICN
Biomedicals, USA), and penicillin–streptomycin (50
U/ml; 50 μg/ml) (Paneco, Russia). Cells were scattered
at a rate of 1:3 in fibroblast culture medium (DMEM
(Paneco, Russia) containing 10% FBS (HyClone, USA)),
1 mM glutamine (ICN Biomedicals , USA), and
penicillin–streptomycin (50 U/ml; 50 μg/ml) (Paneco,
Russia) after reaching the monolayer stage. The medium
was changed once every 2 days, with further cultivation.
Fibroblasts were expanded for 2–3 weeks and subjected to
cryopreservation in an amount of at least ten ampoules
from each donor.

RNA Isolation and Sequencing

Total RNA from skin fibroblasts was isolated using
TRIzol (Invitrogen, USA) according to the manufacturer’s
recommendations. The quality and quantity of the isolated
total RNA were assessed using a Bioanalyzer instrument
and an RNA 6000 Nano Kit (Agilent, USA).

For RNA sequencing, the poly(A) fraction was extracted
from total RNA. Sequencing libraries were prepared from the
poly(A) fraction using the NEBNext® mRNA Library Prep
Reagent Set (NEB, USA). Sequencing was conducted using
HiSeq1500 (Illumina, USA), generating at least 15million 50-
base-long reads per library.

RNA-seq Data Analysis

Raw FASTQ files were processed by trimming, to remove
ambiguous nucleotides and bases with poor quality. Quality

filtering and removal of adapters were performed using
AdapterRemoval V2 software (Schubert et al. 2016).

Trimmed FASTQ files were aligned on the transcriptome
that was obtained from the GRCH38 genome and
GRCH38.92 gene annotation using the rsem-prepare-
reference command (Li and Dewey 2011) with the star option
enabled, to also generate STAR indices (Dobin et al. 2013).

Alignment was performed by STAR and RSEM. The
pseudocounts obtained were normalized using the TMM
algorithm realized in the R package “edgeR,” command
“calcNormFactors” (Robinson et al. 2010), and CPM nor-
malization and realized in the “limma” R package (Ritchie
et al. 2015) and “voom” command. Normalized reads
were processed using the “voom” (mean/dispersion ratio
estimation, to apply weights for observations), “lmfit” (to
create a linear model to describe observations), and
eBayes (to establish parameters for the linear model) com-
mands from the limma package.

Differentially expressed genes (DEGs) were obtained be-
tween each pair of twins separately. DEGswere selected based
on a fold change (FC) threshold (FC > 1.5) and an FDR-
corrected P of a moderated t test <0.05, as assessed using
limma. DEGs that were significantly differentially expressed
between all three pairs of twins in the same direction were
selected exclusively for further analysis.

GO Enrichment Analysis

A Gene Ontology term enrichment (The Gene Ontology
2019) was carried out using the apps ClueGO v. 2.5.3
(Bindea et al. 2009) and CluePedia v. 1.5.3 (Bindea et al.
2013) for Cytoscape v. 3.6.1.

Significantly enriched terms were selected based on a
Bonferroni-corrected hypergeometric test P < 0.05. Term
groups were selected by ClueGO based on the number of
common genes/terms (>50%). Term clusters were selected
based on common genes.

Gene-interaction networks were built using Pathway
Studio® v. 12.1.0.9 (Elsevier, Netherlands) (Hettne et al.
2016). A network of selected metabolic processes and DEGs
was built using CluePedia v. 1.5.3.

Table 1 Characteristic of twin pairs

Pair no. PD status Sex Year of birth Disease onset date PD stage (Hoehn–Yahr scale)

Pair no. 1 Healthy Female 1956 — —

PD Female 1956 2002 2

Pair no. 2 Healthy Female 1947 — —

PD Female 1947 2007 4

Pair no. 3 Healthy Female 1949 — —

PD Female 1949 2011 3
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Expression Analysis of Individual Candidate
Genes

Total RNA from skin fibroblasts was used for gene expression
analysis (see “RNA Isolation and Sequencing” section).

Gene expression analysis was performed using reverse
transcription and qPCR with TaqMan probes. The reverse
t ransc r ip t ion reac t ion was per fo rmed on a T3
Thermocycler amplifier (T3 Thermoblock, Biometra,
Germany) using the RevertAid™ H Minus Reverse
Transcriptase kit (Thermo Fisher Scientific, USA) accord-
ing to the manufacturer’s recommendations. A mixture of
random hexamer primer (Thermo Fisher Scientific, USA)
and Oligo (dT)18 primer (“Thermo Fisher Scientific,”
USA) was used in a ratio of 3: 2, respectively.

The sequences of the primers and probes for expression
analysis of the candidate genes were designed using Beacon
Designer 7.0 software (Premier Biosoft, USA) and the nucle-
otide sequences of the PTGS2, SCN9A, and GRIK2 genes and
the housekeeping genes SARS and PSMD6. The sequences of
gene-specific primers and probes are presented in Table 2.

FAM and VIC, fluorescent dyes; BHQ1 and BHQ2, fluo-
rescence quenchers.

For real-time PCR, cDNA obtained in the reverse tran-
scription reaction was used as a template. Before being
added to the reaction mix, cDNA was diluted in an aque-
ous solution of tRNA from Escherichia coli (100 ng/μl)
(Suslov and Steindler 2005) to concentration of 0.02 ng/
μ l . Re a l - t ime PCR was pe r f o rmed u s i ng t h e
StepOnePlus™ System (Applied Biosystems, USA). The

composition of 30 μl of the reaction mixture consisted of
5 μl of cDNA (0.02 ng/μl), 3 μl of PCR buffer (×10)
(Synthol, Russia), 3 μl 25 mM MgCl2, 10 pM primers
(Evrogen, Russia), 2.5 pM probe (DNA Synthesis,
Russia), 200 μM of each dNTP, and 1 enzyme unit Taq
DNA polymerase (Synthol, Russia). Thermal cycling was
performed as follows: 50 °C, 60 s; 95 °C, 600 s; further
40 cycles of 95 °C, 20 s; and 61 °C, 50 s. Each sample
was analyzed three times to correct for differences in sam-
ple quality and the efficiency of the reverse transcription
reaction.

Statistical and Bioinformatics Analyses

Nucleotide sequences of gene-specific primers and probes
were designed using the Biosoft International Beacon design-
er 7.0 program (Palo Alto, USA) and the corresponding se-
quences from NCBI database. Checking the specificity of
primers and probes was performed using the resource
Primer3 and BLAST (Wheeler et al. 2003) (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/), as well as the base
IDT OligoAnalyzer 3.1 (http://eu.idtdna.com/calc/analyzer).

The relative levels of the transcripts in the test groups were
calculated as R = 2−ΔΔCt (Livak and Schmittgen 2001).
Statistical data processing was performed using the
“Statistica for Windows 8.0” software package (StatSoft,
Inc. (2007)), STATISTICA (version 8.0. www.statsoft.com),
and MS Excel 2013 software (Microsoft). Data were analyzed
using the nonparametric Mann–Whitney U test. Gene-

Table 2 Nucleotide sequences of gene-specific primers and probes

Gene Nucleotide sequence

PTGS2
NM__000963.1*

Probe: 5’-VIC- GGTGAAACTCTGGCTAGACAGCGTAAACT-BHQ2-3'
Forward primer: 5'-GCCAGCTTTCACCAACGG-3'
Reverse primer: 5'-TGACTGTGGGAGGATACATCTCT-3'

SCN9A
ENST00000409672.5**

Probe: 5’-VIC- GTCTACCCCCAATCAGTCACCACTCAGC-BHQ2-3'
Forward primer: 5'-GGCATAGGCGAGCACATGAAA-3'
Reverse primer: 5'-TCGGCAAATTCAGTCTCAGATCCTA-3'

GRIK2
ENST00000369138.5

Probe: 5’-VIC- GGTGCTTTCAGTTTTTGTGGCAGTGGG-BHQ2-3'
Forward primer: 5'-TGGTGGCATCTTCATTGTTCTG-3'
Reverse primer: 5'-TAGGGAGGAATACATAGTCTTGAGGTA-3'

SARS
NM_001330669.1

Probe: 5’-FAM-TCGCCACTCGCTGTCTGCCTTCACCA-BHQ1-3'
Forward primer: 5'-CCCAGCCCTCATCCGAGAG-3'
Reverse primer: 5'-TGTTCAAGTTGTCTGCCCGAAATC-3'

PSMD6
NM_001271779.1

Probe: 5’-VIC- AGGCGGTTTCTCCTGTCCCAGTCTCCTC -BHQ2-3'
Forward primer: 5'- AACACAGAAAAGGCCAAAAGCTTAAT -3'
Reverse primer: 5'- AATAGCCACACAATAAAGACCCTGAT -3'

*Numbers in the database GenBank (accession numbers).

**Accession numbers in the Ensembl database.
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interaction networks were made using the Pathway Studio®
12.0 (“Elsevier”) program (Hettne et al. 2016).

Results

A whole-transcriptome analysis of fibroblasts obtained from
three pairs of monozygotic twins discordant for PD was
performed.

Bioinformatics analysis of RNA-seq data was carried out
separately for each pair of twins. Genes that were differential-
ly expressed between all three pairs of twins in the same di-
rection were selected exclusively for further analysis. This
analysis identified 29 DEGs (Appendix A).

AGeneOntology term enrichment was conducted for these
genes. We considered “metabolic process” terms with a P
value on a hypergeometric test <0.05 (Bonferroni corrected)
and all types of GO-term-to-gene connections. Significant
terms are presented in Table 3.

Table 3 shows that seven metabolic process terms were
identified, two of which were directly related to the function-
ing of the nervous system (GO:0019228, “neuronal action
potential”; GO:0051966, “regulation of synaptic transmission,
glutamatergic”).

A network of the selected metabolic processes and DEGs
was built during the enrichment analysis (Fig. 1).

Figure 1 shows that the identified processes were divided
into two large clusters that were not connected with each other.
Cluster A included the process “positive regulation of fat cell
differentiation,” which exhibited the greatest statistical signifi-
cance. It should be noted that the genes involved in this process
are associated not only with the differentiation of fat cells but
also with other processes, including neuronal ones (Fig. 2).

The metabolic process “positive regulation of fat cell dif-
ferentiation” shared a common gene (PTGS2) with the meta-
bolic process “regulation of synaptic transmission, gluta-
matergic,” and the SCN9A and GRIK2 genes were included
in the processes “regulation of synaptic transmission, gluta-
matergic” and “neuronal action potential” (Table 3, Fig. 1). A
network of functional interactions was built for the most sig-
nificant genes, which occupied a central place in cluster A
(Fig. 3).

Also, for genes PTGS2, SCN9A, andGRIK2, an analysis of
the change in mRNA level of these genes was performed
using real-time PCR. The results of this analysis are presented
in Table 4.

As it can be seen from Table 4, statistically significant
changes in expression were revealed for all analyzed genes.

Table 3 Functional clusters selected according to the results of the bioinformatics analysis

Group GO ID GO term P val Gene

Group 1 GO:0045600 Positive regulation of fat cell differentiation 4.43E-05 INHBA

PTGS2

RARRES2

SFRP2

Group 2 GO:0019228 Neuronal action potential 3.64E-04 COMP

GRIK2

SCN9A

GO:0051966 Regulation of synaptic transmission, glutamatergic 1.22E-03 GRIK2

PTGS2

SCN9A

Group 3 GO:0048016 Inositol phosphate-mediated signaling 1.22E-03 AKAP6

LMCD1

NFATC2

GO:0051155 Positive regulation of striated muscle cell differentiation 1.33E-03 AKAP6

EFNB2

NFATC2

GO:0097720 Calcineurin-mediated signaling 6.93E-04 AKAP6

LMCD1

NFATC2

GO:0033173 Calcineurin–NFAT signaling cascade 8.48E-04 AKAP6

LMCD1

NFATC2

J Mol Neurosci (2020) 70:284–293288



Moreover, the data obtained in the study of changes in mRNA
levels of these genes to the full extent reflect the results of
whole-transcriptome analysis.

Discussion

To date, only two articles have been published on the
analysis of monozygotic twins who are discordant for
PD (Kaut et al. 2017; Woodard et al. 2014). Woodard
et al. analyzed one pair of twins who were carriers of
the N370S mutation in the GBA gene. The authors ana-
lyzed only the efficiency of the differentiation of neuronal
cells in DAergic neurons and evaluated the activity of the

GBA enzyme and the level of α-synuclein in cultured
cells (Woodard et al. 2014). Kaut et al. analyzed the
changes in the methylation profile of the peripheral blood
of twins discordant for PD (Kaut et al. 2017).

Thus, presently, there are no studies of the changes in the
transcriptome profile of monozygotic twins who are discor-
dant for the sporadic form of PD. In this regard, a whole-
transcriptome analysis of three pairs of twins who were dis-
cordant for this disease and whose genomes had no mutations
associated with PD was conducted.

Processes directly related to the functioning of the nervous
system (GO:0019228, “neuronal action potential”;
GO:0051966, “regulation of synaptic transmission, gluta-
matergic”) were identified as a result of bioinformatics

Fig. 1 Network of selected
metabolic processes and DEGs
(obtained using CluePedia v.
1.5.3). Cluster A consists of the
processes included in groups 1
and 2. Cluster B consists of the
processes included in group 3

Fig. 2 Gene network of positive regulation of fat cell differentiation
(obtained using Pathway Studio v. 12.1.0.9). Processes are highlighted
in yellow, genes are in red, disease (PD) is in purple, and cell (neuron) is

in blue. The colored arrows indicate the relationship between the gene and
the object: regulatory pathways are in gray, genetic changes are in
burgundy, arrows marked with + indicate positive links
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processing of RNA-seq data. These processes, together with
the process “positive regulation of fat cell differentiation,”
which had the highest statistical significance, formed a cluster
of processes, cluster A. An enrichment analysis revealed that
the process of differentiation of fat cells was located separately
from the other two processes in the cluster (Table 3).
However, Fig. 1 shows that these processes are related
through the PTGS2 gene. In general, genes from the process
“positive regulation of fat cell differentiation” are involved in
other processes (Fig. 2). Therefore, it is necessary to refer to
various bioinformatics resources to obtain more complete in-
formation when conducting this type of research.

In cluster B, processes related to the functioning of
calcineurin-mediated signaling (GO: 0097720) and
calcineurin–NFATsignaling cascade (GO: 0033173) are note-
worthy. Calcineurin is known to be Ca2+/calmodulin-depen-
dent serine/threonine-specific protein phosphatase, widely
represented in neurons (Klee et al. 1979). NFATC2, one of
the nuclear factors of activated T-cell (NFAT) family of tran-
scription factors, is a target of calcineurin (Crabtree and Olson
2002). These proteins move to the nucleus and participate in

the regulation of gene expression in most cases through other
transcription factors, when NFAT proteins are dephosphory-
lated by calcineurin (Macian 2005). It is currently known that
these proteins are involved in the regulation of neuronal sur-
vival, synaptic plasticity, and axon growth in addition to par-
ticipating in the functioning of the immune system (Graef
et al. 2003; Nguyen and Di Giovanni 2008; Schwartz et al.
2009). Besides, it was shown in transgenic mice that A53T
mutant α-synuclein activates calcineurin and subsequent
transfer of NFAT proteins to the nucleus in dopaminergic neu-
rons of the midbrain. According to the authors, their data
indicate the active involvement of calcineurin- and NFAT-
mediated signaling pathways in the α-synuclein-mediated de-
generation of dopaminergic neurons in PD (Luo et al. 2014).
Based on this hypothesis, we can conclude that the processes
identified by us can be directly related to the development of
PD.

The process “regulation of synaptic transmission, gluta-
matergic” occupied a central place in cluster A (Fig. 1). A
network of gene functional interactions was built for PTGS2,
GRIK2, and SCN9A, which were included in this process (Fig.

Fig. 3 Gene network of regulation of synaptic transmission, glutamatergic (obtained using Pathway Studio v. 12.1.0.9). Processes are highlighted in
yellow, genes are in red, disease (PD) is in purple, and cell (neuron) is in blue; arrows marked with + indicate positive links

Table 4 Relative mRNA levels of the genes studied in dermal fibroblasts, derived from three pairs of monozygotic twins, discordant for Parkinson’s
disease

Gene Pair no. 1 Pair no. 2 Pair no. 3

RNA seq1,2 Real-time PCR1 RNA seq Real-time PCR RNA seq Real-time PCR

PTGS2 0.563 0.274

(0.15–0.42)5
0.24 0.48

(0.26–0.71)
0.34 0.64

(0.27–0.95)

GRIK2 5.84 2.55
(1.24–3.81)

2.89 2.89
(1.46–3.31)

4.08 2.03
(0.99–3.27)

SCN9A 0.19 0.41
(0.20–0.64)

0.19 0.39
(0.17–0.62)

0.46 0.46
(0.21–0.65)

1 The data presented in the table have the P value means < 0.05. 2 FDR-corrected P of a moderated t test < 0.05.
3 Fold change > 1.5; 4median. 5 25–75 quartiles. The levels of the mRNA of the genes studied in the control group were taken as 1.
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3). The network obtained revealed that all three genes are
associated with the functioning of neurons and are involved
in processes that, when functionally changed, may be associ-
ated with the pathogenesis of PD.

COX-2, which is encoded by the PTGS2 gene, is
expressed in response to various stimuli; in particular, it
is induced in response to NMDA-associated synaptic ac-
tivity (Yamagata et al. 1993). COX-2 is involved in the
synthesis of several prostaglandins, each of which affects
the survival and death of neurons in various ways. It was
shown that the activation of COX-2 and subsequent syn-
thesis of prostaglandins occur in a wide range of acute
and chronic neurodegenerative pathologies and are asso-
ciated with neuronal death (Wu et al. 2007). The depen-
dence of COX-2 expression on the natural excitatory syn-
aptic activity is confirmed by the presence of immunore-
activity of this protein in distal dendrites and dendritic
spines, which are involved in synaptic signaling, and its
exceptional localization in excitatory glutamatergic neu-
rons (Kaufmann et al. 1997). It has been shown that the
expression of this gene may be associated with neurode-
generative diseases such as Alzheimer’s disease, amyotro-
phic lateral sclerosis, and PD (Minghetti 2004). An in-
crease in COX-2 expression has been found in postmor-
tem samples of DAergic neurons in the substantia nigra of
patients with PD and in a mouse model that was generated
using MPTP. As suggested by the authors, the involve-
ment of increased COX-2 expression in neurodegenera-
tion in PD can be confirmed by the fact that MPTP-
induced neurodegeneration decreases in mice in which
this gene has been knocked out (Teismann et al. 2003).
Conversely, a decrease in COX-2 expression leads to a
decrease in the production of prostaglandins, which are
necessary for the normal functioning of the brain
(Shewchuk 2014). COX-2 inhibition has been shown to
lead to neuronal death via autophagy (Niranjan et al.
2018). Our expression analysis showed an 1.8–4.2-fold
decrease (median = (from 0.27 to 0.64), Table 4) in the
level of the PTGS2 transcript. This may indicate that this
gene is involved in the neurodegenerative process in PD
and that its downregulation may lead to neuronal death
through autophagy.

The identified GRIK2 gene encodes the GLUK2 recep-
tor, which belongs to the kainate group of glutamate re-
ceptors. These receptors are involved in synaptic trans-
mission and play a modulatory role in maintaining the
balance of excitation and inhibition (Contractor et al.
2000; Swanson and Sakai 2009). The modulatory effect
of kainate receptors occurs through several mechanisms
that affect the presynaptic (Kullmann 2001; Lauri et al.
2001) and postsynaptic terminals (Castillo et al. 1997),
the rhythmic activity of the neural network (Fisahn et al.
2004), the functioning of the astroglial network, and the

neuron–glia interaction (Verkhratsky and Kirchhoff 2007).
It has been shown that parkin interacts and ubiquitinates
GLUK2 and regulates the levels of this subunit. The ex-
pression of mutant parkin correlates with GLUK2 accu-
mulation and excitotoxicity. The accumulation of GLUK2
was detected in postmortem brain samples of patients with
PD, as well as in mice with a Q311X mutation in the Prkn
gene (Maraschi et al. 2014). We also found a 2.9–5.8-fold
increase in the expression of GRIK2 (median = (from 2.03
to 2.89), Table 4). This may affect the development of
excitotoxicity and the subsequent degeneration of neurons
in PD, which points to a possible role for GRIK2 in the
pathogenesis of PD.

SCN9A encodes the α-subunit of the ninth potential-
dependent sodium channel (Nav1.7 channel). This channel
plays an important role in nociception and in the generation
and distribution of action potential (Hoffmann et al. 2018),
among several other processes (Fig. 3). Nav1.7 channels are
expressed in olfactory neurons (Cregg et al. 2010). In the
absence of functional Nav1.7 channels, olfactory neurons con-
tinue to produce action potentials after being excited by odors
but cannot initiate synaptic signaling (Weiss et al. 2011).
Therefore, anosmia is a common co-phenotype in patients
with variants of loss of SCN9A function (Cox et al. 2006;
Weiss et al. 2011). It should be noted that one of the nonmotor
signs of the early stages of PD is the disruption of smelling
(Hawkes et al. 1997; Muller et al. 2002). Our expression anal-
ysis revealed a 2.2–5.4-fold decrease in the expression of
SCN9A (median = (from 0.39 to 0.46), Table 4).

Thus, it can be concluded that the PTGS2, GRIK2, and
SCN9A genes may be considered as candidate genes for PD;
however, their role in the pathogenesis of this disease needs
further verification.

Conclusions

The basis of this work was the analysis of an extremely
rare phenomenon – monozygotic twins discordant for PD.
An RNA-seq analysis of dermal fibroblasts obtained from
three pairs of such twins was carried out. Twenty-nine
DEGs in all three pairs of twins were identified in the
analysis. These genes were included in seven processes
within two clusters, according to the results of an enrich-
ment analysis. The cluster with the greatest statistical sig-
nificance included processes associated with the regula-
tion of the differentiation of fat cells, the action potential,
and the regulation of glutamatergic synaptic transmission.
The most significant genes, which occupied a central po-
sition in this cluster, were PTGS2, SCN9A, and GRIK2.
These genes can be considered as potential candidate
genes for PD.
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