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Abstract
Background ‒ The first Chinese family with paroxysmal
non-kinesigenic dystonia (PNKD)was confirmed to harbour
a PNKD mutation. However, the pathogenic mechanism of
the PNKD-causing gene mutation was unclear.
Methods ‒ Wild-type andmutant PNKD-L plasmids were
prepared and transfected into the C6 cell line to study the
distribution and stability of PNKD protein in C6 cells and
its effect on the glutathione content. The blood and cere-
brospinal fluid (CSF) of 3 PNKD patients and 3 healthy
controls were collected. The differentially expressed pro-
teins were identified using isobaric tags for relative and
absolute quantitation. Furthermore, Gene Ontology (GO)
and Kyoto Encyclopaedia of Genes and Genomes (KEGG)
enrichment analyses were performed, and the protein–
protein interaction network was constructed.
Results ‒ Wild-type PNKD protein was mainly distrib-
uted in the membranes, whereas mutant PNKD protein
was distributed throughout the C6 cells. After transfection
with mutant PNKD-L plasmid, the glutathione content

decreased significantly in C6 cells; the stability of the
mutant PNKD protein was significantly low. There were
172 and 163 differentially expressed proteins in CSF
and plasma, respectively, of PNKD patients and healthy
controls. For these proteins, blood microparticle and com-
plex activation (classical pathway) were the common GO
enrichment term, and complex and coordination cascade
pathway were the common KEGG enrichment pathway.
Recombinant mothers against decapentaplegic homolog 4
(SMAD4) was one of the differentially expressed proteins;
it exhibited a relationship with the aforementioned enrich-
ment GO terms and KEGG pathway.
Conclusion ‒ PNKD protein was mainly distributed in
cell membranes. PNKD-L mutation affected subcellular
localisation, PNKD protein stability, and glutathione con-
tent. SMAD4 was found to be a potential biomarker for
PNKD diagnosis.
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1 Background

Paroxysmal non-kinesigenic dyskinesia (PNKD) is a rare
movement disorder that manifests as choreatic/dystonic
movements with preserved consciousness during attacks.
Primary PNKD is an idiopathic or genetic disorder, whereas
secondary PNKD is associated with various neurological
andmedical conditions [1,2]. PNKD attacks are often related
to the consumption of alcohol, coffee, tea, and other irri-
tants. They can also be induced by fatigue, stress, and
excitement. Some patients have no clear inducement.
The duration of the attack can range from several minutes
to hours or more than a day. The attack manifests as
various combinations of dystonia, athetosis, and chorea.
The frequency of seizures varies from several times a year
to several times a day [3,4]. PNKD was first reported by
Mount and Reback in 1940 and showed autosomal domi-
nant inheritance. Its pathogenic gene is the PNKD gene

Feng Chen, Liu Yuan, Yangshuo Wang: Functional Neurosurgery
Department, National Children’s Health Center of China, Beijing
Children’s Hospital, Capital Medical University, No. 56, Nanlishi
Road, Xicheng District, Beijing, 100045, China
Shaohui Zhang: Neurosurgery Department, PLA General Hospital,
No. 28 Fuxing Road, Haidian District, Beijing, 100853, China
Tinghong Liu, Guojun Zhang: Functional Neurosurgery Department,
Beijing Children’s Hospital, Capital Medical University, National
Center for Children’s Health, Beijing, China, No. 56, Nanlishi Road,
Xicheng District, Beijing, 100045, China; Key Laboratory of Major
Diseases in Children, Ministry of Education, Beijing, China, No. 56,
Nanlishi Road, Xicheng District, Beijing, 100045, China



* Corresponding author: Shuli Liang, Functional Neurosurgery
Department, Beijing Children’s Hospital, National Children’s Health
Center of China, Capital Medical University, No. 56, Nanlishi Road,
Xicheng District, Beijing, 100045, China; Key Laboratory of Major
Diseases in Children, Ministry of Education, No. 56, Nanlishi Road,
Xicheng District, Beijing, China, e-mail: 301_1sjwk@sina.cn,
tel: +86-13439390206

Translational Neuroscience 2022; 13: 125–133

Open Access. © 2022 Feng Chen et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
International License.

https://doi.org/10.1515/tnsci-2022-0222
mailto:301_1sjwk@sina.cn


on 2q35 chromosome [5], and many PNKD cases were
confirmed to have been caused by A7V, A9V, and A33P
mutations [5–7]. PNKD is mainly expressed in skeletal
muscle and the heart, as well as in the brain, and has at
least three shear types: PNKD-L, PNKD-M, and PNKD-S
[2,6–8]. PNKD-L is specifically expressed in the brain [6–8].

The pathogenic mechanism of PNKD is not clear. We
studied the first Chinese PNKD family in mainland China
[9] and carried out preliminary research on the PNKD
gene function and its pathogenic mechanism.

2 Methods

2.1 Collection of clinical data and samples
from PNKD family

After clinical analysis and gene sequencing, one male
patient was diagnosed with PNKD with A7V mutation of
the PNKD gene. After face-to-face consultation and phy-
sical examination of the main members of the proband’s
family, the family tree was obtained [9]. The cerebrosp-
inal fluid (CSF) and blood samples of three patients and
three healthy controls in this family were collected.

Ethical approval: The research related to human use has
been complied with all the relevant national regulations,
institutional policies and in accordance with the tenets of
the Helsinki Declaration, and has been approved by the
Ethics Committee of the Fourth Medical Center, PLA
General Hospital. All subjects signed the written consent
to participate in the study.

2.2 Functional test of PNKD-L

2.2.1 Construction of wild-type and mutant PNKD-EGFP
expression plasmids

The coding sequence of the wild-type PNKD-L gene was
synthesised using the whole gene, and a ligation reaction
was carried out with ligase and pMD19-T vector overnight
at 16°C. Clones were randomly selected and transferred
into kanamycin-resistant (80mg/L) LB medium, cultured
overnight at 37°C, and shaken. PCR expansion was carried
out with mutant primers and 30 ng wild-type plasmid. The
PCR products were digested using KPNL and electro-trans-
ferred to Escherichia coli (360 V, 1 s); after monoclonal anti-
body sequencing comparison was performed, the obtained

recombinant plasmids were named pEGFP-WT-1 (WT) and
pEGFP-MT-1 (MUT).

2.2.2 Transfection of C6 cell line

Human glioma C6 cells (1 × 106) were seeded in a 12-well
culture plate (60mm) and cultured overnight in DMEM
solution containing 100mg/mL streptomycin, 100 U/mL
penicillin, 10% foetal bovine serum, and 1mM sodium
pyruvate. The incubator was maintained at 37°C and con-
tained 5% CO2. When the cells overgrew (by 60–80%) the
wells, Lipofectamine 2000 was used to transfect plasmids
(WT and MUT) (Plasmid:Lipofectamine 2000 = 1:2).

2.2.3 Subcellular localisation

After C6 cells were transfected for 24 h, they were trans-
ferred to a cell-climbing sheet. The cells were fixed with
95% ethanol for 20min andwashedwith PBS for 2min thrice.
After the PBS solution was sucked and discarded, the distri-
bution of PNKD-L in C6 cells was directly observed under a
Leica SP5 fluorescence microscope. The excitation and emis-
sion wavelengths were 488 and 508nm, respectively.

2.2.4 Test of glutathione content

The transfected C6 cells were rinsed and lysed in RIPA
solution containing protease inhibitor, and the supernatant
was obtained after centrifugation and balanced at room
temperature for 30min. According to the kit instructions,
the standard configuration was diluted to each concentra-
tion gradient. Coenzyme working solution (20 µL), buffer
solution (120 µL), and enzyme working solution (20 µL)
were added into each standard and sample hole. The sam-
ples were incubated at 37°C for 5min while shaking at
500–1,000 rpm. An aliquot of the sample (20 µL)was added
to each well and incubated at 37°C for 10min; then, 20 µL
substrate working solution was added to each well and
incubated at room temperature for 10min. The absorption
was measured at 405 nm on a microplate reader. Each
sample in three subgroups was analysed.

2.2.5 PNKD protein stability analysis

After transfection of C6 cells for 24 h, CHX treatment was
carried out. The cells collected at different timepoints
were lysed in RIPA buffer, and protein electrophoresis
loading buffer was added in proportion. Freezing at
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−20°C, incubation at 95°C for 10 min, protein electrophor-
esis, membrane transfer, and milk sealing were succes-
sively performed. After TBST rinsing, EGFP primary anti-
body and a secondary antibody were added and an ECL
colour reaction was performed. Each sample in three sub-
groups was measured, and the mean value was taken for
the F test. P < 0.05 was defined as a significant difference.

2.3 Proteomic analysis

2.3.1 Differentially expressed proteins in CSF and
plasma of PNKD patients and controls

CSF routine and biochemical examinations were per-
formed. Proteins were extracted using the ultrafiltration
tube method and those with molecular weight over 3 kD
were selected. A standard curve was established and the
total protein was quantified using the BCA method. Then,
SDS-PAGE was carried out. The protein was hydrolysed
using trypsin, and 80 μg of peptide segments of each
group were labelled according to the instructions of the
Isobaric tags for relative and absolute quantitation (iTRAQ)
reagent-8 plex multiplex kit (AB SCIEX). The enzymatic
peptides were analysed using a combination of high-perfor-
mance liquid chromatography and mass spectrometry ana-
lysis. Proteome discoverer (Thermo) software was used for
library identification and quantitative analysis of peptides.
The database is Ensembl Homo sapiens.iwgsc 1.0 + pop-
seq.28.pep. The retrieved peptide and spectrum matching
was filtered using the Percolator algorithm, with the q
value less than 1%. The retrieved peptides were com-
bined into proteins using the strict principle of max-
imum parsimony. Ratios <0.67 or >1.5 (P-values ≤
0.05) were used as the screening criteria for differen-
tial proteins. The results were used for bioinformatics
analysis.

2.3.2 Gene Ontology (GO) enrichment and Kyoto
Encyclopaedia of Genes and Genomes (KEGG)
enrichment analysis

Protein numbers were retrieved from UniProt. GO is a struc-
tured and controlled vocabulary of terms. The terms are sub-
divided into three non-overlapping ontologies–Molecular
Function (MF), Biological Process (BP), and Cellular
Component (CC) – and are used widely for annotating
genes and gene products. The KEGG is a knowledge base
for systematic analysis of gene functions, linking genomic

information with higher order functional information, and
is used widely for pathway-related analysis. In this study,
the Parent-Child-Intersection method was used for enrich-
ment analysis and the Benjamini-Hochberg procedure
was used for multiple test corrections. An adjusted P value
of < 0.05 was set as the cut-off criterion.

2.3.3 Biological network analysis

The signal transmission networks of differentially expressed
proteins and PNKD disease-related proteins in CSF and
plasma were constructed by comparing KEGG and STRING
databases, respectively, to identify the relationship between
differentially expressed proteins and diseases. The con-
struction method employed was as follows: search for the
proteins upstreamand downstreamof differentially expressed
proteins and PNKD disease-related proteins (PNKD/ hydroxy-
glutathione hydrolase/glutathione synthetase) in KEGG and
STRING databases, find the protein connections between dif-
ferentially expressed proteins and disease-related proteins,
and draw the connection relationship between the proteins
using Cytoscape software.

3 Results

3.1 Functional abnormality of mutant PNKD

3.1.1 Subcellular localisation and stability of mutant
PNKD protein

The sequences of wild-type and mutant PNKD-EGF expres-
sion plasmids were confirmed to be correct using sequen-
cing and comparison. The wild-type PNKD protein was
mainly distributed in the cell membrane, whereas the
mutant PNKD protein was distributed throughout the cell
(its distribution range was significantly wider than that of
the wild-type protein) (Figure 1). Furthermore, the stability
of the mutant PNKD protein was significantly lower than
that of the wild-type protein in the C6 cell line (Figure 2).

3.1.2 Effect of PNKD mutation on glutathione

As shown in Figure 2, the glutathione contents in C6 cells
transfected with wild-type and mutant plasmids were
43.27 ± 0.67 and 39.39 ± 0.77 µmol/g, respectively, and the
contents in cells with PNKDmutation were significantly lower
than those in cells without mutant PNKD (P < 0.01) (Figure 3).
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3.2 Proteomic analysis

3.2.1 Differentially expressed proteins in CSF and
plasma

There was no PNKD protein expression in CSF. Significance
analysis indicated that the number of significantly differen-
tially expressed proteins in CSF was 172 for healthy controls
and PNKD patients. Also, no PNKD protein expression was
found in plasma, and there were 163 significantly differen-
tially expressed proteins in plasma of PNKD patients com-
pared to that of healthy controls.

3.2.2 Enrichment analysis of functions and signal
pathways of differentially expressed proteins in
CSF and plasma

GO enrichment analysis was performed to identify biolo-
gical functions involving differentially expressed proteins
in CSF and plasma. The analysis results showing the top
ten BPs, MFs, and CCs involving differentially expressed
proteins in CSF and plasma in the form of bar charts are

depicted in Figure 4. Differentially expressed proteins in
CSF were mainly involved in (–LGP ≥ 35) blood micropar-
ticle and complex activation (classical pathway) (Figure 4a),
whereas those in plasma were mainly involved in (–LGP ≥
40): blood microparticle, complex activation and complex
activation (classical pathway) (Figure 4b). The enrichment
analysis of the KEGG signal pathway is shown in the form
of a bubble diagram. The pathways with obvious enrich-
ment of differentially expressed proteins in CSF (–LGP ≥ 3)
included complex and coordination cascades and African
trypanosomiasis (Figure 5a), whereas the differentially
expressed proteins in plasma (–LGP ≥ 4) were mainly
enriched in complex and coordination cascades, Staphylo-
coccus aureus infection, prion diseases, and the phasome
pathway (Figure 5b).

3.3 Biological network analysis of
differentially expressed proteins

By mapping differentially expressed and disease-related
proteins usingKEGGandSTRINGdatabases, a protein–protein

Figure 1: Subcellular localisation of PNKD proteins. This figure includes three fluorescence microscope pictures to show the different localisation
behaviours of PNKD proteins in different cells. EGFP shows fluorescence of a control normal C6 cell; PNKD-WT-EGFP shows that PNKD protein
localised mainly in membranes of C6 cells transfected with wild-type PNKD plasmids; and PNKD-MT-EGFP shows that PNKD localised in the
membrane and cytoplasm of C6 cells transfected with mutant PNKD plasmids. The distribution range of PNKD protein was significantly wider in
mutant PNKD cells than that in wild-type PNKD cells.

Figure 2: Comparison of stability of wild-type and mutant PNKD proteins at different timepoints. This figure shows that the electrophoresis
patterns of the mutant PNKD protein became weaker, whereas the fluorescence of the wild-type PNKD protein was relatively stable for 6 h,
indicating the lower stability of the mutant PNKD protein. The electrophoretic bands provided in the picture are complete, but from different
gels. The raw pictures of gels are included in the supplementary material.
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interaction (PPI) network was drawn to illustrate the relation-
ship between the differentially expressed proteins and dis-
eases in the biological network mode. Network construction
was performed using Cytoscape 3.4.0 (http://www.cytoscape.
org/). In the CSF diagram, two differentially expressed pro-
teins, recombinant mothers against decapentaplegic homolog
4 (SMAD4) and myosin heavy chain 13 (MYH13), had a high-
degree relationship with other proteins (betweenness cen-
trality >0.1) (Figure 6a). In the plasma group, two differentially
expressed proteins, actin beta (ACTB) and tubulin alpha 4a
(TUBA4A), showed high-degree relationships with other pro-
teins (betweenness centrality >0.1) (Figure 6b).

4 Discussion

To the best of our knowledge, this study confirmed for the
first time that PNKD-Lmutation can increase the distribu-
tion of PNKD protein during subcellular localisation,
both in the cytoplasm and nucleus. Ghezzi et al. [6] and
others have shown that PNKD may be a mitochondrial
disease. They found that PNKD-L was distributed in the
mitochondrial membrane. All the three PNKD mutations
reported to date have been in the N-terminal mitochon-
drial target sequence of PNKD-L, and this part is cut
before PNKD enters the mitochondria. However, in this
study, we found that PNKD protein is mainly located
in the cell membrane rather than in the cytoplasm. Lee
[10] found that PNKD protein was located on the cell
membranes of HEK 293 cells. Similarly, Shen et al.
[11,12] also reported its specific distribution on COS-7
cell membranes.

PNKD plays an important role in heart diseases [13],
Tourette syndrome [7], and tumours [8,14], and has also
been reported to play a role in regulating presynaptic
extracellular secretion [14]. PNKD-L is specific in the
brain, and its structure is similar to that of glyoxalase
II, which catalyses S-D-lactyl-glutathione to D-lactic acid
and glutathione [6]. We found that the stability of mutant
PNKD-L and the content of glutathione decreased in the
C6 cell line, reflecting the functional disorder and meta-
bolic changes after the PNKD-L mutation. These changes

Figure 3: Comparison of glutathione content in C6 cells with wild-
type and mutant PNKD (*P < 0.01).

Figure 4: GO enrichment analysis of biological functions involving differentially expressed proteins in CSF (a) and plasma (b) of PNKD
patients and controls. This figure shows the results of GO enrichment analysis of differentially expressed proteins. Differentially
expressed proteins in CSF were mainly involved in blood microparticle and complex activation (classical pathway) (a), whereas those
in plasma were mainly involved in blood microparticle, complex activation and complex activation (classical pathway) (b).
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could alter the catalytic effect of glyoxase II; thus, the
accumulations of S-D-lactyl-glutathione and its upstream
product, acetone aldehyde, could produce toxic reactions
in neuronal cells. Furthermore, the content of acetone
aldehyde could also be increased by stimulating sub-
stances such as alcohol, tea, and coffee, which also
explained the mechanism of PNKD induced by such
stimuli.

Proteomic technologies have been largely used to
search for differentially expressed proteins, in order to

find biomarkers for the diagnosis and prognosis of dis-
eases [15,16]. The iTRAQ technique is one of the most
widely used approaches because it can simultaneously
analyse 8 different specimens, thus increasing throughput,
while reducing experimental error [17–19]. In this study,
we used iTRAQ labelling followed by 2D-LC-MS/MS for the
quantitative proteomic analysis of CSF and plasma sam-
ples from PNKD patients and healthy controls to discover
potential effective biomarkers for PNKD diagnosis. GO
enrichment analysis found that blood microparticle and

Figure 5: KEGG enrichment analysis of pathways involving differentially expressed proteins in CSF (a) and plasma (b) of PNKD patients and
controls. This figure shows the results of GO enrichment analysis of differentially expressed proteins. The pathways with obvious enrich-
ment of differentially expressed proteins in CSF included complex and coordination cascades and African trypanosomiasis (a), whereas the
differentially expressed proteins in plasma were mainly enriched in complex and coordination cascades, Staphylococcus aureus infection,
prion diseases, and the phasome pathway (b).
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Figure 6: PPI network of PNKD-related proteins and differentially expressed proteins in CSF (a) and plasma (b). This figure shows the PPI
network to illustrate the relationship between differentially expressed proteins and diseases in the biological network mode. In the figure,
red balls represent differentially expressed proteins, green represents disease-related proteins, and yellow represents upstream and
downstream signal transduction proteins connecting differentially expressed proteins/PNKD-related proteins. The size of the ball repre-
sents its betweenness centrality in the network.
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complex activation (classical pathway) was the common
term that the differentially expressed proteins in plasma
and CSF were mainly involved with. KEGG enrichment
analysis indicated that the complex and coordination cas-
cade pathway involved obvious enrichment of differen-
tially expressed proteins in CSF and plasma. There were
two differentially expressed proteins, SMAD4 and myosin
heavy chain 13 (MYH13), in the CSF group, and two, ACTB
and TUBA4A, in the plasma group that had a high-degree
relationship with other proteins (betweenness centrality
>0.1) (Figure 6). Nevertheless, SMAD4 was the only differ-
ential protein with betweenness that was related to a
high GO enrichment term (complex activation [classical
pathway]) and KEGG enrichment pathway (coordination
cascade pathway) [20]. SMAD4 belongs to a family of signal
transduction proteins that are phosphorylated and acti-
vated by transmembrane serine-threonine receptor kinases
in response to transforming growth factor beta signalling
via several pathways and have been reported to be biomar-
kers of cancers such as pancreatic cancer, juvenile poly-
posis syndrome, colorectal and prostate cancer, and radia-
tion-induced lung injury [21].

There are some limitations to this study. First, the
sample size of patients and healthy controls is small.
Second, the relationship between SMAD4 and PNKD is
unknown, and further research is needed to clarify the
pathological mechanism of PNKD.

5 Conclusion

PNKD protein is mainly distributed on the cell membrane.
PNKD-L mutation affects subcellular localisation, PNKD
protein stability, and glyoxase II function. There were 172
and 163 differentially expressed proteins in CSF and
plasma, respectively, of PNKD patients and healthy con-
trols. For the differentially expressed proteins, blood
microparticle and complex activation (classical pathway)
were the common GO enrichment term, and the complex
and coordination cascade pathway were the common
KEGG enrichment pathway. Furthermore, SMAD4 was
found to be a potential biomarker for PNKD diagnosis.

List of abbreviations

ACTB actin beta
CSF cerebrospinal fluid
GO gene ontology

iTRAQ isobaric tags for relative and absolute
quantitation

KEEG Kyoto encyclopaedia of genes and genomes
MYH13 myosin heavy chain 13
PNKD paroxysmal non-kinesigenic dyskinesia
PPI protein–protein interaction
SMAD4 recombinant mothers against decapenta-

plegic homolog 4
TUBA4A tubulin alpha 4a
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