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Abstract: The primary pathogenesis associated with Parkinson’s disease (PD) occurs in peripheral
tissues several years before the onset of typical motor symptoms. Early and reliable diagnosis
of PD could provide new treatment options for PD patients and improve their quality of life.
At present, however, diagnosis relies mainly on clinical symptoms, and definitive diagnosis is
still based on postmortem pathological confirmation of dopaminergic neuronal degeneration.
In addition, the similarity of the clinical, cognitive, and neuropathological features of PD with
other neurodegenerative diseases calls for new biomarkers, suitable for differential diagnosis.
Alpha-synuclein (x-Syn) is a potential PD biomarker, due to its close connection with the pathogenesis
of the disease. Here we summarize the currently available information on the possible use of «-Syn as
a biomarker of early stages of PD in gastrointestinal (GI) tissues, highlight its potential to distinguish
PD and other neurodegenerative diseases, and suggest alternative methods (primarily developed
for other tissue analysis) that could improve a-Syn detection procedures or diagnostic methods
in general.
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1. Introduction

Parkinson’s disease is (PD) the second most common age-related neurodegenerative disease after
Alzheimer’s disease (AD). PD affects approximately 1% of the population over the age of 60, with an
increasing incidence with age [1,2]. Clinically, the disease is mainly characterized by the presence
of motor symptoms, such as bradykinesia, postural instability, and resting tremor [3]. However,
the presence of non-motor symptoms such as olfactory disorders, gastrointestinal (GI) dysfunction,
autonomic failure, cognitive disorders, mental health problems, sleep disorders, pain, and excessive
fatigue, not only accompany this disease, but many of them even precede the occurrence of motor
symptoms [4,5]. It is the occurrence of non-motor symptoms, such as GI dysfunction, which occur
up to 20 years before the onset of motor symptoms themselves [6,7], that provides a wide window
in terms of early diagnosis, and thus potentially therapy for these patients. This is exacerbated by
the fact that current therapy is based mainly on symptomatic or levodopa (L-DOPA) treatment but
does not target the pathogenesis of the disease itself. Despite intensive efforts, the development
of new and more successful therapeutic approaches has been insufficient, and fully dependent
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on early diagnosis of the disease. However, the diagnostics, especially in the early stages of the
disease, currently mainly rely on very non-specific clinical symptoms, such as olfactory disorders, GI
dysfunction, mood, and sleep disturbances. Whereas, the definitive confirmation of the disease is still
based on a post-mortem pathological evaluation of the degeneration of dopaminergic neurons in the
substantia nigra pars compacta (SNpc), and the presence of aggregated protein in a neuronal soma called
the Lewy body (LB) and in neuronal processes called Lewy neurites (LN) [8-10]. Another complication
in the diagnosis is the similarity of the clinical, cognitive, and neuropathological signatures of PD
with other neurodegenerative diseases, such as PD with dementia (PDD), dementia with LB (DLB),
AD, multiple system atrophy (MSA), or progressive supra nuclear palsy (PSP) [8,11-16]. Due to these
similarities, up to 20-35% of patients are misdiagnosed with PD, while not meeting strict clinical or
histopathological criteria [8,17-19]. For example, cognitive disorders that occur in 10-80% of cases of
PD, especially in the later stages of the disease, significantly overlap with PDB, DLB, AD, and MSA [8].
However, in contrast to PD, in the case of DLB and PDD, motor symptoms appear concurrently
or later, after the onset of cognitive impairment [20]. In the case of histopathological signatures,
typical spherical LB and LN occur in PD, DLB, and PDD [20,21], while accumulated «-Syn in MSA
is localized in oligodendroglia or glial cytoplasmic inclusions, without LB with typical spherical
structures [22]. It is MSA that is often misdiagnosed as PD, especially in the early stages of the disease.
However, the disease is more progressive compared to PD, and the response to dopaminergic treatment
is weaker [23].

For these reasons, increasing efforts are focused on identifying biomarker(s) that would be able to
detect PD in the early stages, as well as distinguish PD from other synucleinopathies. The ideal marker
should meet several parameters, namely it should be (i) present in the early stages of the disease,
(ii) consistent with the pathomechanism of the disease, (iii) have specificity and be able to differentiate
similar diseases, (iv) reproducible, (v) easily available in tissues or body fluids, and (vi) cost effective
for use in clinical practice [14,24].

1.1. Diagnostic Potential of a-Syn

«-Syn, as the major component of LB and LN, is consistent with the pathogenesis of PD and
represents one of the possible candidates for a suitable biomarker [25]. In addition, mutations in SNCA
gene (A53T, A30P, E46K, H50Q, G51D), its duplications, and triplications, have been found in familiar
PD cases. These mutations are associated with the induction of oligomerization and fibrilization of
«-Syn, and thus with the development of PD [20,26,27]. Similarly, polymorphism in SNCA, or its
promoter, poses an increased risk of disease [28,29]. On the other hand, it should be borne in mind
that LB are present in brainstem nuclei in about 8-12% of clinically asymptomatic populations over
60 years of age, which is thought to be a pre-symptomatic stage of the disease [8,30].

a-Syn is a small (140 aa), cytoplasmic protein, highly expressed in the brain, where it represents 1%
of the total protein. This high expression in brain structures, as well as its localization predominantly in
the neuronal presynaptic terminals, and the ability to interact with membrane structures, predetermines
its function in modulating neuronal membrane stability, and regulating synaptic function, and vesicular
transport [4]. In addition to brain structures, «-Syn is also present in body fluids (cerebrospinal fluid
(CSEF), plasma, blood) [8,26,31-33] and in peripheral tissues (skin, GI tract (GIT), olfactory glands,
gonadal tissues) [14,34-38].

1.2. Structure, Posttranslational Modifications, and Toxic Forms of a-Syn

«-Syn is a cytoplasmic protein, naturally occurring as an unstructured monomer or metastable
tetramer, which is able to adopt a wide range of dynamic structures, depending on the environment
and binding partners [39-41]. Several different isoforms of «-Syn have been identified, including
truncated variants (112, 126 and 98 aa) possessing a higher risk of pathological «-Syn aggregation [42].

The N-terminal and central regions of the protein (1-95 aa) are responsible for its interaction with
membrane structures, whereas interaction with lipids is thought to play a role not only in modulating its
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function but also in changing its conformation from unstructured to highly organized fibrils [20,40,43].
In this regard, the central NAC region (non-amyloid-f3 component, 60-95 aa), as the most hydrophobic
part of the protein, is able to undergo a conformational change from random coil to 3-sheet structure,
and form cylindrical 3-sheets and amyloid-[3-like fibrils [44-46]. It is the process of nuclear-dependent
gradual a-Syn oligomerization and fibrilization that is considered critical in the development of PD,
with the highest rates of cytotoxicity observed especially in unstable oligomeric or protofibrillar forms
of «-Syn [20,26,47]. In addition, PD-associated point mutations are located only in the N-terminal
region (A53T, A30P, E46K, H50Q, G51D) [48] (Figure 1).
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Figure 1. x-Syn structure, properties, and pathological forms. (A) Simplified scheme of «-Syn structure.
«-Syn is a 140 aa protein, where the N-terminal and non-amyloid-f component (NAC) regions are
responsible for its interaction with membrane structures. Mutations associated with Parkinson’s
disease (PD) are located in the N-terminal region. The NAC region, the most hydrophobic part of
the protein, is involved in random-coil conformational changes on the {3 -sheet. The unstructured
C-region is responsible for the structural and physiological properties of the protein. The most discussed
post-translational conditioning, phosphorylation at 5129, is located in the C-terminal domain. (B) x-Syn
is a cytoplasmic protein that occurs naturally as an unstructured monomer or metastable tetramer [49].
Under pathological conditions, its conformational changes occur from a random-coil to a beta-sheet
structure to form unstable oligomers and protofibrils, followed by fibrils until insoluble protein
aggregates are formed. These are localized in the neuronal soma (Lewy body) or in the neuronal
processes (Lewy neurites).
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The C-terminal region (96-140aa) is present in all conformational forms of the protein (monomeric,
fibrillar) or in its membrane-bound form, and is responsible for the internally disordered nature of
a-Syn [50-53]. It is involved in the modulation of x-Syn properties, such as interactions with other
proteins [54-56], metal ions [57], and other ligands [45,58]. In addition, this area is rich in regulatory
posttranslational modifications (PTM), which are likely to play an important role in the regulation of
a-Syn structural and physiological properties [52,59] (Figure 1).

1.3. The Role of a-Syn Phosphorylation in the Development and Diagnosis of PD

Phosphorylation at 5129 (p-5129) is the most discussed PTM in «-Syn, its role in modulating o-Syn
physiological function and promoting or suppressing «-Syn toxicity is still unclear [52]. In vitro and
in vivo studies have confirmed the importance of p-5129 in the regulation of: (i) the interaction of x-Syn
with membrane structures, with p-5129 showing an inhibitory effect in this respect; (ii) protein—protein
interactions; (iii) synaptic plasticity, although the mechanism remains unexplained; (iv) x-Syn nuclear
translocation; (v) interactions with metal ions, thereby affecting metal ions-mediated «-Syn aggregation
properties; and last but not least, (vi) turnover, where p-x-Syn is considered to represent a late stage in the
pathogenesis of x-Syn, and its main role is to selectively target proteins for their degradation [52,59,60].

1.4. The a-Syn Strains

As mentioned above, 3-sheet-rich x-Syn fibrils occur in several neurodegenerative diseases (PD,
PDD, DLB, MSA, and AD). However, these diseases possess a different clinical manifestation as well as
a pathological signature [61]. The fact that x-Syn is able to form several types of fibrillary structures
(strains), with different conformational properties in vitro and different biological activities, suggests
that various types of strains are present in the brain of patients with different neurodegenerative
diseases, and probably responsible for various clinical manifestations of these diseases [61-65]. This is
also supported by a recent study, where in transgenic TgM83 mice, various «-Syn strains, either in vitro
generated or isolated from brain-derived aggregates, targeted different brain regions and cell types
in these mice, but also induced different motor, pathological, and biochemical phenotypes [64]. In a
more detailed characterization, using cell models but also transgenic animals, the authors were able to
define different o-Syn strains based on a wide range of parameters, such as: biochemical properties,
including resistance to protease degradation denaturation by chaotropic agents; biological stability;
biological activity, including inhibition of proteasome activity; cell infectivity and incubation period;
pathological lesion tropism; and neurological features in transgenic animals [64,66] (Figure 2).
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Figure 2. x-Syn strains and their discrimination. Under pathological conditions, different types of
a-Syn aggregates (strains), with specific biochemical, biophysical, and biological properties, occur in the
brain of patients with various neurodegenerative diseases. It is the different properties of these strains
that are responsible for the different clinical manifestations of these diseases. Differential diagnosis
of PD and related neurodegenerative disorders is currently quite challenging. We propose several
methods to discriminate such disorders, based on the specific physical and biochemical properties of
«-Syn strains.
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2. The Role of miRNA in the Regulation of Expression and Aggregation of x-Syn

MicroRNAs (miRNAs) are endogenous single-stranded noncoding RNAs consisting of
17-24 base-pairs that function as important post-transcriptional regulators of gene expression.
Furthermore, miRNAs have emerged as suitable tools for the diagnosis, prognosis, and even as
targets for new therapeutical strategies for a variety of pathologies [67,68]. In this regard, miRNAs are
also involved in the regulation of x-Syn, with several miRNAs identified that target x-Syn through
direct interaction, or that contribute to changes in «-Syn levels and toxicity indirectly, involving various
pathways regulating x-Syn clearance. As mentioned above, higher expression levels of «-Syn arising
from SNCA genomic duplication or triplication are associated with familial PD [27,69,70]. Moreover,
the regulation of x-Syn expression, degradation pathways plays a crucial role in the control of x-Syn
intracellular levels, with mounting evidence supporting the role of various miRNAs in these key
processes opening a new avenue for their investigation in relation to PD. In this context, there are
already some clinical data suggesting that patients with PD have significantly lower levels of miR-7 in
SNpc [71].

2.1. miRNAs Interacting Directly with a-Syn mRNA

All identified miRNAs that directly bind the 3’-untranslated region (UTR) of «-Syn mRNA
negatively regulate its expression, and include miR-7, miR-153, miR-34b, miR-34c, and miR-214.
The role of miR-7 as a negative regulator of x-Syn expression has been confirmed by several
independent studies [72-78], using both in vitro and in vivo models for PD. In these studies,
the authors demonstrated that overexpression of miR-7 increased cell survival and viability
after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment [74,75], and that in an
MPTP-induced mouse model of PD, the miR-7 was reduced and correlated with «-Syn upregulation
in the SNpc [71,72,74]. In addition, several other direct targets of miR-7 have been identified,
and multiple mechanisms of its neuroprotective role have been proposed including: (i) inhibition of
inflammation [74,77-79]; (ii) direct activation of the mTOR protective pathway [75]; (iii) inhibition of
apoptosis [80]; (iv) promotion of mitochondrial functions [81]; and (v) reduction of cellular oxidative
stress [82]. It should be noted that the role of miR-7 has also been identified in the peripheral organs in
mice, where overexpression of miR-7 in pancreatic 3-cells resulted in a reduction of «-Syn mRNA [76].
Similarly to miR-7, miR-153 also downregulates x-Syn levels through direct interaction with its
3’-UTR [73]. It is likely that miR-7 and miR-153 are involved in different parts of the regulation of
a-Syn levels, with an additive effect. MiR-7 is thought to modulate translational inhibition of «-Syn,
when miR-153 was involved in the degradation of «-Syn mRNA [73]. Accordingly, overexpression of
miR-153 reduced the MPTP-induced neurotoxicity in DA neurons [75]. Direct targeting of 3’-UTR of
a-Syn mRNA by miR-34b and miR-34c has also been proved to inhibit its expression and resulted in a
decrease of x-Syn aggregate formation [83]. miR-34c-5p was found to be decreased in the amygdala,
frontal cortex, SNpc, and cerebellum of PD patients compared with a healthy control group [84].

2.2. miRNAs Indirectly Regulating a-Syn Levels

Several different pathways have been shown to have an indirect impact on the levels of «-Syn,
and thus its aggregation and toxicity. The majority of them are involved in «-Syn clearance through
either autophagy [85-89] or chaperone-mediated autophagy [90-93]. In the context of autophagy,
mir-128 binds to transcription factor EB (TFEB), one of the key regulators of this process [92], with its
miR-128-mediated suppression resulting in the accumulation of the x-Syn, and an increase in its toxicity
in dopaminergic neurons [90]. Let-7 is another miRNA that presumably regulates x-Syn levels, through
the formation of autophagosomes that lead to the failure of x-Syn lysosomal degradation [91,93].
In the case of chaperone-mediated autophagy, «-Syn is recognized by the chaperone heat shock protein
70 (Hsp70), which directs «-Syn into lysosome through its interaction with the membrane receptor,
lysosomal-associated membrane protein 2a (Lamp?2a) [87]. When Hsp70 or Lamp2a are downregulated,
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a-Syn accumulates [85,88], wherein multiple miRNAs target the 3’-UTR of Hsp70 (hsa-miR-26b,
hsa-miR-106a and hsa-miR-301b) or 3’-UTR of Lamp?2a (hsa-miR-379). Importantly, the analysis of
brains from PD patients confirmed almost all identified miRNAs were significantly increased in the
SNpc [86].

3. Diagnostic Potential of Gastrointestinal Tract Tissues

Regarding the material itself suitable for diagnostic analysis, several studies have focused on body
fluids (CSF, plasma, serum, saliva) or peripheral tissues (GIT, salivary glands, skin, olfactory mucosa,
gonadal tissues) [8,14,94,95]. Despite considerable efforts to use body fluids as potential diagnostic
material, due to their relatively easy availability, or the fact that they offer many advantages over
clinical options, their sensitivity and specificity are insufficient to diagnose or predict PD [94,96,97].
Therefore, attention has increasingly focused on peripheral tissues. In terms of specificity and sensitivity,
the detection of pathological aggregated forms of «-Syn in the GIT or salivary glands appears to be a
better option compared to the skin or olfactory mucosa [94]. Findings that non-motor symptoms are
observed several years before the onset of motor symptoms themselves, as well as the fact that almost
60% of patients suffer from constipation [37], also favor GIT as a suitable tissue for the early diagnosis
of PD.

To date, studies have focused on confirming the presence of protein inclusions or pathological
forms of «-Syn and neurodegeneration in the tissues of PD patients, as the only direct evidence of
PD-related neuropathological changes in the peripheral nervous system [34]. Since the first mention of
the presence of LB in the GIT in 1984 [98], an increasing number of studies have focused on post-mortem
autopsy studies of peripheral tissues as a promising material and method for accurate detection of
PD-associated neuropathological changes.

The enteric nervous system (ENS) is a complex neural network localized in the wall of the GIT [99],
where it controls physiological functions, such as motility, secretion of mucosal fluids, and blood
flow in the GIT by complete reflex circuits [100,101]. The ENS, located in the tubular alimentary tract,
includes neuronal cells bodies, axons and enteric glial cells, forming interconnected networks whose
cell bodies are concentrated in the ganglia of two main plexuses: Meissner’s (submucosal) plexus
and Auerbach’s (myenteric) plexus. The myenteric plexus is present between muscle layers in the
whole digestive tract, from proximal esophagus to the internal anal sphincter [99,100]. The submucosal
plexus is situated especially in the small and large intestines, even though independent submucosal
ganglia are found in the esophagus or stomach without creating interconnected plexus.

The first studies using autopsies to map Lewy pathology in GIT tissues in patients with
histologically confirmed PD in various parts of the brain were conducted as early as the
1980s [98,102,103]. Qualman with colleagues (1984) observed LB in the esophageal myenteric plexus of
one PD patient, and the colon of another patient with PD. Later Wakabayashi et al. (1988) focused on
Lewy pathology localized in the myenteric and submucosal plexuses of the entire GIT of seven PD
patients, but LB were also detected in eight out of 24 healthy individuals. Of note, in these studies,
the authors detected the LB using haematoxylin and eosin staining, without o-Syn detection.

Pathologically aggregated, phosphorylated (p-x-Syn), filamentous &S (f-x-Syn), or Lewy pathology
have been found in autopsies and biopsies of PD patients in both the upper and lower GIT. Several
studies have shown that the distribution of x-Syn forms in the GIT of PD patients occurs with a
rostrocaudal gradient [102,104-106], except for the proximal esophagus [104]. This fact can be explained
by the very nature of the vagal innervation in the GIT, which is widely and numerically distributed
from the esophagus to the stomach, and its concentration further decreases from the small intestine to
the proximal colon. Thus, x-Syn pathology observed in GIT originates more from vagal innervation
than ENS or sympathetic innervation. Moreover, the cell bodies innervating the upper part of the
esophagus are located in the nucleus ambiguous, while the rest of the GIT is innervated by neuronal
cell bodies derived from the dorsal motor nucleus of the vagus nerve [104].



Int. J. Mol. Sci. 2020, 21, 8666 7 of 21

3.1. The Presence of Total a-Syn in the GIT Tissues

Several studies have focused on the detection of total x-Syn (t-a-Syn) in various GIT tissues,
where the authors observed t-a-Syn-positive inclusions across the entire GIT. Number of studies have
shown the high specificity of t-a-Syn in autopsy or biopsy samples [34,105,107,108], and pointed to
the diagnostic potential of t-a-Syn. For example, as early as 2006, Braak and colleagues observed
t-a-Syn-positive inclusions throughout the gastric ENS, including both plexuses as well as peripheral
nerves of the adventitia in the autopsy specimens of patients with sporadic PD (5/5), but not in healthy
individuals (0/5) [105]. A similar profile was also observed in gastric mucosal biopsies of patients
with PD (17/28 patients), pre-motor PD (1/6), while t-x-Syn-positive inclusions were present in only
1/23 of control samples. The authors claimed 85% sensitivity and 95.2% specificity in this study [107].
Due to minimal invasiveness, the availability of tissue samples, minimal side effects of the procedure,
and the possibility of using local anesthesia, biopsies obtained from salivary glands have become a
promising candidate, and a potentially suitable tissue biomarker to demonstrate x-Syn pathology in
the premotor stage PD. However, the presence of t-a-Syn-positive inclusions was confirmed in autopsy
and biopsy samples of patients with PD (3/3), while, as in previous studies, control samples did not
show positivity (0/3) [34,35].

The colon has become the most studied part of the digestive tract in relation to PD [109].
Shannon and colleagues observed the presence of t-a-Syn in colonic biopsies of pre-motor PD patients
(9/9), in contrast to control samples (0/3) [108].

Contrary to these data, several studies point to the presence of t-a-Syn in colonic biopsy specimens
not only in PD patients, but also in control samples [110-112]. In this regard, Gold and colleagues used
biopsies of the colonic mucosa of 10 PD patients and 77 healthy individuals. All PD samples were
positive for t-a-Syn, but 52% of the samples from healthy individuals were also positive for t-o-Syn.
On the other hand, the results revealed significantly higher t-a-Syn expression in PD patients compared
to healthy individuals. Very similar results were reported in a recent study in which the authors
analyzed gastric and colon biopsies from pre-motor PD patients (7) and controls (18). Immunoreactivity
for t-a-Syn in the enteric and colon tissues of the myenteric plexus as well as the submucosal plexus
was detected in all PD samples. However, very high positivity was found in either the myenteric
(82%) or submucosal (100%) plexus in the control samples [113]. In an interesting study, the authors
compared not only samples of colonic mucosal biopsy of patients with PD in the early (15) and late
(7) stages of the disease with samples from healthy individuals (11), but also detection methods, i.e.,
classical in most cases, and used immunohistochemical analysis (IHC) and paraffin-embedded (PET)
tissue blot. Both methods showed high specificity for the detection of t-a-Syn (80-100%), which,
however, was at the same level in the control samples (80-100%). It should be noted that the authors
focused on the proximal part of the GIT, i.e., the sigmoidal colon and rectum [112]. Based on these
results, which are quite inconsistent, especially in the positivity of control samples, the authors do not
recommend t-a-Syn as a suitable biomarker of early stages of PD.

3.2. Phosphorylated a-Syn in the GIT Tissues

Since t-a-Syn can reflect both physiological and pathological forms of «-Syn, several authors have
focused more on its pathological forms, and specifically on the p-129 phosphorylated form. Although
it does not directly define probably the most toxic oligomeric forms of x-Syn or f-«-Syn, due to the
fact that p-a-Syn 5-129 is considered a late stage in the pathogenesis of x-Syn, its detection might be
considered a suitable diagnostic marker.

Several studies have reported the presence of t-x-Syn, as well as p-«-Syn, not only in PD patients,
but also in PDD, DLB, and AD. In patients with PD, p-x-Syn was detected mainly in the upper GIT,
such as the submandibular glands and distal esophagus, with the incidence of p-x-Syn gradually
decreasing in the rostrocaudal axis from the stomach through the small and large intestine to the
rectum [106,113]. As already mentioned, the salivary glands could be a promising type of tissue for the
early detection of PD-related pathology. Regarding p-«-Syn, positivity was present in submandibular
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gland samples in 9/12 PD patients [114], as well as in bilateral submandibular needle biopsies in
six premotor and one advanced patient with PD [115]. The density of p-x-Syn varied over time,
with a specific increase reported in five subjects, one unchanged, and a decrease found in one subject.
The limitation of these studies was that control individuals were not included, and the number of
PD patients was not sufficient. As dysphagia is considered a serious PD symptom that is a major
cause of death in PD patients, the pharynx has also become a focus for the detection of pathological
forms of «-Syn [116,117]. Aggregated p-a-Syn was observed in the pharyngeal motor [117] and
sensory [116] nerves, innervating the pharynx in PD patient samples in contrast to control samples.
In addition, the density of p-a-Syn aggregates was higher in PD patients with dysphagia compared to
patients without dysphagia, suggesting a direct association between pharyngeal sensory nerves and
pathological PD processes.

In contrast to colon studies aimed at detecting the t-a-Syn, p-o-Syn analyses have more informative
value, also due to the larger groups of patient and control used. Several studies have observed p-x-Syn
positive LN from 72% (21/29) [37] to 74% (23/31) [118] in colonic biopsy specimens from PD patients,
where none of the control specimens did not show p-«-Syn positivity. Consistent with these results,
the largest study to date focused on the detection of pathological forms of x-Syn in the GIT, where the
authors observed p-a-Syn in mucosal and submucosal neurites only in 7/60 pre-motor PD patients, but
none was present in 0/161 healthy individuals. Of note, the authors analyzed not only colonic material,
but the entire GIT tissues, with p-«-Syn positivity also present, in addition to the colon, in gastric and
duodenal samples. Esophageal samples did not show any positivity [119]. However, even these studies
are not entirely unambiguous, some authors also describe different results in the case of detection of
p-o-Syn in colon biopsies, mainly in terms of high positivity in healthy individuals [112,120,121].

Interestingly, a recent analysis of p-«-Syn in gastric and colon samples of pre-motor PD patients
(7) and control samples (18), revealed deposition of p-x-Syn aggregates in the propria muscularis
in 100% of pre-motor PD patient samples, but in the Meissner’s plexus from only one patient. This
study therefore suggests the detection of p-«-Syn (but not t-«-Syn) in the muscularis propria instead of
submucosa or mucosa of the GIT tissues as a sensitive prodromal biomarker for PD. However, a larger
group of patients with pre-motor PD and control subjects is necessary for a suitable outcome.

Taken together, these results confirm the promising potential of GIT tissues for early detection
of the disease, but still do not provide a clear answer to the question of which method and which
tissue is most suitable in this regard. Based on the rostrocaudal distribution of t-«-Syn and p-a-Syn,
as well as the vagal innervation of the organs, it is believed that proximal tissues are more suitable
compared to distal tissues, such as the sigmoid colon and rectum. Detection of p-x-Syn shows higher
specificity and thus a lower degree of positivity in control samples, compared to t-a-Syn. However,
the limitations of the studies should not be forgotten: (i) most studies were based exclusively on IHC
detection of p-a-Syn; (ii) the sensitivity and specificity of the methods tested are still inconsistent and
debatable; (iii) small groups of PD patients or controls; (iv) patients at different stages of the disease,
making it difficult to compare the obtained results; and (v) inconsistency in the choice of the GIT tissue
and corresponding tissue layer.

Therefore, there is a need for the constant search and optimization of more suitable, sensitive,
and specific methods for the detection of x-Syn as a biomarker of early stages of PD, as well as the
unification of protocols in material collection and subsequent analyzes.

4. Alternative Methods and x-Syn Strains Discrimination

More and more studies have focused on the development of new methods for the detection
of «-Syn, or the adaptation of various methodological procedures developed in priority for the
detection of specific markers in other tissue types. Several studies have tested different methodological
approaches for a suitable detection of a-Syn pathology in the colon of PD patients and healthy
individuals [110,121,122]. However, neither different immunohistochemical methods, using different
antibodies, showed specificity and sensitivity higher than 80% [110], nor standard biochemical analysis
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by 1-D or 2-D electrophoresis, showed differences in x-Syn expression levels, phosphorylation and
aggregation between PD and control samples [121].

Nanoparticle-based methodologies, including sensor-based techniques, could also represent an
interesting approach to early diagnosis of PD [123-125]. These methodologies are able to target the o-Syn
oligomers with very high sensitivity up to the level of 1 M [123]. In most cases, these methodologies
have been used on recombinant systems, but information on the validation of these methodologies
on human samples, such as human serum, is gradually emerging. It will be interesting to follow the
development in this area, the results comparing control subjects and patients with PD at different
stages of the disease, as well as the possibilities of using these techniques, for example in the tissues of
the gastrointestinal tract.

4.1. Assays Based on Seeding Properties of a-Syn

One method of detecting pathological forms of «-Syn (oligomers (o-«-Syn) and f-«-Syn) utilizes
their ability to nucleate and induce «-Syn aggregation. Cyclic amplification of misfolding proteins
(PMCA), conceptually analogous to DNA amplification by PCR, was originally developed to detect
pathological forms of prion protein [126]. PMCA is based on nucleation using oligomeric or fibrillar
forms of the protein, called “seeds”, in the presence of an excess of monomeric protein. After several
cycles, when the newly formed fibrils are repeatedly broken forming new “seeds”, and with their
subsequent polymerization, the number of seeds increases exponentially. For detection, it uses sensitive
and specific measuring of the fluorescence of Thioflavin T (ThT), a standard amyloidogenic fluorescent
probe [127].

Fenyi and colleagues used this assay to detect the pathological form of x-Syn in antrum colon
and rectal sigmoid biopsies from PD patients and healthy individuals and compared this method
with conventional immunohistochemical staining using an anti-3-x-Syn antibody. In addition to the
promising results regarding the specificity of the method, they also confirmed its higher sensitivity
compared to IHC. In addition, the authors confirm the unsuitability of rectal biopsies as a material
for the detection of x-Syn due to the insufficient amount of aggregated o-Syn in this area [122].
PMCA was also successfully used in CSF samples from PD patients and controls, including patients
with other neurological and neurodegenerative diseases, where the authors correctly identified patients
with PD with an overall sensitivity of 88.5% and a specificity of 96.9%. In addition, their results
correlated with the severity of clinical symptoms of PD [128]. In the following study, the authors
highlighted the potential of PMCA to discriminate PD and MSA with an overall sensitivity of 95.4%,
and further confirmed that aggregates amplified from CSF had properties similar to those from the
brain. Similarly, another test based on the principle of PMCA, real-time quaking-induced conversion
(RT-QuIC), using 0-x-Syn as a seed [129], demonstrated in the analysis of a CSF sample from patients
with PD, DLB, AD, and healthy individuals, 93% diagnostic sensitivity and 100% specificity [130].

4.2. Assays Based on IHC

The majority of previous studies have been based on IHC using antibodies against t-o-Syn or
p-a-Syn. However, there is an increasing effort to develop, characterize, and validate conformationally
specific antibodies that better reflect pathological forms of x-Syn. Recently a detailed study was
published in which the authors characterized 16 x-Syn conformation-specific antibodies using several
biochemical methods. Although the authors suggest that most of the tested antibodies show high
specificity for o-a-Syn and f-«-Syn, they point out that neither is able to distinguish between the two
forms [131]. Nevertheless, their high specificity for pathological forms of x-Syn gives them a high
potential for use as a potential diagnostic tool.

Higher IHC specificity could also be achieved using a variety of fluorescent amyloid ligands,
such as conventional Congo red and thioflavins, or even luminescent conjugated oligothiophenes
(LCO), which have been successfully used to discriminate prion strains [132]. However, LCOs detect
a larger spectrum of aggregates compared to conventional amyloid ligands [133,134]. The nature of
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the fluorescence emitted from a given LCO is defined by the conformation of its thiophene chain,
which in turn depends on the conformations of the assemblies to which it binds. Strain discriminative
abilities of LCO were indicated in a study where the authors distinguished distinct x-syn conformers
in the brain from patients with PD and MSA in the IHC frozen section. The strength of the LCO
was further increased by a combination of advanced microscopy fluorescent lifetime imaging (FLIM),
where the lifetime of the emitted fluorescence is characterized by a fluorophore environment which
due to different fluorescence lifetimes allows detection of even very small changes (conformational
changes of «-Syn) [135,136].

The proximity ligation assay (PLA) is based on IHC but is able to detect anti-protein—protein
interactions, or protein complexes, in the case of PD, mainly o-a-Syn. In one study, the authors tried
to use the potential of PLA to detect o-x-Syn in biopsy samples from different parts of the GIT from
prodromal and advancer PD patients and healthy individuals but failed to distinguish prodromal from
advanced PD samples or healthy controls. In addition, the authors tried to compare PLA with IHC
also using, in addition to anti-a-Syn conformationally specific antibody, a PET blot that focuses on
f-a-Syn. However, even with these methods, they failed to observe differences between groups [137].

4.3. Enzyme-Linked Immunosorbent Assay (ELISA)—Based Assays

ELISA is widely used in the detection of physiological as well as pathological (p-o-Syn,
o-a-Syn) forms of a-Syn, especially in CSF, blood, plasma, and saliva samples in patients with
PD [14,20,26,138], but adaptation of these methods to tissue sample analysis is not excluded.
New methods such as Luminex, a derivative of an ELISA based on beads for binding antibody;,
or electro-chemiluminescence (ECLIA)-based multiplex assay, based on amplification of the detected
signal by electro-chemiluminescent labels (SULFO-TAGs) bound to antibodies, have been developed
to increase the sensitivity and specificity in detection of pathological forms of x-Syn in body fluid
samples. Both assays achieved higher sensitivity (up to 9 pg/mL) [139,140] compared to ELISA
(10-20 pg/mL) [138], but the obtained results from PD patients compared to healthy individuals are
highly controversial, with none of the methods showing a specificity higher than 69-85% [8,140-142].
For example, in the case of the Luminex assay, a significant positive correlation between p-o-Syn
concentrations and PD severity was confirmed, but the test showed diagnostic potential only when
combined with t-a-Syn concentrations in CSF [48,140]. These results are also in line with the
considerations of several authors, who instead suggest detecting not only t-x-Syn, but focusing on the
ratio between o-o-Syn/t-a-Syn, or p-a-Syn/t-a-Syn, which could contribute to higher specificity of the
method [14,138,141,143].

4.4. Other Biochemical Methods and a-Syn Strain Discrimination

Another group of methods utilizes the biochemical properties of aggregated «-Syn, namely
resistance to cleavage by Proteinase K (PK), which cleaves physiological, monomeric «-Syn, but also
reveals epitopes in the case of aggregated forms of «-Syn. In this way, it is possible to increase not
only the specificity, but also the sensitivity, in the detection of pathological forms of x-Syn [144].
Methods such as classic western blot or paraffin embedded tissue (PET) blot in combination with PK
digestion have been successfully used to discriminate prion strains [145].

As mentioned above, Shahnawaz with colleagues confirmed the potential of the PMCA assay to
discriminate PD and MSA on CSF samples. However, they also focused on western blot analysis of
PMCA-derived x-Syn fibrils from these samples, after PK cleavage, where they confirmed a specific
migration profile for CSF-derived «-Syn fibrils from patients with PD and MSA. Migration profiles
were also compared with the profiles of patient-derived fibrils, thus confirming the equivalence of
a-Syn aggregates found in the brain or CSF of patients with distinct neurodegenerative diseases [65].
These results suggest that the same, disease specific x-Syn migration profile is likely to be present in
GIT tissues as well.
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PET-blot uses in situ protein detection and anatomical histoblot resolution on paraffin-embedded
tissue samples. Cleavage of PK, in combination with PET-blot to detect the aggregated forms of x-Syn,
was also used in the analysis of colonic mucosal biopsies from patients with early PD, advanced PD,
and healthy controls, but despite the great potential of this method and 86% sensitivity, the results
indicated very low specificity due to the positive signal detected in the control samples [137]. On the
other hand, using the DLB brain samples, PET-blot revealed synaptic x-Syn-positive microaggregates
in cortical and subcortical grey matter, with a higher sensitivity compared to classical IHC [146],
which gives hope that the optimization of PET-blot technique could also lead to sensitive and specific
detection of x-Syn aggregates in GIT tissues.

4.5. miRNA as a Biomarker for PD

miRNAs profiling is a novel and rapidly evolving direction in efforts to identify new biomarkers.
Despite the currently variable results, an increasing number of studies have suggested a broad spectrum
of miRNAs as potential biomarkers of PD in plasma or CSF [147-149]. Similarly, to the studies described
above, in addition to certain technical aspects, variability in outcomes results from clinical differences
between patients, such as disease stage, age, and comorbidity, but also from the sample itself (plasma,
CSF) as sources of analysis [150].

Another variability in the analysis and identification of miRNAs as a suitable biomarker of disease,
in general, results from the differential expression of miRNAs in tissues and circulating miRNAs in body
fluids [151]. These differences result from the fact that changes in the expression of specific miRNAs
are more pronounced at a particular site of pathology, for example in SNpc in PD patients [152]. Thus,
in the case of PD, the presence of miRNA in serum or plasma is very limited due to the blood-brain
barrier [153], and therefore may not reflect miRNA expression in tissues [151]. For these reasons,
analysis of miRNAs directly from affected tissues appears to be a more suitable alternative. In line
with these claims and given that miRNAs are also present in GIT and ENS tissue, a recent study
clearly shows the potential of miRNA screening for identifying early stages of the cohort. Using the
A30P mouse model of PD, the authors monitored not only functional (behavioral and physiological)
histopathological but also molecular changes in the ENS (several parameters including behavioral
and physiological functions (gastrointestinal contractions)), and histopathological changes in order
to identify biomarkers in the gut related to early stages of PD [68]. In this mouse model, they were
able to identify a whole panel of intestinal biomarkers of early PD, including miRNAs regulating
a-Syn properties. Moreover, 31 miRNAs dysregulated in this PD model were also confirmed to be
dysregulated in body fluids and brain tissues of patients with developed PD. Therefore, the results
should also be confirmed in GIT tissues in patients in the early pre-motor stages of the disease.
Collectively these data suggest a good potential for minimally invasive GIT biopsy and miRNA
screening as one of the diagnostic methods for early detection of PD [68].

5. Conclusions

Despite enormous efforts to develop a suitable diagnostic method for the early stages of PD, or to
find a suitable diagnostic marker, we still do not know the definitive answer to the questions: (i) which
tissue or body fluid would be suitable for early detection of the disease; (ii) what methods are the
most sensitive and appropriate; and (iii) whether «-Syn is an ideal biomarker for PD. There has been,
and continues to be, a great deal of interest in the study of body fluids as a suitable material, mainly
due to the relatively easy availability and proven methodologies for this type of analysis, but the results
obtained so far are contradictory.

Therefore, and also due to the fact that GIT disorders are one of the first symptoms of PD, much of
the interest has shifted to the study of GIT tissues. «-Syn has very promising preconditions for an
important biomarker, due to its connection with the pathogenesis of the disease, the presence in the
early stages of the disease, as well as the presence not only in the brain but also in peripheral tissues.
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Here we summarized the existing knowledge about the presence of pathological forms of x-Syn
in various organs of the GIT. However, most studies relied solely on IHC detection, many groups of
patients were not large enough, studied tissues differed not only in the organs themselves, but also in
the individual layers of these organs (e.g., myenteric plexus, mucosa) leading to controversy in the
obtained results. Nevertheless, we can say that due to rostrocaudal distribution «-Syn, the distal parts
of the GIT (sigmoid colon and rectum) are probably not suitable as a material for early detection of the
disease. As for the forms of a-Syn themselves, from the studies we are inclined to believe that the
detection of t-a-Syn is not entirely appropriate because it reflects the presence of, not only pathological,
but also physiological, forms of «-Syn. It is the focus on p-a-Syn, o-a-Syn, or f-x-Syn, or on the ratio
between o-a-Syn/t-a-Syn, or p-a-Syn/t-a-Syn, that could lead to a higher specificity of methods.

In addition, we tried to highlight the potential of a-Syn to discriminate against various
neurodegenerative diseases, either using advanced fluorescence probes (LCO) and microscopy (FLIM),
using strain-specific seeding properties of x-Syn (PMCA), or in combination with strain-specific
biochemical properties of «-Syn (PK digestion). We also wanted to remind about the hitherto
little-explored potential of miRNAs in the diagnosis of early stages of PD, emphasizing the presence of
these miRNAs in the gut, and thus representing potential complementary and indirect targets for the
analysis of «-Syn in the GIT in the future (Figure 3).

a-Syn + strain discrimination - based
on seeding properties of a-Syn

a-Syn - associated pathology

-IHC - t-a-Syn/p-a-Syn, t-a-Syn/
0-a-Syn or f-a-Syn (conformation
- specific antibody

- Protein misfolding cyclic amplification

assay (PMCA)

- miRNA profiling - PMCA - derived assays - RT-QuIC

a-Syn + strain discrimination - a-Syn + strain discrimination - based

based on IHC A on a-Syn biochemical properties
- advanced fluorescent amyloid - protein migration profile (SDS-PAGE)
probes - LCO after PK digestion

- advanced FLIM microscopy - PET-blot + PK treatment

Figure 3. Alternative methods using gastrointestinal tract (GIT) tissues to detect «-Syn related
pathogenesis and its strains discrimination. We propose a conventional immunohistochemical analysis
(IHC) focused on the detection of pathological forms or the ratio between t-&-Syn and these forms
instead of the detection of t-a-Syn. Similarly, miRNA profiling targeting specific disease-modulating
miRNAs might be a relatively rapid tool for the detection of the early stages of the disease in GIT tissues
(green boxes). Because different «-Syn strains are responsible for the diversity of clinical manifestations
of neurodegenerative diseases, we propose several methods to distinguish these strains based on their
specific physical and biochemical properties (blue boxes).

As mentioned above, these methodologies currently do not achieve the required sensitivity
and specificity, due also to the lack of recognition of suitable diagnostic material, inconsistencies in
the analyzed samples, as well as differences in the protocols of individual procedures. However,
in recent years we have witnessed not only progress, but also a relentless effort, to improve these
methodologies, for example by using conformational specific antibodies, more sensitive fluorescent
amyloid probes, standardization of protocols, or their mutual combination. The above mentioned
procedures suggest that these methodologies could be promising ways to find a suitable biomarker,
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as well as a proper method for detecting, not only early stages of PD, but also indicators of disease
severity and differential diagnosis.
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Abbreviations

AD Alzheimer’s disease

a-Syn alpha-synuclein

CSF cerebrospinal fluid

DLB dementia with LB

ECLIA electro-chemiluminescence

ELISA enzyme-linked immunosorbent assay
ENS enteric nervous system

f-a-Syn filamentous x-Syn

FLIM Fluorescent Lifetime Imaging

GI Gastrointestinal

GIT GI tract

Hsp70 heat shock protein 70

IHC immunohistochemical analysis

Lamp2a lysosomal-associated membrane protein 2a
LB Lewy bodies

LCO luminescent conjugated oligothiophenes
L-DOPA  1-3,4-dihydroxyphenylalanine

LN Lewy neurites

miRNAs  microRNAs

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MSA multiple system atrophy

NAC non-amyloid-f component

0-a-Syn oligomeric a-Syn

PMCA cyclic amplification of misfolding proteins
p-o-Syn phosphorylated o-Syn

PD Parkinson’s disease

PDD PD with dementia

PET paraffin-embedded tissue blot

PK Proteinase K

PLA proximity ligation assay

PSP progressive supranuclear palsy

PTM posttranslational modifications
RT-QulC  Quaking-Induced Conversion

SNpc substantia nigra pars compacta

t-a-Syn total «-Syn

TFEB transcription factor EB

ThT Thioflavin T

UTR 3’-untranslated region



Int. ]. Mol. Sci. 2020, 21, 8666 14 of 21

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Dauer, W.; Przedborski, S. Parkinson’s disease: Mechanisms and models. Neuron 2003, 39, 889-909. [CrossRef]
De Lau, L.M.; Breteler, M.M. Epidemiology of Parkinson’s disease. Lancet Neurol. 2006, 5, 525-535. [CrossRef]
Jankovic, J. Parkinson’s disease: Clinical features and diagnosis. . Neurol. Neurosurg. Psychiatry
2008, 79, 368-376. [CrossRef] [PubMed]

Braak, H.; Rub, U.; Gai, W.P; Del Tredici, K. Idiopathic Parkinson’s disease: Possible routes by which
vulnerable neuronal types may be subject to neuroinvasion by an unknown pathogen. J. Neural. Transm. Vienna
2003, 110, 517-536. [CrossRef] [PubMed]

Sveinbjornsdottir, S. The clinical symptoms of Parkinson’s disease. ]. Neurochem. 2016, 139 (Suppl. 1), 318-324.
[CrossRef]

Kalia, L.V.; Lang, A.E. Parkinson’s disease. Lancet 2015, 386, 896-912. [CrossRef]

Poewe, W.; Seppi, K.; Tanner, C.M.; Halliday, G.M.; Brundin, P.; Volkmann, J.; Schrag, A.E.; Lang, A.E.
Parkinson disease. Nat. Rev. Dis. Primers 2017, 3, 17013. [CrossRef]

Atik, A.; Stewart, T.; Zhang, J. Alpha-Synuclein as a Biomarker for Parkinson’s Disease. Brain Pathol.
2016, 26, 410-418. [CrossRef]

Moore, D.J.; West, A.B.; Dawson, V.L.; Dawson, T.M. Molecular pathophysiology of Parkinson’s disease.
Annu. Rev. Neurosci. 2005, 28, 57-87. [CrossRef]

Sollinger, A.B.; Goldstein, EC.; Lah, ].J.; Levey, A.L; Factor, S.A. Mild cognitive impairment in Parkinson’s
disease: Subtypes and motor characteristics. Parkinsonism. Relat. Disord. 2010, 16, 177-180. [CrossRef]
Aarsland, D. Cognitive impairment in Parkinson’s disease and dementia with Lewy bodies.
Parkinsonism. Relat. Disord. 2016, 22 (Suppl. 1), 5144-5148. [CrossRef] [PubMed]

Aarsland, D.; Kurz, M.W. The epidemiology of dementia associated with Parkinson’s disease. Brain Pathol.
2010, 20, 633-639. [CrossRef] [PubMed]

Aarsland, D.; Sharp, S.; Ballard, C. Psychiatric and behavioral symptoms in Alzheimer’s disease and other
dementias: Etiology and management. Curr. Neurol. Neurosci. Rep. 2005, 5, 345-354. [CrossRef] [PubMed]
Fayyad, M.; Salim, S.; Majbour, N.; Erskine, D.; Stoops, E.; Mollenhauer, B.; El-Agnaf, O.M.A.
Parkinson’s disease biomarkers based on alpha-synuclein. J. Neurochem. 2019, 150, 626-636. [CrossRef]
[PubMed]

O’Sullivan, S.S.; Massey, L.A.; Williams, D.R.; Silveira-Moriyama, L.; Kempster, P.A.; Holton, ].L.; Revesz, T.;
Lees, A.J. Clinical outcomes of progressive supranuclear palsy and multiple system atrophy. Brain
2008, 131, 1362-1372. [CrossRef] [PubMed]

Watanabe, H.; Saito, Y.; Terao, S.; Ando, T.; Kachi, T.; Mukali, E.; Aiba, I.; Abe, Y.; Tamakoshi, A.; Doyu, M.;
et al. Progression and prognosis in multiple system atrophy: An analysis of 230 Japanese patients. Brain
2002, 125 Pt 5,1070-1083. [CrossRef]

Marsili, L.; Rizzo, G.; Colosimo, C. Diagnostic Criteria for Parkinson’s Disease: From James Parkinson to the
Concept of Prodromal Disease. Front. Neurol. 2018, 9, 156. [CrossRef]

Jellinger, K.A.; Logroscino, G.; Rizzo, G.; Copetti, M.; Arcuti, S.; Martino, D.; Fontana, A. Accuracy of
clinical diagnosis of Parkinson disease: A systematic review and meta-analysisAuthor Response. Neurology
2016, 87, 237-238. [CrossRef]

Schrag, A.; Ben-Shlomo, Y.; Quinn, N. How valid is the clinical diagnosis of Parkinson’s disease in the
community? J. Neurol. Neurosurg. Psychiatry 2002, 73, 529-534. [CrossRef]

Vaikath, N.N.; Hmila, I.; Gupta, V.; Erskine, D.; Ingelsson, M.; El-Agnaf, O.M.A. Antibodies against
alpha-synuclein: Tools and therapies. J. Neurochem. 2019, 150, 612-625. [CrossRef]

Spillantini, M.G.; Schmidt, M.L.; Lee, V.M.; Trojanowski, ].Q.; Jakes, R.; Goedert, M. Alpha-synuclein in Lewy
bodies. Nature 1997, 388, 839-840. [CrossRef]

Spillantini, M.G.; Crowther, R.A.; Jakes, R.; Hasegawa, M.; Goedert, M. Alpha-Synuclein in
filamentous inclusions of Lewy bodies from Parkinson’s disease and dementia with lewy bodies.
Proc. Natl. Acad. Sci. USA 1998, 95, 6469—6473. [CrossRef] [PubMed]

Hughes, A ].; Colosimo, C.; Kleedorfer, B.; Daniel, S.E.; Lees, A.]. The dopaminergic response in multiple
system atrophy. J. Neurol. Neurosurg. Psychiatry 1992, 55, 1009-1013. [CrossRef]


http://dx.doi.org/10.1016/S0896-6273(03)00568-3
http://dx.doi.org/10.1016/S1474-4422(06)70471-9
http://dx.doi.org/10.1136/jnnp.2007.131045
http://www.ncbi.nlm.nih.gov/pubmed/18344392
http://dx.doi.org/10.1007/s00702-002-0808-2
http://www.ncbi.nlm.nih.gov/pubmed/12721813
http://dx.doi.org/10.1111/jnc.13691
http://dx.doi.org/10.1016/S0140-6736(14)61393-3
http://dx.doi.org/10.1038/nrdp.2017.13
http://dx.doi.org/10.1111/bpa.12370
http://dx.doi.org/10.1146/annurev.neuro.28.061604.135718
http://dx.doi.org/10.1016/j.parkreldis.2009.11.002
http://dx.doi.org/10.1016/j.parkreldis.2015.09.034
http://www.ncbi.nlm.nih.gov/pubmed/26411499
http://dx.doi.org/10.1111/j.1750-3639.2009.00369.x
http://www.ncbi.nlm.nih.gov/pubmed/20522088
http://dx.doi.org/10.1007/s11910-005-0058-4
http://www.ncbi.nlm.nih.gov/pubmed/16131417
http://dx.doi.org/10.1111/jnc.14809
http://www.ncbi.nlm.nih.gov/pubmed/31265130
http://dx.doi.org/10.1093/brain/awn065
http://www.ncbi.nlm.nih.gov/pubmed/18385183
http://dx.doi.org/10.1093/brain/awf117
http://dx.doi.org/10.3389/fneur.2018.00156
http://dx.doi.org/10.1212/WNL.0000000000002876
http://dx.doi.org/10.1136/jnnp.73.5.529
http://dx.doi.org/10.1111/jnc.14713
http://dx.doi.org/10.1038/42166
http://dx.doi.org/10.1073/pnas.95.11.6469
http://www.ncbi.nlm.nih.gov/pubmed/9600990
http://dx.doi.org/10.1136/jnnp.55.11.1009

Int. ]. Mol. Sci. 2020, 21, 8666 15 of 21

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Trojanowski, J.Q.; Growdon, J.H. A new consensus report on biomarkers for the early antemortem diagnosis
of Alzheimer disease: Current status, relevance to drug discovery, and recommendations for future research.
J. Neuropathol. Exp. Neurol. 1998, 57, 643-644. [CrossRef] [PubMed]

Surguchov, A. Intracellular Dynamics of Synucleins: “Here, There and Everywhere”. Int. Rev. Cell Mol. Biol.
2015, 320, 103-169. [CrossRef] [PubMed]

El-Agnaf, O.M.; Salem, S.A.; Paleologou, K.E.; Curran, M.D.; Gibson, M.].; Court, J.A.; Schlossmacher, M.G.;
Allsop, D. Detection of oligomeric forms of a-synuclein protein in human plasma as a potential biomarker
for Parkinson’s disease. FASEB J. 2006, 20, 419-425. [CrossRef] [PubMed]

Singleton, A.B.; Farrer, M.; Johnson, J.; Singleton, A.; Hague, S.; Kachergus, J.; Hulihan, M.; Peuralinna, T.;
Dutra, A.; Nussbaum, R.; et al. Alpha-Synuclein locus triplication causes Parkinson’s disease. Science 2003,
302, 841-842. [CrossRef]

Kay, D.M.; Factor, S.A.; Samii, A.; Higgins, D.S.; Griffith, A.; Roberts, ] W.; Leis, B.C.; Nutt, J.G,;
Montimurro, J.S.; Keefe, R.G.; et al. Genetic association between «-synuclein and idiopathic parkinson’s
disease. Am. |. Med. Genet. Part B Neuropsychiatr. Genet. 2008, 147B, 1222-1230. [CrossRef]

Ritz, B.; Rhodes, S.L.; Bordelon, Y.; Bronstein, J. x-Synuclein Genetic Variants Predict Faster Motor Symptom
Progression in Idiopathic Parkinson Disease. PLoS ONE 2012, 7, €36199. [CrossRef]

Klos, K.J.; Ahlskog, J.E.; Josephs, K.A.; Apaydin, H.; Parisi, ].E.; Boeve, B.E.; DeLucia, M.W.; Dickson, D.W.
Alpha-synuclein pathology in the spinal cords of neurologically asymptomatic aged individuals. Neurology
2006, 66, 1100-1102. [CrossRef]

Borghi, R.; Marchese, R.; Negro, A.; Marinelli, L.; Forloni, G.; Zaccheo, D.; Abbruzzese, G.; Tabaton, M.
Full length alpha-synuclein is present in cerebrospinal fluid from Parkinson’s disease and normal subjects.
Neurosci. Lett. 2000, 287, 65-67. [CrossRef]

Lee, PH.; Shin, D.H.; Kim, ].W.; Song, Y.S.; Kim, H.S. Parkinsonism with basal ganglia lesions in a patient
with uremia: Evidence of vasogenic edema. Park. Relat. Disord. 2006, 12, 93-96. [CrossRef] [PubMed]
Mollenhauer, B.; Locascio, J.J.; Schulz-Schaeffer, W.; Sixel-Doring, F.; Trenkwalder, C.; Schlossmacher, M.G.
a-Synuclein and tau concentrations in cerebrospinal fluid of patients presenting with parkinsonism: A cohort
study. Lancet Neurol. 2011, 10, 230-240. [CrossRef]

Cersosimo, M.G. Gastrointestinal Biopsies for the Diagnosis of Alpha-Synuclein Pathology in Parkinson’s
Disease. Gastroenterol. Res. Pract. 2015, 2015, 1-6. [CrossRef] [PubMed]

Cersosimo, M.G.; Perandones, C.; Micheli, FE.; Raina, G.B.; Beron, A.M.; Nasswetter, G.; Radrizzani, M.;
Benarroch, E.E. Alpha-synuclein immunoreactivity in minor salivary gland biopsies of Parkinson’s disease
patients. Mov. Disord. 2011, 26, 188-190. [CrossRef] [PubMed]

Donadio, V.; Incensi, A.; Leta, V.; Giannoccaro, M.; Scaglione, C.; Cappellari, S.; Avoni, P.; Baruzzi, A.;
Liguori, R. Skin nerve x-synuclein deposits: A biomarker for idiopathic Parkinson’s disease. Clin. Neurophysiol.
2015, 126, e19. [CrossRef]

Lebouvier, T.; Neunlist, M.; Des Varannes, S.B.; Coron, E.; Drouard, A.; N'Guyen, ].M.; Chaumette, T.;
Tasselli, M.; Paillusson, S.; Flamand, M.; et al. Colonic biopsies to assess the neuropathology of Parkinson’s
disease and its relationship with symptoms. PLoS ONE 2010, 5, e12728. [CrossRef]

Rodriguez-Leyva, I.; Chi-Ahumada, E.; Mejia, M.; Castanedo-Cazares, ].P; Eng, W.; Saikaly, S.K.; Carrizales, J.;
Levine, T.D.; Norman, R.A.; Jimenez-Capdeville, M.E. The Presence of Alpha-Synuclein in Skin from
Melanoma and Patients with Parkinson’s Disease. Mov. Disord. Clin. Pract. 2017, 4, 724-732. [CrossRef]
Bartels, T.; Choi, J.G.; Selkoe, D.J. a-Synuclein occurs physiologically as a helically folded tetramer that
resists aggregation. Nat. Cell Biol. 2011, 477, 107-110. [CrossRef]

Burré, J.; Vivona, S.; Diao, J.; Sharma, M.; Brunger, A.T.; Stidhof, T.C. Properties of native brain x-synuclein.
Nat. Cell Biol. 2013, 498, E4-E6. [CrossRef]

Fauvet, B.; Fares, M.B.; Samuel, F,; Dikiy, I.; Tandon, A.; Eliezer, D.; Lashuel, H.A. Characterization of
semisynthetic and naturally Nalpha-acetylated alpha-synuclein in vitro and in intact cells: Implications for
aggregation and cellular properties of alpha-synuclein. . Biol. Chem. 2012, 287, 28243-28262. [CrossRef]
[PubMed]

Levitan, K.; Chereau, D.; Cohen, S.LA.; Knowles, T.PJ.; Dobson, C.M.; Fink, A.L.; Anderson, J.P,;
Goldstein, J.M.; Millhauser, G.L. Conserved C-Terminal Charge Exerts a Profound Influence on the
Aggregation Rate of a-Synuclein. J. Mol. Biol. 2011, 411, 329-333. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/00005072-199806000-00010
http://www.ncbi.nlm.nih.gov/pubmed/9630242
http://dx.doi.org/10.1016/bs.ircmb.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26614873
http://dx.doi.org/10.1096/fj.03-1449com
http://www.ncbi.nlm.nih.gov/pubmed/16507759
http://dx.doi.org/10.1126/science.1090278
http://dx.doi.org/10.1002/ajmg.b.30758
http://dx.doi.org/10.1371/journal.pone.0036199
http://dx.doi.org/10.1212/01.wnl.0000204179.88955.fa
http://dx.doi.org/10.1016/S0304-3940(00)01153-8
http://dx.doi.org/10.1016/j.parkreldis.2005.07.009
http://www.ncbi.nlm.nih.gov/pubmed/16256408
http://dx.doi.org/10.1016/S1474-4422(11)70014-X
http://dx.doi.org/10.1155/2015/476041
http://www.ncbi.nlm.nih.gov/pubmed/26078752
http://dx.doi.org/10.1002/mds.23344
http://www.ncbi.nlm.nih.gov/pubmed/20836135
http://dx.doi.org/10.1016/j.clinph.2014.10.102
http://dx.doi.org/10.1371/journal.pone.0012728
http://dx.doi.org/10.1002/mdc3.12494
http://dx.doi.org/10.1038/nature10324
http://dx.doi.org/10.1038/nature12125
http://dx.doi.org/10.1074/jbc.M112.383711
http://www.ncbi.nlm.nih.gov/pubmed/22718772
http://dx.doi.org/10.1016/j.jmb.2011.05.046
http://www.ncbi.nlm.nih.gov/pubmed/21689664

Int. J. Mol. Sci. 2020, 21, 8666 16 of 21

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Burré, J.; Sharma, M.; Stidhof, T.C. x-Synuclein assembles into higher-order multimers upon membrane
binding to promote SNARE complex formation. Proc. Natl. Acad. Sci. USA 2014, 111, E4274-E4283.
[CrossRef] [PubMed]

Bellucci, A.; Zaltieri, M.; Navarria, L.; Grigoletto, J.; Missale, C.; Spano, P. From alpha-synuclein to synaptic
dysfunctions: New insights into the pathophysiology of Parkinson’s disease. Brain Res. 2012, 1476, 183-202.
[CrossRef]

Deleersnijder, A.; Gerard, M.; Debyser, Z.; Baekelandt, V. The remarkable conformational plasticity of
alpha-synuclein: Blessing or curse? Trends Mol. Med. 2013, 19, 368-377. [CrossRef] [PubMed]

Egallegos, S.; Epacheco, C.; Epeters, C.; Opazo, C.M.; Aguayo, L.G. Features of alpha-synuclein that could
explain the progression and irreversibility of Parkinson’s disease. Front. Neurosci. 2015, 9, 59. [CrossRef]
Cremades, N.; Cohen, S.I.; Deas, E.; Abramov, A.Y.; Chen, A.Y.; Orte, A.; Sandal, M.; Clarke, RW.; Dunne, P,
Aprile, EA; et al. Direct Observation of the Interconversion of Normal and Toxic Forms of «-Synuclein. Cell
2012, 149, 1048-1059. [CrossRef]

O’Hara, D.M.; Kalia, S.K.; Kalia, L.V. Methods for detecting toxic a-synuclein species as a biomarker for
Parkinson’s disease. Crit. Rev. Clin. Lab. Sci. 2020, 57, 291-307. [CrossRef]

Dettmer, U.; Newman, A.].; Von Saucken, V.E; Bartels, T.; Selkoe, D.J. KTKEGV repeat motifs are key
mediators of normal a-synuclein tetramerization: Their mutation causes excess monomers and neurotoxicity.
Proc. Natl. Acad. Sci. USA 2015, 112, 9596-9601. [CrossRef] [PubMed]

Del Mar, C.; Greenbaum, E.A.; Mayne, L.; Englander, S.W.; Woods, V.L. Structure and properties of synuclein
and other amyloids determined at the amino acid level. Proc. Natl. Acad. Sci. USA 2005, 102, 15477-15482.
[CrossRef]

Eliezer, D.; Kutluay, E.; Bussell, R., Jr.; Browne, G. Conformational properties of alpha-synuclein in its free
and lipid-associated states. . Mol. Biol. 2001, 307, 1061-1073. [CrossRef]

Oueslati, A. Implication of Alpha-Synuclein Phosphorylation at 5129 in Synucleinopathies: What Have We
Learned in the Last Decade? J. Park. Dis. 2016, 6, 39-51. [CrossRef]

Wu, K.-P; Kim, S.; Fela, D.A.; Baum, J. Characterization of Conformational and Dynamic Properties of
Natively Unfolded Human and Mouse «-Synuclein Ensembles by NMR: Implication for Aggregation.
J. Mol. Biol. 2008, 378, 1104-1115. [CrossRef] [PubMed]

Fernandez, C.O.; Hoyer, W.; Zweckstetter, M.; Jares-Erijman, E.A.; Subramaniam, V.; Griesinger, C.; Jovin, T.M.
NMR of a-synuclein-polyamine complexes elucidates the mechanism and kinetics of induced aggregation.
EMBO J. 2004, 23, 2039-2046. [CrossRef] [PubMed]

Giasson, B.I,; Lee, VM.-Y,; Trojanowski, ].Q. Interactions of Amyloidogenic Proteins. Neuromolecular Med.
2003, 4, 49-58. [CrossRef]

Jensen, P.H.; Hager, H.; Nielsen, M.S.; Hejrup, P.; Gliemann, J.; Jakes, R. a-Synuclein Binds to Tau and
Stimulates the Protein Kinase A-catalyzed Tau Phosphorylation of Serine Residues 262 and 356. |. Biol. Chem.
1999, 274, 25481-25489. [CrossRef]

Brown, D.R. Introduction: Copper and amyloid fibril formation. FEBS ]. 2007, 274, 3755. [CrossRef]
Hoyer, W.; Cherny, D.; Subramaniam, V.; Jovin, T.M. Impact of the Acidic C-Terminal Region Comprising
Amino Acids 109-140 on a-Synuclein Aggregation In Vitro. Biochemistry 2004, 43, 16233-16242. [CrossRef]
Oueslati, A.; Fournier, M.; Lashuel, H.A. Role of post-translational modifications in modulating the structure,
function and toxicity of alpha-synuclein: Implications for Parkinson’s disease pathogenesis and therapies.
Prog. Brain Res. 2010, 183, 115-145.

Machiya, Y.; Hara, S.; Arawaka, S.; Fukushima, S.; Sato, H.; Sakamoto, M.; Koyama, S.; Kato, T. Phosphorylated
a-Synuclein at Ser-129 Is Targeted to the Proteasome Pathway in a Ubiquitin-independent Manner.
J. Biol. Chem. 2010, 285, 40732-40744. [CrossRef]

Peng, C.; Gathagan, R.J.; Lee, V.M.-Y. Distinct x-Synuclein strains and implications for heterogeneity among
a-Synucleinopathies. Neurobiol. Dis. 2018, 109, 209-218. [CrossRef] [PubMed]

Guo, J.L.; Covell, D.J.; Daniels, J.P; Iba, M.; Stieber, A.; Zhang, B.; Riddle, D.M.; Kwong, L.K.; Xu, Y,;
Trojanowski, J.Q.; et al. Distinct a-Synuclein Strains Differentially Promote Tau Inclusions in Neurons. Cell
2013, 154, 103-117. [CrossRef] [PubMed]

Holec, S.A.M.; Woerman, A.L. Evidence of distinct x-synuclein strains underlying disease heterogeneity.
Acta Neuropathol. 2020, 1-14. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.1416598111
http://www.ncbi.nlm.nih.gov/pubmed/25246573
http://dx.doi.org/10.1016/j.brainres.2012.04.014
http://dx.doi.org/10.1016/j.molmed.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23648364
http://dx.doi.org/10.3389/fnins.2015.00059
http://dx.doi.org/10.1016/j.cell.2012.03.037
http://dx.doi.org/10.1080/10408363.2019.1711359
http://dx.doi.org/10.1073/pnas.1505953112
http://www.ncbi.nlm.nih.gov/pubmed/26153422
http://dx.doi.org/10.1073/pnas.0507405102
http://dx.doi.org/10.1006/jmbi.2001.4538
http://dx.doi.org/10.3233/JPD-160779
http://dx.doi.org/10.1016/j.jmb.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18423664
http://dx.doi.org/10.1038/sj.emboj.7600211
http://www.ncbi.nlm.nih.gov/pubmed/15103328
http://dx.doi.org/10.1385/NMM:4:1-2:49
http://dx.doi.org/10.1074/jbc.274.36.25481
http://dx.doi.org/10.1111/j.1742-4658.2007.05915.x
http://dx.doi.org/10.1021/bi048453u
http://dx.doi.org/10.1074/jbc.M110.141952
http://dx.doi.org/10.1016/j.nbd.2017.07.018
http://www.ncbi.nlm.nih.gov/pubmed/28751258
http://dx.doi.org/10.1016/j.cell.2013.05.057
http://www.ncbi.nlm.nih.gov/pubmed/23827677
http://dx.doi.org/10.1007/s00401-020-02163-5
http://www.ncbi.nlm.nih.gov/pubmed/32440702

Int. ]. Mol. Sci. 2020, 21, 8666 17 of 21

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Lau, A; So, RW.L,; Lau, HH.C,; Sang, ].C.; Ruiz-Riquelme, A.; Fleck, S.C.; Stuart, E.; Menon, S.; Visanji, N.P;
Meisl, G.; et al. «-Synuclein strains target distinct brain regions and cell types. Nat. Neurosci. 2019, 23, 21-31.
[CrossRef]

Shahnawaz, M.; Mukherjee, A.; Pritzkow, S.; Mendez, N.; Rabadia, P; Liu, X.; Hu, B.; Schmeichel, A.;
Singer, W.; Wu, G.; et al. Discriminating «-synuclein strains in Parkinson’s disease and multiple system
atrophy. Nat. Cell Biol. 2020, 578, 273-277. [CrossRef]

Suzuki, G.; Imura, S.; Hosokawa, M.; Katsumata, R.; Nonaka, T.; Hisanaga, S.-I.; Saeki, Y.; Hasegawa, M.
a-synuclein strains that cause distinct pathologies differentially inhibit proteasome. eLife 2020, 9, 9. [CrossRef]
De Guire, V.; Robitaille, R.; Tétreault, N.; Guérin, R.; Ménard, C.; Bambace, N.; Sapieha, P. Circulating miRNAs
as sensitive and specific biomarkers for the diagnosis and monitoring of human diseases: Promises and
challenges. Clin. Biochem. 2013, 46, 846-860. [CrossRef]

Gries, M.; Christmann, A.; Schulte, S.; Weyland, M.; Rommel, S.; Martin, M.; Baller, M.; Roeth, R.;
Schmitteckert, S.; Unger, M.M.; et al. Functional and molecular early enteric biomarkers for Parkinson’s
disease in mice and men. bioRxiv 2020. [CrossRef]

Chartier-Harlin, M.C.; Kachergus, J.; Roumier, C.; Mouroux, V.; Douay, X.; Lincoln, S.; Levecque, C.; Larvor, L.;
Andrieux, J.; Hulihan, M; et al. Alpha-synuclein locus duplication as a cause of familial Parkinson’s disease.
Lancet 2004, 364, 1167-1169. [CrossRef]

Ibanez, P; Bonnet, A.M.; Debarges, B.; Lohmann, E.; Tison, F; Pollak, P.; Agid, Y.; Durr, A.; Brice, A.
Causal relation between alpha-synuclein gene duplication and familial Parkinson’s disease. Lancet
2004, 364, 1169-1171. [CrossRef]

McMillan, K.J.; Murray, TK.; Bengoa-Vergniory, N.; Cordero-Llana, O.; Cooper, J.; Buckley, A.;
Wade-Martins, R.; Uney, ].B.; O’Neill, M.].; Wong, L.E; et al. Loss of MicroRNA-7 Regulation Leads
to a-Synuclein Accumulation and Dopaminergic Neuronal Loss In Vivo. Mol. Ther. 2017, 25, 2404-2414.
[CrossRef] [PubMed]

Junn, E.; Lee, KW.,; Jeong, B.S.; Chan, TW.; Im, J.Y.; Mouradian, M.M. Repression of alpha-synuclein
expression and toxicity by microRNA-7. Proc. Natl. Acad. Sci. USA 2009, 106, 13052-13057. [CrossRef]
[PubMed]

Doxakis, E. Post-transcriptional Regulation of a-Synuclein Expression by mir-7 and mir-153. J. Biol. Chem.
2010, 285, 12726-12734. [CrossRef] [PubMed]

Choi, D.C.; Chae, Y.-].; Kabaria, S.; Chaudhuri, A.D.; Jain, M.R.; Li, H.; Mouradian, M.M.; Junn, E.
MicroRNA-7 Protects against 1-Methyl-4-Phenylpyridinium-Induced Cell Death by Targeting RelA. J. Neurosci.
2014, 34, 12725-12737. [CrossRef]

Fragkouli, A.; Doxakis, E. miR-7 and miR-153 protect neurons against MPP+-induced cell death via
upregulation of mTOR pathway. Front. Cell. Neurosci. 2014, 8, 182. [CrossRef]

Latreille, M.; Hausser, J.; Stutzer, I.; Zhang, Q.; Hastoy, B.; Gargani, S.; Kerr-Conte, J.; Pattou, F;
Zavolan, M.; Esguerra, ].L.; et al. MicroRNA-7a regulates pancreatic beta cell function. |. Clin. Investig.
2014, 124, 2722-2735. [CrossRef]

Fan,Z.;Lu,M.; Qiao, C.; Zhou, Y.; Ding, ].H.; Hu, G. MicroRNA-7 Enhances Subventricular Zone Neurogenesis
by Inhibiting NLRP3/Caspase-1 Axis in Adult Neural Stem Cells. Mol. Neurobiol. 2016, 53, 7057-7069.
[CrossRef]

Zhou, Y.; Lu, M,; Du, R-H.; Qiao, C.; Jiang, C.-Y,; Zhang, K.-Z.; Ding, ]J.-H.; Chun-Yi, ]J. MicroRNA-7
targets Nod-like receptor protein 3 inflammasome to modulate neuroinflammation in the pathogenesis of
Parkinson’s disease. Mol. Neurodegener. 2016, 11, 1-15. [CrossRef]

Oeckinghaus, A.; Hayden, M.S.; Ghosh, S. Crosstalk in NF-kappaB signaling pathways. Nat. Immunol.
2011, 12, 695-708. [CrossRef]

Li, S,; Lv, X,; Zhai, K,; Xu, R.; Zhang, Y.; Zhao, S.; Qin, X.; Yin, L.; Lou, J. MicroRNA-7 inhibits neuronal
apoptosis in a cellular Parkinson’s disease model by targeting Bax and Sirt2. Am. |. Transl. Res. 2016, 8,
993-1004.

Chaudhuri, A.D.; Choi, D.C.; Kabaria, S.; Tran, A.; Junn, E. MicroRNA-7 Regulates the Function
of Mitochondrial Permeability Transition Pore by Targeting VDAC1 Expression. J. Biol. Chem.
2016, 291, 6483-6493. [CrossRef] [PubMed]

Kabaria, S.; Choi, D.C.; Chaudhuri, A.D.; Jain, M.R; Li, H.; Junn, E. MicroRNA-7 activates Nrf2 pathway by
targeting Keap1l expression. Free. Radic. Biol. Med. 2015, 89, 548-556. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41593-019-0541-x
http://dx.doi.org/10.1038/s41586-020-1984-7
http://dx.doi.org/10.7554/eLife.56825
http://dx.doi.org/10.1016/j.clinbiochem.2013.03.015
http://dx.doi.org/10.1101/2020.06.06.136556
http://dx.doi.org/10.1016/S0140-6736(04)17103-1
http://dx.doi.org/10.1016/S0140-6736(04)17104-3
http://dx.doi.org/10.1016/j.ymthe.2017.08.017
http://www.ncbi.nlm.nih.gov/pubmed/28927576
http://dx.doi.org/10.1073/pnas.0906277106
http://www.ncbi.nlm.nih.gov/pubmed/19628698
http://dx.doi.org/10.1074/jbc.M109.086827
http://www.ncbi.nlm.nih.gov/pubmed/20106983
http://dx.doi.org/10.1523/JNEUROSCI.0985-14.2014
http://dx.doi.org/10.3389/fncel.2014.00182
http://dx.doi.org/10.1172/JCI73066
http://dx.doi.org/10.1007/s12035-015-9620-5
http://dx.doi.org/10.1186/s13024-016-0094-3
http://dx.doi.org/10.1038/ni.2065
http://dx.doi.org/10.1074/jbc.M115.691352
http://www.ncbi.nlm.nih.gov/pubmed/26801612
http://dx.doi.org/10.1016/j.freeradbiomed.2015.09.010
http://www.ncbi.nlm.nih.gov/pubmed/26453926

Int. ]. Mol. Sci. 2020, 21, 8666 18 of 21

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Kabaria, S.; Choi, D.C.; Chaudhuri, A.D.; Mouradian, M.M.; Junn, E. Inhibition of miR-34b and miR-34c
enhances alpha-synuclein expression in Parkinson’s disease. FEBS Lett. 2015, 589, 319-325. [CrossRef]
Minones-Moyano, E.; Porta, S.; Escaramis, G.; Rabionet, R.; Iraola, S.; Kagerbauer, B.; Espinosa-Parrilla, Y.;
Ferrer, I.; Estivill, X.; Marti, E. MicroRNA profiling of Parkinson’s disease brains identifies early
downregulation of miR-34b/c which modulate mitochondrial function. Hum. Mol. Genet. 2011, 20, 3067-3078.
[CrossRef]

Alvarez-Erviti, L.; Rodriguez-Oroz, M.C.; Cooper, ].M.; Caballero, C.; Ferrer, I.; Obeso, ].A.; Schapira, A.H.
Chaperone-Mediated Autophagy Markers in Parkinson Disease Brains. Arch. Neurol. 2010, 67, 1464-1472.
[CrossRef]

Alvarez-Erviti, L.; Seow, Y.; Schapira, A.H.V.; Rodriguez-Oroz, M.C.; Obeso, ].A.; Cooper, ]. M. Influence
of microRNA deregulation on chaperone-mediated autophagy and «-synuclein pathology in Parkinson’s
disease. Cell Death Dis. 2013, 4, e545. [CrossRef] [PubMed]

Kaushik, S.; Cuervo, A.M. The coming of age of chaperone-mediated autophagy. Nat. Rev. Mol. Cell Biol.
2018, 19, 365-381. [CrossRef] [PubMed]

Vogiatzi, T.; Xilouri, M.; Vekrellis, K.; Stefanis, L. Wild Type «-Synuclein Is Degraded by Chaperone-mediated
Autophagy and Macroautophagy in Neuronal Cells. ]. Biol. Chem. 2008, 283, 23542-23556. [CrossRef]
[PubMed]

Zhang, Z.; Cheng, Y. miR-16-1 promotes the aberrant alpha-synuclein accumulation in parkinson disease via
targeting heat shock protein 70. Sci. World . 2014, 2014, 938348.

Decressac, M.; Mattsson, B.; Weikop, P.; Lundblad, M.; Jakobsson, J.; Bjorklund, A. TFEB-mediated
autophagy rescues midbrain dopamine neurons from -Synuclein toxicity. Proc. Natl. Acad. Sci. USA
2013, 110, E1817-E1826. [CrossRef]

Lee, H.-J.; Khoshaghideh, F,; Patel, S.S.; Lee, S.-J. Clearance of -Synuclein Oligomeric Intermediates via the
Lysosomal Degradation Pathway. J. Neurosci. 2004, 24, 1888-1896. [CrossRef]

Sardiello, M.; Palmieri, M.; Di Ronza, A.; Medina, D.L.; Valenza, M.; Gennarino, V.A.; DiMalta, C.; Donaudy, E;
Embrione, V.; Polishchuk, R.S.; et al. A Gene Network Regulating Lysosomal Biogenesis and Function.
Science 2009, 325, 473-477. [CrossRef] [PubMed]

Webb, ].L.; Ravikumar, B.; Atkins, J.; Skepper, ].N.; Rubinsztein, D.C. Alpha-Synuclein is degraded by both
autophagy and the proteasome. J. Biol. Chem. 2003, 278, 25009-25013. [CrossRef] [PubMed]

Bougea, A. If not salivary alpha-synuclein, then what? A look at potential Parkinson’s disease biomarkers.
Expert Rev. Mol. Diagn. 2020, 20, 359-361. [CrossRef]

Malek, N.; Swallow, D.; Grosset, K.A.; Anichtchik, O.; Spillantini, M.; Grosset, D.G. Alpha-synuclein
in peripheral tissues and body fluids as a biomarker for Parkinson’s disease—A systematic review.
Acta Neurol. Scand. 2014, 130, 59-72. [CrossRef] [PubMed]

Bougea, A.; Stefanis, L.; Paraskevas, G.P.; Emmanouilidou, E.; Vekrelis, K.; Kapaki, E. Plasma alpha-synuclein
levels in patients with Parkinson’s disease: A systematic review and meta-analysis. Neurol. Sci.
2019, 40, 929-938. [CrossRef] [PubMed]

Havelund, ].F.; Heegaard, N.H.H.; Feergeman, N.J.; Gramsbergen, J.B. Biomarker Research in Parkinson’s
Disease Using Metabolite Profiling. Metabolites 2017, 7, 42. [CrossRef] [PubMed]

Qualman, S.J.; Haupt, HM.; Yang, P; Hamilton, S.R. Esophageal Lewy bodies associated with ganglion cell
loss in achalasia. Similarity to Parkinson’s disease. Gastroenterology 1984, 87, 848-856. [CrossRef]

Furness, ].B. The enteric nervous system: Normal functions and enteric neuropathies. Neurogastroenterol. Motil.
2008, 20 (Suppl. 1), 32-38. [CrossRef]

Visanji, N.P; Marras, C.; Hazrati, L.N.; Liu, L.W.; Lang, A.E. Alimentary, my dear Watson? The challenges of
enteric alpha-synuclein as a Parkinson’s disease biomarker. Mov. Disord. 2014, 29, 444-450. [CrossRef]
Lebouvier, T.; Chaumette, T.; Paillusson, S.; Duyckaerts, C.; Varannes, S.B.D.; Neunlist, M.; Derkinderen, P.
The second brain and Parkinson’s disease. Eur. J. Neurosci. 2009, 30, 735-741. [CrossRef] [PubMed]
Wakabayashi, K.; Takahashi, H.; Takeda, S.; Ohama, E.; Ikuta, F. Parkinson’s disease: The presence of Lewy
bodies in Auerbach’s and Meissner’s plexuses. Acta Neuropathol. 1988, 76, 217-221. [CrossRef] [PubMed]
Wakabayashi, K.; Takahashi, H.; Takeda, S.; Ohama, E.; Ikuta, F. Lewy bodies in the enteric nervous system
in Parkinson’s disease. Arch. Histol. Cytol. 1989, 52, 191-194. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.febslet.2014.12.014
http://dx.doi.org/10.1093/hmg/ddr210
http://dx.doi.org/10.1001/archneurol.2010.198
http://dx.doi.org/10.1038/cddis.2013.73
http://www.ncbi.nlm.nih.gov/pubmed/23492776
http://dx.doi.org/10.1038/s41580-018-0001-6
http://www.ncbi.nlm.nih.gov/pubmed/29626215
http://dx.doi.org/10.1074/jbc.M801992200
http://www.ncbi.nlm.nih.gov/pubmed/18566453
http://dx.doi.org/10.1073/pnas.1305623110
http://dx.doi.org/10.1523/JNEUROSCI.3809-03.2004
http://dx.doi.org/10.1126/science.1174447
http://www.ncbi.nlm.nih.gov/pubmed/19556463
http://dx.doi.org/10.1074/jbc.M300227200
http://www.ncbi.nlm.nih.gov/pubmed/12719433
http://dx.doi.org/10.1080/14737159.2020.1721283
http://dx.doi.org/10.1111/ane.12247
http://www.ncbi.nlm.nih.gov/pubmed/24702516
http://dx.doi.org/10.1007/s10072-019-03738-1
http://www.ncbi.nlm.nih.gov/pubmed/30715632
http://dx.doi.org/10.3390/metabo7030042
http://www.ncbi.nlm.nih.gov/pubmed/28800113
http://dx.doi.org/10.1016/0016-5085(84)90079-9
http://dx.doi.org/10.1111/j.1365-2982.2008.01094.x
http://dx.doi.org/10.1002/mds.25789
http://dx.doi.org/10.1111/j.1460-9568.2009.06873.x
http://www.ncbi.nlm.nih.gov/pubmed/19712093
http://dx.doi.org/10.1007/BF00687767
http://www.ncbi.nlm.nih.gov/pubmed/2850698
http://dx.doi.org/10.1679/aohc.52.Suppl_191
http://www.ncbi.nlm.nih.gov/pubmed/2554944

Int. J. Mol. Sci. 2020, 21, 8666 19 of 21

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Beach, T.G.; Adler, C.H.; Sue, L.I; Vedders, L.; Lue, L.; White, C.L., III; Akiyama, H.; Caviness, ].N.; Shill, H.A.;
Sabbagh, M.N.; et al. Multi-organ distribution of phosphorylated a-synuclein histopathology in subjects
with Lewy body disorders. Acta Neuropathol. 2010, 119, 689-702. [CrossRef] [PubMed]

Braak, H.; De Vos, R.A.; Bohl, J.; Del Tredici, K. Gastric a-synuclein immunoreactive inclusions in Meissner’s
and Auerbach’s plexuses in cases staged for Parkinson’s disease-related brain pathology. Neurosci. Lett.
2006, 396, 67-72. [CrossRef] [PubMed]

Gelpi, E.; Navarro-Otano, J.; Tolosa, E.; Gaig, C.; Compta, Y.; Rey, M.J.; Marti, M.J.; Hernandez, I;
Valldeoriola, F,; Refié, R ; et al. Multiple organ involvement by alpha-synuclein pathology in Lewy body
disorders. Mov. Disord. 2014, 29, 1010-1018. [CrossRef]

Sanchez-Ferro, A.; Rabano, A.; Catalan, M.].; Rodriguez-Valcarcel, F.C.; Diez, S.F,; Herreros-Rodriguez, J.;
Garcia-Cobos, E.; Alvarez-Santullano, M.M.; Lopez-Manzanares, L.; Mosqueira, A.J.; et al. In vivo gastric
detection of alpha-synuclein inclusions in Parkinson’s disease. Mov. Disord. 2015, 30, 517-524. [CrossRef]
Shannon, K.M.; Keshavarzian, A.; Mutlu, E.; Dodiya, H.B.; Daian, D.; Jaglin, J.A.; Kordower, J.H.
Alpha-synuclein in colonic submucosa in early untreated Parkinson’s disease. Mov. Disord. 2012, 27, 709-715.
[CrossRef]

Schneider, S.A.; Boettner, M.; Alexoudi, A.; Zorenkov, D.; Deuschl, G.; Wedel, T. Can we use peripheral
tissue biopsies to diagnose Parkinson’s disease? A review of the literature. Eur. J. Neurol. 2016, 23, 247-261.
[CrossRef]

Corbill¢, A.-G.; Letournel, E;; Kordower, ].H.; Lee, ].; Shanes, E.; Neunlist, M.; Munoz, D.G.; Derkinderen, P.;
Beach, T.G. Evaluation of alpha-synuclein immunohistochemical methods for the detection of Lewy-type
synucleinopathy in gastrointestinal biopsies. Acta Neuropathol. Commun. 2016, 4, 1-7. [CrossRef]

Gold, A.; Turkalp, Z.T.; Munoz, D.G. Enteric alpha-synuclein expression is increased in Parkinson’s disease
but not Alzheimer’s disease. Mov. Disord. 2013, 28, 237-240. [CrossRef] [PubMed]

Visanji, N.P; Marras, C.; Kern, D.S.; Al Dakheel, A.; Gao, A; Liu, LW.; Lang, A.E.; Hazrati, L.N. Colonic
mucosal a-synuclein lacks specificity as a biomarker for Parkinson disease. Neurology 2015, 84, 609-616.
[CrossRef] [PubMed]

Beck, G.; Hori, Y,; Hayashi, Y.; Morii, E.; Takehara, T.; Mochizuki, H. Detection of Phosphorylated
Alpha-Synuclein in the Muscularis Propria of the Gastrointestinal Tract Is a Sensitive Predictor for Parkinson’s
Disease. Park. Dis. 2020, 2020, 1-8. [CrossRef] [PubMed]

Adler, C.H.; Dugger, B.N.; Hinni, M.L.; Lott, D.G.; Driver-Dunckley, E.; Hidalgo, J.; Henry-Watson, J.;
Serrano, G.; Sue, L.I; Nagel, T,; et al. Submandibular gland needle biopsy for the diagnosis of Parkinson
disease. Neurology 2014, 82, 858-864. [CrossRef] [PubMed]

Adler, C.H.; Serrano, G.E.; Zhang, N.; Hinni, M.L.; Lott, D.G.; Mehta, S.H.; Sue, L.I; Intorcia, A,;
Beach, T.G. Feasibility of repeat and bilateral submandibular gland needle biopsies in Parkinson’s disease.
Parkinsonism. Relat. Disord. 2019, 68, 69-72. [CrossRef] [PubMed]

Mu, L.; Sobotka, S.; Chen, J; Su, H.; Sanders, I; Nyirenda, T, Adler, CH., Shill H.A;
Caviness, ].N.; Samanta, J.E.; et al. Parkinson Disease Affects Peripheral Sensory Nerves in the Pharynx.
J. Neuropathol. Exp. Neurol. 2013, 72, 614-623. [CrossRef]

Mu, L.; Sobotka, S.; Chen, J.; Su, H.; Sanders, 1.; Adler, C.H.; Shill, H.A.; Caviness, J.N.; Samanta, J.E.;
Beach, T.G.; et al. Alpha-Synuclein Pathology and Axonal Degeneration of the Peripheral Motor Nerves
Innervating Pharyngeal Muscles in Parkinson Disease. ]. Neuropathol. Exp. Neurol. 2013, 72, 119-129.
[CrossRef]

Clairembault, T.; Leclair-Visonneau, L.; Coron, E.; Bourreille, A.; Le Dily, S.; Vavasseur, F.; Heymann, M.F;
Neunlist, M.; Derkinderen, P. Structural alterations of the intestinal epithelial barrier in Parkinson’s disease.
Acta Neuropathol. Commun. 2015, 3, 12. [CrossRef]

Hilton, D.; Stephens, M.; Kirk, L.; Edwards, P; Potter, R.; Zajicek, J.; Broughton, E.; Hagan, H.; Carroll, C.
Accumulation of x-synuclein in the bowel of patients in the pre-clinical phase of Parkinson’s disease.
Acta Neuropathol. 2013, 127, 235-241. [CrossRef]

Antunes, L.; Frasquilho, S.; Ostaszewski, M.; Weber, ].; Longhino, L.; Antony, P.; Baumuratov, A.; Buttini, M.;
Shannon, K.M.; Balling, R.; et al. Similar alpha-Synuclein staining in the colon mucosa in patients with
Parkinson’s disease and controls. Mov. Disord. 2016, 31, 1567-1570. [CrossRef]


http://dx.doi.org/10.1007/s00401-010-0664-3
http://www.ncbi.nlm.nih.gov/pubmed/20306269
http://dx.doi.org/10.1016/j.neulet.2005.11.012
http://www.ncbi.nlm.nih.gov/pubmed/16330147
http://dx.doi.org/10.1002/mds.25776
http://dx.doi.org/10.1002/mds.25988
http://dx.doi.org/10.1002/mds.23838
http://dx.doi.org/10.1111/ene.12753
http://dx.doi.org/10.1186/s40478-016-0305-8
http://dx.doi.org/10.1002/mds.25298
http://www.ncbi.nlm.nih.gov/pubmed/23362176
http://dx.doi.org/10.1212/WNL.0000000000001240
http://www.ncbi.nlm.nih.gov/pubmed/25589666
http://dx.doi.org/10.1155/2020/4687530
http://www.ncbi.nlm.nih.gov/pubmed/33029342
http://dx.doi.org/10.1212/WNL.0000000000000204
http://www.ncbi.nlm.nih.gov/pubmed/24500652
http://dx.doi.org/10.1016/j.parkreldis.2019.10.006
http://www.ncbi.nlm.nih.gov/pubmed/31621624
http://dx.doi.org/10.1097/NEN.0b013e3182965886
http://dx.doi.org/10.1097/NEN.0b013e3182801cde
http://dx.doi.org/10.1186/s40478-015-0196-0
http://dx.doi.org/10.1007/s00401-013-1214-6
http://dx.doi.org/10.1002/mds.26702

Int. ]. Mol. Sci. 2020, 21, 8666 20 of 21

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Corbillé, A.-G.; Preterre, C.; Rolli-Derkinderen, M.; Coron, E.; Neunlist, M.; Lebouvier, T.; Derkinderen, P.
Biochemical analysis of a-synuclein extracted from control and Parkinson’s disease colonic biopsies.
Neurosci. Lett. 2017, 641, 81-86. [CrossRef] [PubMed]

Fenyi, A.; Leclair-Visonneau, L.; Clairembault, T.; Coron, E.; Neunlist, M.; Melki, R.; Derkinderen, P.;
Bousset, L. Detection of alpha-synuclein aggregates in gastrointestinal biopsies by protein misfolding cyclic
amplification. Neurobiol. Dis. 2019, 129, 38-43. [CrossRef] [PubMed]

Jang, S.J.; Lee, C.-S.; Kim, T.H. «-Synuclein Oligomer Detection with Aptamer Switch on Reduced Graphene
Oxide Electrode. Nanomaterials 2020, 10, 832. [CrossRef] [PubMed]

Kumar, A.; Chaudhary, R.K; Singh, R.; Singh, S.P.; Wang, S.-Y.; Hoe, Z.-Y.; Pan, C.; Shiue, Y.-L.; Wei, D.-Q.;
Kaushik, A.C.; et al. Nanotheranostic Applications for Detection and Targeting Neurodegenerative Diseases.
Front. Neurosci. 2020, 14, 305. [CrossRef] [PubMed]

Zavaleta, C.; Ho, D.; Chung, E.J. Theranostic Nanoparticles for Tracking and Monitoring Disease State. SLAS
Technol. Transl. Life Sci. Innov. 2018, 23, 281-293. [CrossRef]

Saborio, G.P.; Permanne, B.; Soto, C. Sensitive detection of pathological prion protein by cyclic amplification
of protein misfolding. Nat. Cell Biol. 2001, 411, 810-813. [CrossRef]

Surguchov, A. Analysis of Protein Conformational Strains—A Key for New Diagnostic Methods of Human
Diseases. Int. J. Mol. Sci. 2020, 21, 2801. [CrossRef]

Shahnawaz, M.; Tokuda, T.; Waragai, M.; Mendez, N.; Ishii, R.; Trenkwalder, C.; Mollenhauer, B.; Soto, C.
Development of a Biochemical Diagnosis of Parkinson Disease by Detection of a-Synuclein Misfolded
Aggregates in Cerebrospinal Fluid. JAMA Neurol. 2017, 74, 163-172. [CrossRef]

Fairfoul, G.; McGuire, L.I.; Pal, S.; Ironside, J.W.; Neumann, J.; Christie, S.; Joachim, C.; Esiri, M.; Evetts, S.G.;
Rolinski, M.; et al. Alpha-synuclein RT -Qu IC in the CSF of patients with alpha-synucleinopathies.
Ann. Clin. Transl. Neurol. 2016, 3, 812-818. [CrossRef]

Groveman, B.R.; Orru, C.D.; Hughson, A.G.; Raymond, L.D.; Zanusso, G.; Ghetti, B.; Campbell, K.J.; Safar, J.;
Galasko, D.; Caughey, B. Rapid and ultra-sensitive quantitation of disease-associated «-synuclein seeds in
brain and cerebrospinal fluid by «Syn RT-QuIC. Acta Neuropathol. Commun. 2018, 6, 1-10. [CrossRef]
Kumar, S.T.; Jagannath, S.; Francois, C.; Vanderstichele, H.; Stoops, E.; Lashuel, H.A. How specific are
the conformation-specific a-synuclein antibodies? Characterization and validation of 16 a-synuclein
conformation-specific antibodies using well-characterized preparations of x-synuclein monomers, fibrils and
oligomers with distinct structures and morphology. Neurobiol. Dis. 2020, 146, 105086. [CrossRef] [PubMed]
Magnusson, K.; Simon, R.; Sjolander, D.; Sigurdson, C.J.; Hammarstrém, P.; Nilsson, K.P.R. Multimodal
fluorescence microscopy of prion strain specific PrP deposits stained by thiophene-based amyloid ligands.
Prion 2014, 8, 319-329. [CrossRef] [PubMed]

Klingstedt, T.; Aslund, A.; Simon, R.A; Johansson, L.B.G.; Mason, J.J.; Nystrom, S.; Hammarstrom, P.;
Nilsson, K.P.R. Synthesis of a library of oligothiophenes and their utilization as fluorescent ligands for
spectral assignment of protein aggregates. Org. Biomol. Chem. 2011, 9, 8356-8370. [CrossRef]

Klingstedt, T.; Blechschmidt, C.; Nogalska, A.; Prokop, S.; Haggqvist, B.; Danielsson, O.; Engel, WK_;
Askanas, V.; Heppner, FL.; Nilsson, K.P.R. Luminescent Conjugated Oligothiophenes for Sensitive Fluorescent
Assignment of Protein Inclusion Bodies. ChemBioChem 2013, 14, 607-616. [CrossRef] [PubMed]
Harsanyiova, J.; Buday, T.; Trancikova, A.K. Parkinson’s Disease and the Gut: Future Perspectives for Early
Diagnosis. Front. Neurosci. 2020, 14, 626. [CrossRef] [PubMed]

Klingstedt, T.; Ghetti, B.; Holton, J.L.; Ling, H.; Nilsson, K.P.R.; Goedert, M. Luminescent conjugated
oligothiophenes distinguish between a-synuclein assemblies of Parkinson’s disease and multiple system
atrophy. Acta Neuropathol. Commun. 2019, 7, 1-9. [CrossRef]

Ruffmann, C.; Bengoa-Vergniory, N.; Poggiolini, I; Ritchie, D.; Hu, M.T.; Alegre-Abarrategui, ].; Parkkinen, L.
Detection of alpha-synuclein conformational variants from gastro-intestinal biopsy tissue as a potential
biomarker for Parkinson’s disease. Neuropathol. Appl. Neurobiol. 2018, 44, 722-736. [CrossRef]

Majbour, N.K,; Vaikath, N.N.; Eusebi, P.; Chiasserini, D.; Ardah, M.; Varghese, S.; Haque, M.E.; Tokuda, T.;
Auinger, P; Calabresi, P; et al. Longitudinal changes in CSF alpha-synuclein species reflect Parkinson’s
disease progression. Mov. Disord. 2016, 31, 1535-1542. [CrossRef]

Tian, C; Liu, G.; Gao, L.; Soltys, D.; Pan, C.; Stewart, T.; Shi, M.; Xie, Z; Liu, N.; Feng, T.; et al. Erythrocytic
a-Synuclein as a potential biomarker for Parkinson’s disease. Transl. Neurodegener. 2019, 8, 15. [CrossRef]


http://dx.doi.org/10.1016/j.neulet.2017.01.050
http://www.ncbi.nlm.nih.gov/pubmed/28126589
http://dx.doi.org/10.1016/j.nbd.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/31078683
http://dx.doi.org/10.3390/nano10050832
http://www.ncbi.nlm.nih.gov/pubmed/32349285
http://dx.doi.org/10.3389/fnins.2020.00305
http://www.ncbi.nlm.nih.gov/pubmed/32425743
http://dx.doi.org/10.1177/2472630317738699
http://dx.doi.org/10.1038/35081095
http://dx.doi.org/10.3390/ijms21082801
http://dx.doi.org/10.1001/jamaneurol.2016.4547
http://dx.doi.org/10.1002/acn3.338
http://dx.doi.org/10.1186/s40478-018-0508-2
http://dx.doi.org/10.1016/j.nbd.2020.105086
http://www.ncbi.nlm.nih.gov/pubmed/32971232
http://dx.doi.org/10.4161/pri.29239
http://www.ncbi.nlm.nih.gov/pubmed/25495506
http://dx.doi.org/10.1039/c1ob05637a
http://dx.doi.org/10.1002/cbic.201200731
http://www.ncbi.nlm.nih.gov/pubmed/23450708
http://dx.doi.org/10.3389/fnins.2020.00626
http://www.ncbi.nlm.nih.gov/pubmed/32625058
http://dx.doi.org/10.1186/s40478-019-0840-1
http://dx.doi.org/10.1111/nan.12486
http://dx.doi.org/10.1002/mds.26754
http://dx.doi.org/10.1186/s40035-019-0155-y

Int. ]. Mol. Sci. 2020, 21, 8666 21 of 21

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Wang, Y.; Shi, M.; Chung, K.A.; Zabetian, C.P,; Leverenz, J.B.; Berg, D.; Srulijjes, K.; Trojanowski, ].Q.;
Lee, VM.-Y,; Siderowf, A.D.; et al. Phosphorylated -Synuclein in Parkinson’s Disease. Sci. Transl. Med.
2012, 4, 121ra20. [CrossRef]

Mata, L.E,; Shi, M.; Agarwal, P.; Chung, K.A.; Edwards, K.L.; Factor, S.A.; Galasko, D.R.; Ginghina, C.;
Griffith, A.; Higgins, D.S.; et al. SNCA Variant Associated With Parkinson Disease and Plasma x-Synuclein
Level. Arch. Neurol. 2010, 67, 1350-1356. [CrossRef] [PubMed]

Shi, M.; Furay, A.R.; Sossi, V.; Aasly, ].O.; Armaly, J.; Wang, Y.; Wszolek, Z.K.; Uitti, R.J.; Hasegawa, K;
Yokoyama, T.; et al. DJ-1 and «SYN in LRRK2 CSF do not correlate with striatal dopaminergic function.
Neurobiol. Aging 2012, 33, 836.e5-836.e7. [CrossRef] [PubMed]

Foulds, P.G.; Mitchell, J.D.; Parker, A.; Turner, R.; Green, G.; Diggle, P.; Hasegawa, M.; Taylor, M.; Mann, D.;
Allsop, D. Phosphorylated alpha-synuclein can be detected in blood plasma and is potentially a useful
biomarker for Parkinson’s disease. FASEB J. 2011, 25, 4127—4137. [CrossRef] [PubMed]

Ruffmann, C.; Parkkinen, L. Gut Feelings About alpha-Synuclein in Gastrointestinal Biopsies: Biomarker in
the Making? Mov. Disord. 2016, 31, 193-202. [CrossRef]

Schulz-Schaeffer, W.].; Tschoke, S.; Kranefuss, N.; Drose, W.; Hause-Reitner, D.; Giese, A.; Groschup, M.H.;
Kretzschmar, H.A. The paraffin-embedded tissue blot detects PrP(Sc) early in the incubation time in prion
diseases. Am. . Pathol. 2000, 156, 51-56. [CrossRef]

Kramer, M.L; Schulz-Schaeffer, W.J. Presynaptic -Synuclein Aggregates, Not Lewy Bodies,
Cause Neurodegeneration in Dementia with Lewy Bodies. |. Neurosci. 2007, 27, 1405-1410. [CrossRef]
Hewel, C.; Kaiser, J.; Wierczeiko, A.; Linke, J.; Reinhardt, C.; Endres, K.; Gerber, S. Common miRNA Patterns
of Alzheimer’s Disease and Parkinson’s Disease and Their Putative Impact on Commensal Gut Microbiota.
Front. Neurosci. 2019, 13, 113. [CrossRef]

Roser, A.-E.; Gomes, L.C.; Schiinemann, J.; Maass, F; Lingor, P. Circulating miRNAs as Diagnostic Biomarkers
for Parkinson’s Disease. Front. Neurosci. 2018, 12, 625. [CrossRef]

Uwatoko, H.; Hama, Y.; Iwata, I.T.; Shirai, S.; Matsushima, M.; Yabe, I.; Utsumi, J.; Sasaki, H. Identification
of plasma microRNA expression changes in multiple system atrophy and Parkinson’s disease. Mol. Brain
2019, 12, 1-10. [CrossRef]

Serensen, S.S.; Nygaard, A.-B.; Nielsen, M.-Y.; Jensen, K.; Christensen, T. miRNA Expression Profiles in
Cerebrospinal Fluid and Blood of Patients with Acute Ischemic Stroke. Transl. Stroke Res. 2014, 5, 711-718.
[CrossRef]

Arshad, A.R; Sulaiman, S.; Saperi, A.A.; Jamal, R.; Ibrahim, N.M.; Murad, N.A.A. MicroRNAs and Target
Genes as Biomarkers for the Diagnosis of Early Onset of Parkinson Disease. Front. Mol. Neurosci. 2017, 10, 352.
[CrossRef] [PubMed]

Heman-Ackah, S.M.; Ehallegger, M.; Rao, M.S.; Wood, M.J.A. RISC in PD: The impact of microRNAs in
Parkinson’s disease cellular and molecular pathogenesis. Front. Mol. Neurosci. 2013, 6, 40. [CrossRef]
[PubMed]

Sheinerman, K.S.; Umansky, S.R. Circulating cell-free microRNA as biomarkers for screening, diagnosis
and monitoring of neurodegenerative diseases and other neurologic pathologies. Front. Cell. Neurosci.
2013, 7, 150. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1126/scitranslmed.3002566
http://dx.doi.org/10.1001/archneurol.2010.279
http://www.ncbi.nlm.nih.gov/pubmed/21060011
http://dx.doi.org/10.1016/j.neurobiolaging.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/22019052
http://dx.doi.org/10.1096/fj.10-179192
http://www.ncbi.nlm.nih.gov/pubmed/21865317
http://dx.doi.org/10.1002/mds.26480
http://dx.doi.org/10.1016/S0002-9440(10)64705-0
http://dx.doi.org/10.1523/JNEUROSCI.4564-06.2007
http://dx.doi.org/10.3389/fnins.2019.00113
http://dx.doi.org/10.3389/fnins.2018.00625
http://dx.doi.org/10.1186/s13041-019-0471-2
http://dx.doi.org/10.1007/s12975-014-0364-8
http://dx.doi.org/10.3389/fnmol.2017.00352
http://www.ncbi.nlm.nih.gov/pubmed/29163029
http://dx.doi.org/10.3389/fnmol.2013.00040
http://www.ncbi.nlm.nih.gov/pubmed/24312000
http://dx.doi.org/10.3389/fncel.2013.00150
http://www.ncbi.nlm.nih.gov/pubmed/24058335
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Diagnostic Potential of -Syn 
	Structure, Posttranslational Modifications, and Toxic Forms of -Syn 
	The Role of -Syn Phosphorylation in the Development and Diagnosis of PD 
	The -Syn Strains 

	The Role of miRNA in the Regulation of Expression and Aggregation of -Syn 
	miRNAs Interacting Directly with -Syn mRNA 
	miRNAs Indirectly Regulating -Syn Levels 

	Diagnostic Potential of Gastrointestinal Tract Tissues 
	The Presence of Total -Syn in the GIT Tissues 
	Phosphorylated -Syn in the GIT Tissues 

	Alternative Methods and -Syn Strains Discrimination 
	Assays Based on Seeding Properties of -Syn 
	Assays Based on IHC 
	Enzyme-Linked Immunosorbent Assay (ELISA)—Based Assays 
	Other Biochemical Methods and -Syn Strain Discrimination 
	miRNA as a Biomarker for PD 

	Conclusions 
	References

