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Abstract: α-Synuclein (α-syn) is a protein involved in neuronal degeneration. However, the family
of synucleins has recently been demonstrated to be involved in the mechanisms of oncogenesis
by selectively accelerating cellular processes leading to cancer. Pancreatic ductal adenocarcinoma
(PDAC) is one of the most lethal human cancers, with a specifically high neurotropism. The molecular
bases of this biological behavior are currently poorly understood. Here, α-synuclein was analyzed
concerning the protein expression in PDAC and the potential association with PDAC neurotropism.
Tumor (PDAC) and extra-tumor (extra-PDAC) samples from 20 patients affected by PDAC following
pancreatic resections were collected at the General Surgery Unit, University of Pisa. All patients were
affected by moderately or poorly differentiated PDAC. The amount of α-syn was compared between
tumor and extra-tumor specimen (sampled from non-affected neighboring pancreatic areas) by using
in situ immuno-staining with peroxidase anti-α-syn immunohistochemistry, α-syn detection by using
Western blotting, and electron microscopy by using α-syn-conjugated immuno-gold particles. All the
methods consistently indicate that each PDAC sample possesses a higher amount of α-syn compared
with extra-PDAC tissue. Moreover, the expression of α-syn was much higher in those PDAC samples
from tumors with perineural infiltration compared with tumors without perineural infiltration.

Keywords: pancreatic ductal adenocarcinoma; α-synuclein; Western blotting; electron microscopy;
neuroinvasion; electron-microscopy; ultrastructural stoichiometry
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1. Introduction

Synucleins (syns) are a family of small, soluble, highly conserved proteins, which
consist of α-syn, β-syn, and γ-syn [1–4]. A considerable amount of native α-syn quickly
misfolds and aggregates through five to six repeats of amino acid motif occurring toward
the N terminal [5–7]. These repeats produce the formation of conserved amphipathic
A2-helices also characteristic of apolipoproteins, which mediate aggregation and reversible
binding to membrane phospholipids. Although various cell functions of α-syn remain to be
established, the protein is known to be involved in some neurodegenerative disorders [7].
In fact, α-syn is a major component of Lewy bodies [8–11] in Parkinson’s disease (PD), and
it is often detected in Alzheimer’s disease [10,12–18]. Data about the occurrence of the
syns family in tumors mostly investigated γ-syn, which may be aberrantly expressed [19].
Several studies show that γ-syn is highly expressed in various types of cancer, such as
breast, ovarian, and colorectal cancer, especially in advanced stages of the diseases [20]. The
overexpression of γ-syn stimulates proliferation and induces the invasion and metastasis of
breast cancer cells in in vitro assays as well as in animal models [21]. γ-Syn has also been
shown to alter mitotic checkpoint controls, thus producing multi-nucleation as well as more
rapid breast cancer cell growth [22,23]. The overexpression of γ-syn also interferes with
drug-induced apoptosis in breast and ovarian cancer [24]. α-Syn and β-syn are described
in some types of cancer; however, these data are scattered, and specific investigations about
α-syn did not appear until recent years. Baseline α-syn expression is highly tissue-specific
and is mostly restricted to brain areas within neuronal nuclei and presynaptic terminals [14].
The involvement of α-syn in tumors stems from recent finding of high amount of α-syn
in melanoma [25]. These studies were followed by investigation at a pre-clinical level to
question whether, despite a coincidental expression, α-syn may exert an active biological
effect in melanoma cells. In fact, very recently, Shekoohi and colleagues demonstrated
that suppressing α-syn expression inhibits melanoma cell growth [26]. This evidence
shifts the role of α-syn from a mere epiphenomenon witnessing metabolic dysregulation in
catecholamine-producing cells toward an active determinant in oncogenesis [26]. In fact, as
reviewed by Ejma and colleagues [27], multiple substrates of the autophagy process are
active determinants in oncogenesis, while being concomitantly involved in neurodegenera-
tion. This is the case of PTEN-induced kinase 1 (PINK1), which may either be oncogenic or
suppress tumor growth; similarly, the protein parkin modulates tumor growth. In keeping
with autophagy, mutations in the protein/nucleic acid deglycase named DJ-1 are key in
some neoplasms, such as melanoma, breast, lung, colorectal, uterine, and hepatocellular
cancers. Again, autophagy-dependent mitochondrial dysfunction is massively involved in
cancer development [27].

In line with this, the overexpression of α-syn in melanoma coexists with marked
alterations in the autophagy pathway. Consistently, autophagy alterations are now hypoth-
esized as both biomarkers and prognostic factors in melanoma [28,29].

Pancreatic cancer is now the fourth most common cause of cancer death worldwide.
Patients with pancreatic ductal adenocarcinoma (PDAC) have a dismal prognosis, as the
overall mean survival time is 6 months and the 5 year survival rate is less than 10% [30–32].
At the time of diagnosis, less than 20% of patients are eligible for surgical resection, while
80% of cases are too advanced due to regional infiltration or distant metastasis [33]. The
poor prognosis of pancreatic cancer, even in cases eligible for surgical resection, is due to
extensive local infiltration and early spreading via lymphatic and hematic pathways. In
fact, even after surgical resection, pancreatic cancer is characterized by early local or distant
recurrence. The spreading pattern of PDAC often recruits the peri-neural pathways, which
is defined as peri-neural invasion (PNI). PNI occurs in 90–100% of pancreatic cancers, and
it can be observed early in the disease course since it is also detected in the absence of
lymphatic or hematic metastasis, and even when the tumor is smaller than 2 cm [34]. The
occurrence of PNI is deleterious for the prognosis of PDAC patients [35–38]. Thus, a better
insight into the mechanisms underlying neurotropism represents an important issue to



Int. J. Mol. Sci. 2022, 23, 3775 3 of 20

understand the molecular mechanisms operating at the onset and spread of pancreatic
cancer. This is supposed to foster and develop novel specific therapeutic strategies [38].

Previous studies have shown that γ-syn is slightly overexpressed in pancreatic can-
cer [39]; however, the expression of α-syn in PDAC has never been analyzed. This is very
important considering that α-syn is removed by autophagy [40]. Since an alteration of
autophagy machinery in PDAC occurs [41], it is expected that autophagy-dependent pro-
teins may be altered consistently. Among these proteins, α-syn may be useful to improve
diagnostic tools in PDAC. In fact, recent autophagy research in PDAC was seminal to reveal
new biomarkers and targets for potential PDAC diagnosis and treatment [42]. In line with
this, recent data indicate that other autophagy-dependent proteins, such as cellular and
scrapie-like prion protein (PrPc and PrPsc, respectively), are increased in PDAC and other
neural crest-derived tumors [43–46]. It is important to consider that PrPc promotes α-syn
expression by interacting with the α-syn gene (SNCA) promoter [47,48], and it induces
hyperphosphorylation of α-syn [49]. Thus, the present study aims to assess the expression
of the autophagy substrate, α-syn in PDAC samples (already known to express a high
amount of PrPc [43,44]) compared with extra-PDAC tissue. When this occurs, a potential
correlation between specific PDAC phenotypes (such as neurotropism) and the expression
of α-syn is calculated. To address these issues, the expression of α-syn in PDAC and
extra-PDAC tissue samples was measured. α-Syn was identified and counted by using
immunohistochemistry and immune-electron microscopy along with Western blotting.

2. Results
2.1. Patients

Data from patients diagnosed with PDAC, including grading and staging, are sum-
marized in Table 1. We collected surgical specimens from 28 patients, of which 8 were
suddenly excluded from the study due to inadequate sampling or PDAC misdiagnosis at
frozen section. Thus, a total of 20 patients were finally included in the study; 9 of them
(45%) were males and 11 (55%) females. The mean age was 71.9 ± 7.7 years (range 52–87).
The pathology exam confirmed the presence of PDAC in all 20 cases. The grading of
the pancreatic tumor was “moderately differentiated” in 17/20 cases (85%) and “poorly
differentiated” in 3/20 (15%). The mean tumor size was 3.4 ± 0.3 cm (range 1.5–6.5 cm).
The mean harvested lymph nodes were 32.1 ± 3.3 (range 14–62) with the presence of
metastatic lymph nodes in 17/20 cases (85%) and a mean number of metastatic lymph
nodes of 4.9 ± 0.8 (range 1–12). The presence of angioinvasion was reported in 2/20 cases
(10%), while the presence of peri-neural infiltration was reported in 16/20 cases (80%).

Table 1. Post-operative data according to pathology results.

Number of Patients, n 20

Pancreatic ductal adenocarcinoma, n (%) 20 (100%)

Mean tumor dimension, cm 3.4 ± 0.3 (1.5–6.5)

Mean harvest lymph nodes, n 32.1 ± 3.3 (14–62)

Mean metastatic lymph nodes, n 4.9 ± 0.8 (1–12)

Angioinvasion, n (%) 2 (10%)

Perineural infiltration (PNI), n (%) 16 (80%)

Grading, n (%)

G2 17 (85%)

G3 3 (15%)

T status, n (%)

T1 1 (5%)

T2 11 (55%)
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Table 1. Cont.

Number of Patients, n 20

T3 8 (40%)

N status, n (%)

N0 2 (10%)

N1 5 (25%)

N2 13 (65%)

Stage, n (%)

I 2 (10%)

II 6 (30%)

III 12 (60%)

Stage of patients without PNI, n (%)

III 4 (100%)

Stage of patients with PNI, n (%)

I 2 (12.5%)

II 6 (37.5%)

III 8 (50%)

Grading of patients without PNI, n (%)

G2 4 (100%)

Grading of patients with PNI, n (%)

G2 13 (81.3%)

G3 3 (18.7%)
Three cancer-stage groups were identified according to pTNM (AJCC 8th edition); stage I (n = 2, 10%), stage II
(n = 6, 30%), and stage III (n = 12, 60%).

2.2. Histochemistry of PDAC and Extra-PDAC Areas

Representative hematoxylin and eosin (H & E)-stained pictures from pancreatic extra-
PDAC and PDAC tissue are shown in Figure 1. The histological organization of pancreatic
extra-PDAC tissue possesses a normal exocrine acinar architecture with well-preserved
ductal system, while the stroma of PDAC tumors is composed of abundant extracellular
matrix with increasingly evident loss of cell architecture. The ducts are very enlarged and
irregularly shaped.
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Figure 1. Histology of pancreatic tissue. Extra-PDAC (a) and PDAC, (b) following H & E histo-
chemistry. Extra-PDAC tissue shows normal architecture with well-preserved ductal system (D). In
contrast, PDAC tissue is composed of desmoplastic stroma in which the cells lose their integrity. The
ducts (D) are enlarged and irregularly shaped. Scale bar = 25 µm.
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This plain H & E staining served as the guide to sample and validate tissue either
from PDAC or extra-PDAC areas, which were further analyzed by using α-syn immuno-
detection. When specimens were collected from a presumed PDAC, the extra-PDAC
tissue was harvested at least 1 cm away. In this way, various areas in a single patient
provided samples for measuring α-syn by Western blotting, to carry out α-syn immune-
histochemistry, and to count α-syn particles by applying immuno-gold stoichiometry at
electron microscopy.

2.3. α-Syn Immuno-Histochemistry

α-Syn immuno-histochemistry of PDAC shows massive staining of the ductal cells,
which is way in excess compared with the negligible immuno-staining of control extra-
PDAC tissue (Figure 2). It is remarkable that the amount of a-syn immune-positive ductal
cells were layered in PDAC. This phenomenon, joined with a larger ductal volume and con-
sistent immunostaining of each ductal cell within the PDAC region, produces an enormous
increase in a-syn immunostaining at the level of PDAC tissue compared with extra-PDAC
specimen. In fact, when measuring immune-positive areas with light microscopy, the
difference between PDAC and extra-PDAC regions largely surpasses what is detected by
Western blotting. The stromal areas from PDAC possess intense zones of a-syn immuno-
staining according to patches and axon-like linear patterns (Figure 2). The identification of
“intense zones” was based on detecting those stromal areas pancreatic tissue, which were
intensely stained at immuno-peroxidase following exposure to a-syn primary antibodies.
The pattern of a-immuno-staining explains the marked differences between the PDAC and
extra-PDAC regions when they were measured according to Figure 3a. In fact, as shown by
the dotted lines in Figure 3a, these stained areas encompass both peri-ductal (light blue)
and stromal (black) regions. The counts of these areas are reported in the graphs of Figure 3.
In detail, the graph in Figure 3b measures α-syn immuno-stained ductal areas, given in
µm2, while the graph in Figure 3c reports the increase in α-syn immuno-stained ductal area
in PDAC tissue as a percentage of extra PDAC samples. The difference in the increase of
staining counted in Figure 3b,c is due to a larger ductal area in PDAC compared with extra
PDAC tissue. The percentage increase is attenuated due to a stained ductal area in PDAC
tissue. In Figure 3d, the stromal α-syn immuno-stained areas intended as intense zones of
a-syn immuno-staining according to patches and axon-like linear patterns are, again, in
excess in PDAC compared with extra-PDAC tissue. The staining within stromal areas was
irregular compared with the homogeneous staining in ductal cells.
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Figure 2. Expression of α-syn in pancreatic tissue in two patients. Immuno-peroxidase shows weak
α-syn staining in extra-PDAC tissue (a,b). Immunoperoxidase shows α-syn-specific labelling in
ductal cells (arrows) from PDAC samples (c,d). Anti-α-syn immuno-staining occurring in PDAC
tissue is mainly focused in two areas, namely the ductal cells and some intense zones. These include
stromal areas from PDAC, which possess intense α-syn immuno-staining according to patches and
axon-like linear patterns (Figure 2). The identification of “intense zones” was based on detecting
those stromal areas, which were intensely stained by immuno-peroxidase following exposure to
α-syn primary antibodies. Scale bar = 30 µm.
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Figure 3. Measurement of α-syn immune-histochemistry. Representative picture from PDAC tissue
(a). α-syn immune-staining is highly evident in both ductal and stromal regions. The dotted lines
encircle the periductal (light blue) and stromal (black) areas as they are selected to carry out the
measurement of α-syn immuno-stained areas. The counts of these areas are reported in the graphs.
In detail, (b) measures the mean ± S.E.M. of α-syn immuno-stained ductal area given mm2 while
(c) reports the percentage of α-syn immuno-stained ductal area in PDAC compared with extra-PDAC
(extra-PDAC = 100). The difference between b and c is due to a larger ductal area in PDAC compared
with extra-PDAC tissue, and it serves as a reference. (d) Stromal α-syn immuno-stained area is given
in mm2. Values are given as the mean ± S.E.M. of N = 100 measures expressed either in surface units
(mm2) or in percentage (c) mm2 per group. * p < 0.0001 (b–d). Scale bar = 30 µm.

2.4. Ultrastructural Morphometry and Stoichiometry Counts of α-Syn

Immunocytochemistry shows increased α-syn expression in PDAC ductal cells of
all the patients, as shown in representative Figure 4. The detection of α-syn is based
on the detection of single molecules due to immune-gold particles. These counts allow
stoichiometric quantitative measurements since each immuno-gold particle binds a single
α-syn particle. Figure 4 provides representative images of abundant immuno-gold particles
detectable in PDAC cells. The number of immuno-gold particles was counted both in
cells from PDAC and extra-PDAC areas in order to build the graphs and to compare these
measurements in Figure 5.
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Figure 4. α-Syn immunocytochemistry in PDAC cells at TEM. Representative pictures show α-syn
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The number of α-syn immuno-gold particles is massive in PDAC cells compared with
extra-PDAC tissue, being five-fold in excess (107.0 ± 5.0 compared with 18.0 ± 1.2, respec-
tively, (Figure 5). This immuno-electron microscopy again provides a striking quantitative
difference between cells from PDAC compared with cells from extra PDAC areas.

2.5. Expression of α-Syn by Western Blotting

Western blotting confirmed that α-syn was markedly expressed within samples
punched from tumor pancreatic tissue (PDAC), while there was limited expression in
non-cancer tissues (extra-PDAC), with a significant difference (2.1 ± 0.4 compared with
1.0 ± 0.3 optical density) (Figure 6). Although markedly different in PDAC compared with
extra-PDAC tissue, these data are much less striking compared with those obtained with
immuno-staining and ultrastructural morphometry; this is likely to depend on the in situ
detection of α-syn within PDAC ductal cells (light and electron microscopy) compared
with a blind sampling obtained by the gross dissection of the tumor (Western blotting).
Nonetheless, the great amount of tissue sampled in this method compared with single
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cells or some ductal areas remains significantly different, and it allows a quick and feasible
marker that still distinguishes the high amount of α-syn within PDAC.
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2.6. Expression of α-Synuclein Significantly Increases When Perineural Invasion Occurs

α-Syn expression based on Western blotting and the occurrence of PNI in each patient
is reported. In our group of patients, PNI was found in 16/20 patients (85%), while it was
absent in 4/20 patients (15%). This was established at pathology for tumor staging by
expressing the occurrence of PNI through the examination of peritumoral intrapancreatic
nerves or extramural pancreatic nerves in the retroperitoneal connective tissue dorsal to the
pancreas. When comparing the expression of α-syn between patients with and without PNI,
a higher significant expression in the group with PNI according to Western blot analyses
(2.64 ± 0.55 OD compared with 0.47 ± 0.12 OD, respectively, p = 0.035) was measured, as
shown in Figure 7. Such a difference exceeds five-fold, and it is highly significant, which
indicates that α-syn expression is much higher when perineural invasion takes place.



Int. J. Mol. Sci. 2022, 23, 3775 10 of 20

Int. J. Mol. Sci. 2022, 23, x    11  of  21 
 

 

highly significant, which indicates that α‐syn expression is much higher when perineural 

invasion takes place. 

 

Figure 7. Comparison of α‐synuclein expression between patients without PNI (N = 4) and patients 

with PNI (N = 16). α‐syn  immune‐blot values are given as the mean ± S.E.M. Comparisons were 

made by using Student t‐test. * p < 0.05. 

In the group of patients without PNI, all of them had G2 adenocarcinomas, without 

angioinvasion. In  the PNI group, 13/16 patients  (81.3%) had G2 adenocarcinomas, 3/16 

(18.7%) G3  adenocarcinomas; moreover,  2/16 patients  (12.5%)  also had  angioinvasion. 

When comparing the expression of α‐synuclein between patients with the same grading 

(G2)  and  the  absence  of  angioinvasion,  with  and  without  PNI  (4  vs.  11  patients, 

respectively), it was still significantly higher in the group with PNI according to Western 

blot analyses (3.1 ± 0.76 OD vs. 0.47 ± 0.12 OD, respectively, p = 0.032). The large areas 

screened by Western blotting, although inadequate for expressing the specific amount of 

α‐syn overexpression within specific compartments, still show a consistent increase in α‐

syn  and  appear  to  be  useful  for  the  quick  screening  of  the  tumor  to  correlate with 

neuroinvasion.   

3. Discussion 

Pancreatic  carcinogenesis  is  poorly  understood.  Various  studies  reveal  that 

pancreatic carcinoma may feature multiple alterations of disease‐related genes, including 

mutations and deletions of tumor‐suppressant genes (such as p53, DPC4, p16, etc.,) [50–

53], as well as mutations and the overexpression of various oncogenes (such as K‐ras, Her‐

2/neu) [54,55], which may extend to mismatch repair gene defects [56]. The identification 

and  characterization  of  these  genes  increased  our  understanding  of  the  molecular 

pathogenesis of pancreatic carcinoma. Among these genes, recent studies indicate that the 

manipulation of  the autophagy‐related pair  signature predicts prognosis and  immune 

activity  in the course of PDAC [42]. These findings are in line with the occurrence of a 

high amount of autophagy‐dependent substrates in PDAC, while triggering the search of 

specific  autophagy‐related molecules  as markers  or  effectors  in  the  natural  course  of 

PDAC. A number of autophagy‐dependent  substrates are under  investigation.  In  fact, 
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In the group of patients without PNI, all of them had G2 adenocarcinomas, without
angioinvasion. In the PNI group, 13/16 patients (81.3%) had G2 adenocarcinomas, 3/16
(18.7%) G3 adenocarcinomas; moreover, 2/16 patients (12.5%) also had angioinvasion.
When comparing the expression of α-synuclein between patients with the same grading
(G2) and the absence of angioinvasion, with and without PNI (4 vs. 11 patients, respec-
tively), it was still significantly higher in the group with PNI according to Western blot
analyses (3.1 ± 0.76 OD vs. 0.47 ± 0.12 OD, respectively, p = 0.032). The large areas screened
by Western blotting, although inadequate for expressing the specific amount of α-syn over-
expression within specific compartments, still show a consistent increase in α-syn and
appear to be useful for the quick screening of the tumor to correlate with neuroinvasion.

3. Discussion

Pancreatic carcinogenesis is poorly understood. Various studies reveal that pancreatic
carcinoma may feature multiple alterations of disease-related genes, including mutations
and deletions of tumor-suppressant genes (such as p53, DPC4, p16, etc.), [50–53], as well as
mutations and the overexpression of various oncogenes (such as K-ras, Her-2/neu) [54,55],
which may extend to mismatch repair gene defects [56]. The identification and char-
acterization of these genes increased our understanding of the molecular pathogenesis
of pancreatic carcinoma. Among these genes, recent studies indicate that the manipu-
lation of the autophagy-related pair signature predicts prognosis and immune activity
in the course of PDAC [42]. These findings are in line with the occurrence of a high
amount of autophagy-dependent substrates in PDAC, while triggering the search of spe-
cific autophagy-related molecules as markers or effectors in the natural course of PDAC. A
number of autophagy-dependent substrates are under investigation. In fact, recent studies
indicate an increased amount of the autophagy-dependent PrPc [43,44], which correlates
with poor prognosis and neuro-invasion in patients affected by PDAC. The present study
focuses on a specific autophagy-dependent substrate, the protein α-syn, which was only
investigated in neurodegenerative disorders so far. In fact, an increase in α-syn is con-
comitant with autophagy failure in the course of specific degenerative disorders named
synucleinopathies [57]. However, very recent findings indicate an increased amount of
α-syn in neural crest-derived malignancies such as melanoma, where α-syn promotes cell
proliferation and tumor spreading [25,26,58].



Int. J. Mol. Sci. 2022, 23, 3775 11 of 20

The present study indicates the marked overexpression of α-syn within PDAC in
a small (N = 20) group of PDAC patients. The over-expression of α-syn occurs within
PDAC-recruited areas, being very low within non-affected extra-PDAC surrounding tissue.
The increase in α-syn occurs specifically at the level of affected ductal cells. In fact, by
profiting off in situ detection of α-syn by light microscopy, it is possible to document the
selective increase in the protein in all the perimeters of affected pancreatic ducts. Such an
increase is very specific and spreads to all ductal cells, which leads to a marked (more than
twentyfold) difference compared with non-affected tissue (the count of α-syn immuno-
stained area in PDAC ductal regions exceeds more than ten-fold that counted in extra-PDAC
control tissue (1340.1% ± 12.3% compared with 100.0% ± 14.4%, respectively). Similarly,
within specific stromal areas, where patchy or linear axon-like α-syn immune-staining
is detectable, the amount of α-syn is way in excess compared with non-affected tissue.
In an effort to carefully quantify the over-expression of α-syn within PDAC tissue, we
used stoichiometry detection. Since all cells in the affected ducts over-express α-syn, in
these cells, the protein expression was quantified by measuring immuno-gold-identified
single-protein molecules at ultrastructural stoichiometry. By using this procedure, the
amount of α-syn protein exceeds, five-fold, the levels detected in extra-PDAC control
tissue. Thus, both immuno-histochemistry and mostly ultrastructural morphometry are
reliable procedure to assess the placement and amount of α-syn overexpression within
specific cells and sites of PDAC tissue. However, following a routine quick sampling of a
PDAC specimen, such a detailed count could be time-consuming, and the data provided
need to be related to specific pancreas compartments. Thus, immuno-histochemistry and
mostly ultrastructural stoichiometry of α-syn are very useful to detail the significance and
placement of increased α-syn in PDAC. However, when gross information is required, a
larger, less selective specimen needs to be assessed. The occurrence of a slight though
significant increase in α-syn obtained by Western blotting is useful to obtaining a general
sampling for α-syn levels within PDAC tissue. By using this procedure, the amount
of increase is less pronounced since it includes non-specific compartments (such as the
selective sampling of ductal cells); nonetheless, the difference between PDAC and extra-
PDAC tissue is still marked and significant. By using Western blotting from PDAC tissue of
all the patients, there was still the chance to detect a marked difference, which was related to
the presence of perineural infiltration (PNI). In particular, PDAC tissue from patients with
PNI has an α-syn amount exceeding five-fold that measured in PDAC tissues from patients
without PNI. Thus, when considering the routine pathological assessment, we found that
α-syn is related to the amount of peri-neural invasion, which represents a detrimental
factor in the prognosis of PDAC. PNI represents a deleterious effect in the course of PDAC
since it fosters cancer recurrence and reduces survival in PDAC patients [38]. Again,
PNI was shown to be deleterious by the Ceyhan research team since it impairs prognosis
and negatively impacts on the therapeutic response [36,37]. Thus, it is likely that the
overexpression of α-syn enhances invasion and transmission through neural pathways
of pancreatic carcinoma cells. In fact, recent studies indicate that α-syn may alter the cell
phenotype and may promote cell growth [26,59–65]. Thus, it is not surprising that α-syn is
abundantly expressed in PDAC. In this cancer, the concomitant overexpression of PrPc is
described, which generates alpha-syn phosphorylation and aggregation [43,44]. It would be
relevant to analyze whether α-syn occurring in PDAC also features Ser129 phosphorylation,
as it occurs in melanoma cells, where this α-syn produces cell proliferation and is present
in excess [65]. The silencing of α-syn in PDAC would answer a number of questions, which
are fostered by the present data. The increase in α-syn is likely to depend on a dysfunction
in its removal due to defective autophagy in PDAC.

Nonetheless, this is a vicious cycle since, in turn, α-syn overexpression inhibits the au-
tophagy pathway through mTOR activation [66]. Thus, inhibiting mTOR would be another
fascinating approach to question an alternative pathway to relent the course of PDAC. In
fact, defective autophagy can be restored by mTOR inhibition [66–68]. Moreover, α-syn
relays on the autophagy pathway for its clearance [69,70]. In line with this, the autophagy
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pathway is altered in PDAC [41,71]. Little is known about a potential cancerogenic role of
α-syn, and no study is, to date, available for PDAC. To our knowledge, the present study
is the first to report the over-expression of α-syn within PDAC samples from surgically
resected patients. The abundant expression of α-syn is way in excess of controls, as shown
by immuno-histochemistry and protein stoichiometry at electron microscopy. The gross
results provided by Western blotting confirm such a significant increase. It is likely that,
due to the random sampling of tissue harvested for Western blotting, a relevant amount
of the sample contains necrotic and heterogeneous areas, which leads to potential antigen
dilution, contributing to a flattening of the remarkable increase in α-syn. This is likely to
depend also on the semi-quantitative approach of Western blots analysis and the non-linear
regression between blots and protein content. Nonetheless, the increase in α-syn continues
to be significant and correlates with PNI, making Western blotting of α-syn a promising
approach as a biomarker for PNI in PDAC. Within a research scenario, in which the specific
compartments where α-syn increases are analyzed to establish the biological significance, it
is very likely that immuno-histochemistry provides the real status of α-syn over-expression
in PDAC. Again, the authentic detection of single α-syn molecules by immuno-gold pro-
tein stoichiometry provides a reliable quantitative measurement, although this refers to
micro-areas. Thus, the increase in α-syn in PDAC is valid with different methods, although
the whole scenario provided by in situ antigen detection through light microscopy is likely
to provide the best information concerning the whole intensity of the protein increase. This
extends to the chance of detecting the stromal area where the antigens sometimes appear to
be massively present along linear patterns, which are reminiscent of nervous plexus. These
findings are quite a novelty in the PDAC literature as far as we know. In recent studies, we
found that prion protein is highly expressed within PDAC [32,33].

The presence of α-syn within PDAC might be a marker that could contribute to un-
derstand the biology of the disease in terms of aggressiveness, explaining the uniquely
preferred perineural invasion of this neoplasm, as suggested for PNI. This could be based
on the peculiar neurotropism of α-syn and its abundant occurrence in neural tissue. Our
preliminary results show a higher expression of α-syn in patients with PNI, which sug-
gests a potentially higher aggressiveness and a relationship between α-syn and PDAC to
represent the molecular basis of neurotropism.

This study remains a preliminary work on surgically resected specimens of PDAC,
and it represents the first step for a wider project in which hundreds and thousands of
patients may be screened to confirm the sensitivity of α-syn as a disease marker. These
studies should also consider the prognostic value of α-syn expression in PDAC tissue. The
pool of our surgically resected patients will be followed-up in order to evaluate whether a
significant correlation exists between α-syn expression and disease prognosis. The working
hypothesis is that those patients with a high expression of α-syn may undergo a poor
prognosis, with early relapse and a higher tumor spread, i.e., a higher neuro-tropism, a
faster disease course, and a difficult response to therapeutic agents.

4. Materials and Methods
4.1. Patients and Specimens

Samples from tumors of patients surgically treated with pancreatic resections at the
General Surgery Unit, University of Pisa were collected between January 2019 and June
2021. Written informed consent was obtained from patients to use their surgical specimens
and clinical pathological data for research purposes. All patients had a preoperative suspi-
cion of PDAC. Preoperative evaluation included medical history, physical, laboratory and
radiological examinations, computed tomography (CT) and magnetic resonance imaging
(MRI), often with magnetic resonance cholangiopancreatography (MRCP). In addition,
abdominal ultrasound with and without contrast, endoscopic ultrasonography (EUS), and
fine-needle aspiration (FNA) during EUS were also performed in selected patients. Preop-
erative data included age and gender. Pancreatic nodules not resulting in adenocarcinomas
were ruled out from the study. Similarly, we could not proceed when tumor specimens
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were too small. When PDAC diagnosis was confirmed, the pathologist took specimens
from the pancreatic tumor and from the non-tumoral pancreatic tissue adjacent to the lesion
(extra-PDAC control). One specimen per group (extra-PDAC and PDAC) was fixed and
kept in glutaraldehyde and paraformaldehyde for electron microscopy analysis; another
one was rapidly frozen and kept at −80 ◦C for storage for Western blotting analyses (SDS-
PAGE immunoblotting) to be carried out; a third couple was fixed and kept in formalin for
immunohistochemistry. The histological data include the following: the histological type
of the tumor, the grade of differentiation, the tumor size, the number of harvested lymph
nodes, the number of metastatic lymph nodes, the presence of angio-invasion, and finally,
peri-neural infiltration.

Patients were staged after surgery according to the T and N definitions proposed
for the AJCC 8th edition (pTNM), based on the pathology results. The proposed T-stage
definitions are the following: T1 ≤ a cm maximal diameter, T2 > 2 ≤ c cm maximal diameter,
T3 > 4 cm maximal diameter, T4 = locally unresectable. Extra-pancreatic extension was not
included in T-stage definitions. The N-staging included the following: N0 = node negative,
N1 = 1–3 nodes positive for metastatic disease, N2 ≥ c nodes positive for metastatic disease.

4.2. Immunohistochemistry

Morphological studies were carried out in control and PDAC tissues fixed in formalin
4%. For controls, we used non-affected neighboring tissue of the same patients (extra-PDAC
tissue). After fixation, the samples were embedded in paraffin and 7–10 µm-thick tissue
sections were cut and mounted on slides for hematoxylin and eosin (H & E) staining or
immune-histochemical analysis. For H & E, the sections were plunged in the hematoxylin
solution (Sigma, Aldrich, Milan, Italy) for 20 min, washed in running water, and then
immersed in the Eosin solution (Sigma) for a few minutes. Finally, they were dehydrated in
increasing alcohol solutions, clarified in xylene, and covered with DPX mounting medium
(Sigma). For the immuno-histochemical experiments, the sections were first permeabilized
by Triton X 0.1% for 15 min in TBS and then incubated in a blocking solution containing
10% normal goat serum (NGS) in TBS for 1 h at room temperature (RT). The sections were
successively incubated with the α-syn antibody (Abcam, Cambridge, UK, Cat# ab27766,
1:150) overnight at 4 ◦C. After washing with BSA, the reaction with the Ab-I was revealed
by using the secondary biotinylated antibody (Cat#BA9200). The immuno-peroxidase
method was used to identify the complex: samples were incubated with avidin-biotin
complex (DAB substrate Kit Peroxidase with nickel, Cat# SK-4100, Vector Laboratories,
Burlingame, CA, USA) for 1 h at room temperature and stained with diamino-benzidine.
The slides were mounted with the mounting medium DPX and were observed using the
Nikon Eclipse 80i light microscope equipped with a digital camera connected to the NIS
Elements software for image analysis (Nikon, Tokyo, Japan).

Quantification of the α-syn immunopositivity was carried out closely around the
pancreatic ducts (periductal area) and within the stroma by using the software Image J.
A measure of the periductal stained area out of the total periductal area was carried out in
100 ducts per group. Values are expressed both as mean percentage ± S.E.M. of the positive
peritubular area (not tumoral tissue = 100) and mean positive area ± S.E.M. per group.

Measure of the α-syn immunopositivity within the stroma was carried out in 20 sections
per group. Values are given as the mean ± S.E.M. of the α-syn immune-stained area.

4.3. SDS-PAGE Immunoblotting

Pancreatic tissue was lysed in ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 5 mM EDTA, 1% SDS, 0.1% IGEPAL) containing Complete Protease Inhibitor Cocktail
Tablet (Santa Cruz Biotechnology, sc-29130, Dallas, TX, USA). Then, tissues were sonicated
and homogenized, and then, they were centrifuged at 5000× g for 5 min at 4 ◦C. The
supernatant was collected, and the protein concentration was determined using a protein
assay kit (Sigma-Aldrich, Cat# TP0300,). Samples (30 µg) were electrophoresed on 4–20%
sodium dodecyl sulfate-polyacrylamide gel (Cat#4568093, Bio-Rad Laboratories). Follow-
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ing electrophoresis, proteins were transferred to a nitrocellulose membrane (Cat#1704158,
Bio-Rad Laboratories, Segrate, Italy). The membrane was immersed in blocking solution
containing PBS with 0.05% Tween-20 (PBS-T) and 5% non-fat dried milk (Sigma-Aldrich,
Cat# 70166), for 2 h at room temperature on a plate shaker. Subsequently, the membrane
was incubated overnight at 4 ◦C with primary antibody anti-α-syn (1:800, Cat #ab27766,
Abcam) diluted in PBS-T containing 2.5% non-fat dried milk (Sigma). The blots were
washed three times with PBS-T and incubated for 1 h with goat anti-mouse horseradish
peroxidase-labeled secondary antibody (1:3000; Cat# 04-18-06, KPL Antibodies & Conjugates,
SeraCare, Kampenhout, Belgium) diluted in PBS-T containing 2.5% non-fat dried milk
(Sigma). The bands were visualized with enhanced chemiluminescence reagents (Clarity
Western ECL Substrate; Cat#1705061, Bio-Rad Laboratories) and image analysis was carried
out by ChemiDoc MP (Bio-Rad Laboratories). The intensity of the blotting was measured us-
ing the ImageJ software and was normalized for the related housekeeping protein (β-actin
Abcam, Cambridge, Cat# ab8227). Values are expressed as the mean ± S.E.M. of the optical
density (OD). Western blots of PDAC tissues were compared with control tissues.

4.4. Electron Microscopy

For electron microscopy, small fragments of normal and tumoral pancreatic tissue
were fixed in 0.1% glutaraldehyde and 2% paraformaldehyde phosphate buffer pH 7.4
for 90 min. It used a fixing solution, minimally covering the antigen epitope while fairly
preserving the tissue architecture. After washing in buffer, samples were post-fixed in
1% OsO4-buffered solution for 1 h at 4 ◦C. The samples were then dehydrated in a series
of increasing ethanol concentration (50%, 70%, 90%, 95%, 100%) followed by propylene
oxide for 20 min. Afterward, samples were embedded in a mixture of Epon Araldite
and propylene oxide (ratio of 1:1 overnight at room temperature), and finally, they were
embedded in pure EponAraldite resin for 72 h at 60 ◦C. Ultrathin sections were stained
with uranyl acetate and lead citrate and examined with a Jeol Jem 100SX transmission
electron microscope (TEM) (Jeol, Tokyo, Japan) at an acceleration voltage of 80 kV.

4.5. Post-Embedding Immunocytochemistry

A post-embedding procedure was carried out on ultrathin sections collected on nickel
grids. Grids were washed in PBS and incubated in a blocking solution containing 10%
goat serum and 0.2% saponin for 20 min, at room temperature, then they were incubated
with a primary antibody solution containing: anti-mouse α-synuclein antibody (Abcam,
Cat# ab27766 diluted 1:50), 0.2% saponin and 1% goat serum in a humidified chamber
overnight, at 4 ◦C. After washing in PBS, grids were then incubated with anti-mouse
secondary antibodies conjugated with gold particles (10 nm mean diameter, BB Interna-
tional Crumlin, UK, Cat# EM.GMHL10/0.25), which were diluted 1:40 in PBS containing
0.2% saponin and 1% goat antiserum for 1 h at room temperature. Control sections were
incubated with secondary antibody only. After washing in PBS, grids were incubated on
a droplet of 1% glutaraldehyde for 3 min; an additional extensive washing of grids with
distilled water was carried out to remove excess salt traces. Sections were stained with
uranyl acetate and lead citrate and examined at TEM. For each experimental group (extra
PDAC and PDAC), 12 grids were observed for a total of 60 cells, which were selected from
the region in which the cellular ducts were present. In order to measure the expression
of the immuno-gold particles, we counted the total number of gold particles in each cell
(N = 60) examined; TEM analysis was performed at a magnification of 8000×, which al-
lowed the concomitant visualization of immuno-gold particles and all cell organelles. The
expression of α-syn was revealed by counting the immuno-gold particles, both in control
and PDAC groups.
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4.6. Statistical Analysis
4.6.1. Tissue Sampling

As reported, the area selected as PDAC was sampled at a distance of at least 1 cm from
the area sampled as extra-PDAC. In addition, for the sake of correct tissue sampling we rule
out concomitant pancreatic pathology. In fact, a few patients selected for the study show
focal pre-neoplastic lesions (particularly PanINs) and/or some areas affected by chronic
pancreatitis; in the present study, tissue sampling used as extra-PDAC tissue was obtained
from pancreatic parenchyma far from the neoplasm (at least 1 cm away). Moreover, the
sampled tissue was histologically examined as shown in Figure 1 to assess the absence
of pre-neoplastic lesions or incipient chronic pancreatitis. In order to provide a view of
the border of PDAC tissue, Supplementary Figure S1 provides a direct visualization of the
tissue, which immediately surrounds the PDAC area. In any case, one should consider that
sampled tissue for extra-PDAC regions used to quantify the amount of α-syn was distant
at least 1 cm from the PDAC area.

4.6.2. Homogeneity of Specimen/Tumor Cellularity

The cellularity of pancreatic tissue is by definition highly heterogeneous. This point
was dealt with in discussing the difference for the occurrence of α-syn throughout various
procedures. In fact, the presence of ductal regions (fully positive for α-syn) or scattered
α-syn densely immuno-stained area is dispersed, and it is scattered when a non-specific
piece of tissue is used for Western blotting (WB). This is why WB provides less marked
increase in α-syn within PDAC areas compared with immuno-staining and immuno-gold
stoichiometry. In fact, these latter procedures are aimed to detect in situ those spots where
α-syn specifically increases in PDAC. These latter methods better define the quantity and
measurements of the increase in α-syn. Therefore, they are used to quantify the amount of
the protein in the present study.

In contrast, the use of a quick/low cost procedure such as WB is used here to assess
routinely whether, considering even heterogeneous cellularity of a gross specimen of
PDAC/extra PDAC tissue, may keep the difference in α-syn expression as significant. Thus,
heterogeneous cellularity inherent to samples used for Western blotting represents a point,
which would strengthen the finding of α-syn over-expression. In keeping with this, even
when non-specific regions are blotted the overall increase in the protein should remain
significant. This is why Western blotting is used as a routine procedure to assess α-syn
in the groups of PNI and non PNI patients. This is aimed to provide a routine screening.
One should consider that this routine measurement does not rule out the importance of
a careful cell-based analysis of α-syn in PNI compared with extra-PNI areas by counting
selectively the ductal areas. This is even more selective when stoichiometry-measured
α-syn molecules are counted within ductal cells. In fact, electron microscopy of ductal
cells, used in the present study to carefully quantify the occurrence of α-syn is based on
in situ stoichiometry of α-syn molecules in specific areas (for instance ductal cells). These
measurements provide the gold-standard for quantifying α-syn within PDAC compared
with extra PDAC areas. Instead, routine screening to test whether a significance is kept
even at Western blotting to distinguish patients with PNI and without PNI was carried out
on Western blotting of all PDAC from 20 patients as reported in Supplementary Figure S2.

4.6.3. Semi-Quantitative and Quantitative Measurements

Western blotting is not a sophisticated approach of analytical chemistry, and it does
not represent an absolute quantitative technique. It is rather a semi-quantitative assay.
A careful cell-based analysis of α-syn is important for the present study. Therefore, we
counted the number of α-syn molecules specifically within ductal cells. This was carried
out by using ultrastructural stoichiometry at transmission electron microscopy. In fact,
this method provides the gold standard for in situ quantitative counts of single antigenic
molecule with a ratio of 1:1 between α-syn protein and immuno-gold particle.
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In fact, Western blotting does not provide protein absolute amount (results from
western blotting never express a known amount of assayed protein molecules). It would be
inappropriate to use Western blotting for quantitative analysis and even to draw regression
analysis of protein content which requires mass spectrometry or in situ can be done only
by TEM immuno-gold (as carried out in the present study).

4.6.4. The Statistical Issue of Peri-Neural Invasion (PNI)

Perineural invasion (PNI) is a prominent feature in pancreatic cancer. In classic
staging it is expressed as either absent of present. Therefore, patients are defined either as
owning PNI or not. In each patient, α-syn occurring within PDAC tissue is blotted and the
mean + S.E.M. of the blots of α-syn in PDAC patients with PNI were compared with the
mean + S.E.M of the blots of α-syn in PDAC patients without PNI. The inferential statistic
considering the mean, the variation (here expressed by S.E.M) is aimed to assess whether
a significant difference could be detected by the Student’s t-test (two groups: PNI and
non-PNI, and one measurement: the amount of α-syn). In this way a semi-quantitative
assessment of the amount of α-syn in PDAC patients depending on the presence of PNI is
established and compared.

The occurrence of PNI is defined in common pathology as present or non-present. In
the present study, based on current pathology assessment, there is no purpose to quantify
the amount of PNI. The Western blotting for the amount of α-syn represents the semi-
quantitative assessment in two groups of patients (PNI and non-PNI).

Occurrence of PNI is established according to routine scoring used in tumor staging at
pathology exam.

In fact, current pathology established PNI in PDAC as a non-quantifiable event;
routinely PNI is described only dichotomously (either “present” or “absent”). This is
substantiated by pathology literature analyzing PNI in PDAC patients, which confirms
that no quantitative assessment is presently uniformly established for PNI in pancreatic
surgical specimen [72–74].

The effort to express a quantitative assessment of PNI is a matter of intense pathological
efforts. In fact, PNI is a crucial contributor to an increased risk of pancreatic cancer mortality
and extreme pain that occurs when cancer progresses [75], some authors tried to investigate
a sort of “amount of PNI” by expressing intra- and extra-pancreatic perineural invasion [76].

However current data do not converge and they rather express discordant issues. This
is why the presence vs. the absence of PNI is currently used to classify PDAC patients.

In summary, in pancreatic cancer PNI is assessed qualitatively as “present” or “absent”
simply based on extensive light microscopy. PNI is present when at least just one nerve may
be involved by the neoplasm. This is enough for a qualitative definition of PNI as “present”.

4.6.5. Overall Analysis

Continuous variables with normal distribution are expressed as mean ± standard
error of the mean (S.E.M.) and compared using unpaired two-tailed Student t-test (since
comparisons involved two unpaired groups of patients or samples, and one measurement:
the amount of α-syn).

We always used S.E.M. in all the graphs, when comparing the expression of α-syn
within PDAC vs. extra-PDAC tissue or when comparing the expression of α-syn in PDAC
patients with PNI with PDAC patients without PNI.

When p < 0.05, the H0 hypothesis was rejected. The statistical analysis was performed
using SPSS (Statistical Production and Service Solution for Windows, SPSS Inc., Chicago,
IL, USA), version 23.

5. Conclusions

These results indicate that α-syn is markedly over-expressed within cells of PDAC
tissues compared with extra-PDAC controls. The over-expression of α-syn significantly
occurs in the presence of perineural invasion as assessed at pathological staging; this could
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be related to the role of α-syn in enhancing the emergence of a more aggressive behavior
of cancer in PDAC cells, promoting their aggressiveness and neurotropism. These data
provide a step forward in our understanding of PDAC biology. In fact, α-syn may represent
a marker of disease severity in PDAC. Further studies with a higher number of patients
are in progress to validate these results and to investigate potential clinical applications.
The dissemination of these significant early findings should help to establish the clinical
significance of α-syn in PDAC in a large cohort of patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23073775/s1

Author Contributions: Conceptualization, M.B., M.G. (Maria Giambelluca), M.C.S., L.M. and F.F.;
methodology, M.B., M.G. (Maria Giambelluca), M.C.S., G.D.F., S.G., M.P., N.F., D.G., A.C., M.G.
(Manuel Gentiluomo), R.G., L.E.P., C.V. and G.D.C.; investigation, M.G. (Maria Giambelluca), M.C.S.,
F.B. and C.L.B.; writing—original draft preparation, M.B., M.G. (Maria Giambelluca), M.C.S., G.D.F.,
S.G., M.P., N.F., D.G, A.C., L.E.P., A.F., C.V. and G.D.C.; writing—review and editing, P.S., M.G.
(Manuel Gentiluomo), S.P.-A. and M.C.S.; supervision, F.F. and L.M. All authors have read and agreed
to the published version of the manuscript.

Funding: The present manuscript was funded by ARPA private fundation, Tizzi private fundation
and a grant from Ricerca Corrente, Ministry of Health, Italy, code number:2021/FF Neuromed.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Area Vasta Nord Ovest (CEAVNO) (protocol
code 724, 19 December 2019).

Informed Consent Statement: All the patients signed informed consent to authorize the scientific
use of the collected data.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors thank the Tizzi Foundation, Arpa Foundation, and Rotary Founda-
tion for their support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lavedan, C.; Leroy, E.; Dehejia, A.; Buchholtz, S.; Dutra, A.; Nussbaum, R.L.; Polymeropoulos, M.H. Identification, localization

and characterization of the human γ-synuclein gene. Hum. Genet. 1998, 103, 106–112. [CrossRef] [PubMed]
2. Lavedan, C. The synuclein family. Genome Res. 1998, 8, 871–880. [CrossRef] [PubMed]
3. Clayton, D.F.; George, J.M. The synucleins: A family of proteins involved in synaptic function, plasticity, neurodegeneration and

disease. Trends Neurosci. 1998, 21, 249–254. [CrossRef]
4. Barba, L.; Paolini Paoletti, F.; Bellomo, G.; Gaetani, L.; Halbgebauer, S.; Oeckl, P.; Otto, M.; Parnetti, L. Alpha and Beta Synucleins:

From Pathophysiology to Clinical Application as Biomarkers. Mov. Disord. 2022. [CrossRef] [PubMed]
5. Burré, J.; Sharma, M.; Südhof, T.C. Cell biology and pathophysiology of α-synuclein. Cold Spring Harb. Perspect. Med. 2018,

8, a024091. [CrossRef]
6. Burré, J.; Vivona, S.; Diao, J.; Sharma, M.; Brunger, A.T.; Südhof, T.C. Properties of native brain α-synuclein. Nature 2013, 498,

E4–E6, discussion E6–E7. [CrossRef] [PubMed]
7. Malfertheiner, K.; Stefanova, N.; Heras-Garvin, A. The Concept of α-Synuclein Strains and How Different Conformations May

Explain Distinct Neurodegenerative Disorders. Front. Neurol. 2021, 12, 737195. [CrossRef]
8. Spillantini, M.G.; Schmidt, M.L.; Lee, V.M.-Y.; Trojanowski, J.Q.; Jakes, R.; Goedert, M. α-Synuclein in Lewy bodies. Nature 1997,

388, 839–840. [CrossRef]
9. 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]
10. Upcott, M.; Chaprov, K.D.; Buchman, V.L. Toward a Disease-Modifying Therapy of Alpha-Synucleinopathies: New Molecules

and New Approaches Came into the Limelight. Molecules 2021, 26, 7351. [CrossRef]
11. Srinivasan, E.; Chandrasekhar, G.; Chandrasekar, P.; Anbarasu, K.; Vickram, A.S.; Karunakaran, R.; Rajasekaran, R.; Srikumar, P.S.

Alpha-Synuclein Aggregation in Parkinson’s Disease. Front. Med. 2021, 8, 736978. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23073775/s1
https://www.mdpi.com/article/10.3390/ijms23073775/s1
http://doi.org/10.1007/s004390050792
http://www.ncbi.nlm.nih.gov/pubmed/9737786
http://doi.org/10.1101/gr.8.9.871
http://www.ncbi.nlm.nih.gov/pubmed/9750188
http://doi.org/10.1016/S0166-2236(97)01213-7
http://doi.org/10.1002/mds.28941
http://www.ncbi.nlm.nih.gov/pubmed/35122299
http://doi.org/10.1101/cshperspect.a024091
http://doi.org/10.1038/nature12125
http://www.ncbi.nlm.nih.gov/pubmed/23765500
http://doi.org/10.3389/fneur.2021.737195
http://doi.org/10.1038/42166
http://doi.org/10.1073/pnas.95.11.6469
http://doi.org/10.3390/molecules26237351
http://doi.org/10.3389/fmed.2021.736978


Int. J. Mol. Sci. 2022, 23, 3775 18 of 20

12. Ueda, K.; Fukushima, H.; Masliah, E.; Xia, Y.; Iwai, A.; Yoshimoto, M.; Otero, D.A.C.; Kondo, J.; Ihara, Y.; Saitoh, T. Molecular
cloning of cDNA encoding an unrecognized component of amyloid in Alzheimer disease. Proc. Natl. Acad. Sci. USA 1993, 90,
11282–11286. [CrossRef]

13. Mezey, E.; Dehejia, A.M.; Harta, G.; Suchy, S.F.; Nussbaum, R.L.; Brownstein, M.J.; Polymeropoulos, M.H. Alpha synuclein is
present in Lewy bodies in sporadic Parkinson’s disease. Mol. Psychiatry 1998, 3, 493–499. [CrossRef]

14. Schlüter, O.M.; Fornai, F.; Alessandrí, M.G.; Takamori, S.; Geppert, M.; Jahn, R.; Südhof, T.C. Role of alpha-synuclein in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced parkinsonism in mice. Neuroscience 2003, 118, 985–1002. [CrossRef]

15. Fan, T.-S.; Liu, S.C.-H.; Wu, R.-M. Alpha-Synuclein and Cognitive Decline in Parkinson Disease. Life 2021, 11, 1239. [CrossRef]
16. Shan, F.Y.; Fung, K.-M.; Zieneldien, T.; Kim, J.; Cao, C.; Huang, J.H. Examining the Toxicity of α-Synuclein in Neurodegenerative

Disorders. Life 2021, 11, 1126. [CrossRef]
17. Morelli, L.; Tartaglia, D.; Bronzoni, J.; Palmeri, M.; Guadagni, S.; Di Franco, G.; Gennai, A.; Bianchini, M.; Bastiani, L.;

Moglia, A.; et al. Robotic assisted versus pure laparoscopic surgery of the adrenal glands: A case-control study comparing
surgical techniques. Langenbeck’s Arch. Surg. 2016, 401, 999–1006. [CrossRef]

18. Simon, C.; Soga, T.; Okano, H.J.; Parhar, I. α-Synuclein-mediated neurodegeneration in Dementia with Lewy bodies: The
pathobiology of a paradox. Cell Biosci. 2021, 11, 196. [CrossRef]

19. Ahmad, M.; Attoub, S.; Singh, M.N.; Martin, F.L.; El-Agnaf, O.M.A. γ-Synuclein and the progression of cancer. FASEB J. 2007, 21,
3419–3430. [CrossRef]

20. Liu, H.; Liu, W.; Wu, Y.; Zhou, Y.; Xue, R.; Luo, C.; Wang, L.; Zhao, W.; Jiang, J.D.; Liu, J. Loss of epigenetic control of synuclein-γ
gene as a molecular indicator of metastasis in a wide range of human cancers. Cancer Res. 2005, 65, 7635–7643. [CrossRef]

21. Jia, T.; Liu, Y.E.; Liu, J.; Shi, Y.E. Stimulation of breast cancer invasion and metastasis by synuclein γ1. Cancer Res. 1999, 59,
742–747. [PubMed]

22. Gupta, A.; Inaba, S.; Wong, O.K.; Fang, G.; Liu, J. Breast cancer-specific gene 1 interacts with the mitotic checkpoint kinase BubR1.
Oncogene 2003, 22, 7593–7599. [CrossRef] [PubMed]

23. Inaba, S.; Li, C.; Shi, Y.E.; Song, D.Q.; Jiang, J.D.; Liu, J. Synuclein gamma inhibits the mitotic checkpoint function and promotes
chromosomal instability of breast cancer cells. Breast Cancer Res. Treat. 2005, 94, 25–35. [CrossRef]

24. Pan, Z.Z.; Bruening, W.; Giasson, B.I.; Lee, V.M.Y.; Godwin, A.K. γ-synuclein promotes cancer cell survival and inhibits stress-
and chemotherapy drug-induced apoptosis by modulating MAPK pathways. J. Biol. Chem. 2002, 277, 35050–35060. [CrossRef]
[PubMed]

25. Dean, D.N.; Lee, J.C. Linking Parkinson’s Disease and Melanoma: Interplay Between α-Synuclein and Pmel17 Amyloid Formation.
Mov. Disord. 2021, 36, 1489–1498. [CrossRef] [PubMed]

26. Shekoohi, S.; Rajasekaran, S.; Patel, D.; Yang, S.; Liu, W.; Huang, S.; Yu, X.; Witt, S.N. Knocking out alpha-synuclein in melanoma
cells dysregulates cellular iron metabolism and suppresses tumor growth. Sci. Rep. 2021, 11, 5267. [CrossRef]

27. Ejma, M.; Madetko, N.; Brzecka, A.; Guranski, K.; Alster, P.; Misiuk-Hojło, M.; Somasundaram, S.G.; Kirkland, C.E.; Aliev, G. The
links between parkinson’s disease and cancer. Biomedicines 2020, 8, 416. [CrossRef]

28. Fei, H.; Chen, X. Establishment and validation of an autophagy-related prognostic signature for survival predicting in cutaneous
melanoma. Am. J. Cancer Res. 2021, 11, 5979–5991.

29. Li, Z.; Wei, J.; Zheng, H.; Zhang, Y.; Song, M.; Cao, H.; Jin, Y. The new horizon of biomarker in melanoma patients: A study based
on autophagy-related long non-coding RNA. Medicine 2022, 101, e28553. [CrossRef]

30. Jemal, A.; Siegel, R.; Ward, E.; Murray, T.; Xu, J.; Thun, M.J. Cancer statistics. CA Cancer J. Clin. 2007, 57, 43–66. [CrossRef]
31. Warshaw, A.L.; Fernández-del Castillo, C. Pancreatic carcinoma. N. Engl. J. Med. 1992, 326, 455–465. [CrossRef] [PubMed]
32. Hidalgo, M. Pancreatic cancer. N. Engl. J. Med. 2010, 362, 1605–1617. [CrossRef] [PubMed]
33. Weledji, E.P.; Enoworock, G.; Mokake, M.; Sinju, M. How Grim is Pancreatic Cancer? Oncol. Rev. 2016, 10, 294. [CrossRef]

[PubMed]
34. Pour, P.M.; Bell, R.H.; Batra, S.K. Neural invasion in the staging of pancreatic cancer. Pancreas 2003, 26, 322–325. [CrossRef]
35. Deshmukh, S.D.; Willmann, J.K.; Jeffrey, R.B. Pathways of extrapancreatic perineural invasion by pancreatic adenocarcinoma:

Evaluation with 3D volume-rendered MDCT imaging. AJR. Am. J. Roentgenol. 2010, 194, 668–674. [CrossRef]
36. Schorn, S.; Demir, I.E.; Haller, B.; Scheufele, F.; Reyes, C.M.; Tieftrunk, E.; Sargut, M.; Goess, R.; Friess, H.; Ceyhan, G.O. The

influence of neural invasion on survival and tumor recurrence in pancreatic ductal adenocarcinoma—A systematic review and
meta-analysis. Surg. Oncol. 2017, 26, 105–115. [CrossRef]

37. Schorn, S.; Demir, I.E.; Reyes, C.M.; Saricaoglu, C.; Samm, N.; Schirren, R.; Tieftrunk, E.; Hartmann, D.; Friess, H.; Ceyhan, G.O.
The impact of neoadjuvant therapy on the histopathological features of pancreatic ductal adenocarcinoma—A systematic review
and meta-analysis. Cancer Treat. Rev. 2017, 55, 96–106. [CrossRef]

38. Crippa, S.; Pergolini, I.; Javed, A.A.; Honselmann, K.C.; Weiss, M.J.; Di Salvo, F.; Burkhart, R.; Zamboni, G.; Belfiori, G.;
Ferrone, C.R.; et al. Implications of Perineural Invasion on Disease Recurrence and Survival After Pancreatectomy for Pancreatic
Head Ductal Adenocarcinoma. Ann. Surg. 2020, 33086324. [CrossRef]

39. Li, Z.; Sclabas, G.M.; Peng, B.; Hess, K.R.; Abbruzzese, J.L.; Evans, D.B.; Chiao, P.J. Overexpression of synuclein-γ in pancreatic
adenocarcinoma. Cancer 2004, 101, 58–65. [CrossRef]

40. Limanaqi, F.; Biagioni, F.; Busceti, C.L.; Ryskalin, L.; Polzella, M.; Frati, A.; Fornai, F. Phytochemicals bridging autophagy
induction and alpha-synuclein degradation in parkinsonism. Int. J. Mol. Sci. 2019, 20, 3274. [CrossRef]

http://doi.org/10.1073/pnas.90.23.11282
http://doi.org/10.1038/sj.mp.4000446
http://doi.org/10.1016/S0306-4522(03)00036-8
http://doi.org/10.3390/life11111239
http://doi.org/10.3390/life11111126
http://doi.org/10.1007/s00423-016-1494-0
http://doi.org/10.1186/s13578-021-00709-y
http://doi.org/10.1096/fj.07-8379rev
http://doi.org/10.1158/0008-5472.CAN-05-1089
http://www.ncbi.nlm.nih.gov/pubmed/9973226
http://doi.org/10.1038/sj.onc.1206880
http://www.ncbi.nlm.nih.gov/pubmed/14576821
http://doi.org/10.1007/s10549-005-6938-0
http://doi.org/10.1074/jbc.M201650200
http://www.ncbi.nlm.nih.gov/pubmed/12121974
http://doi.org/10.1002/mds.28655
http://www.ncbi.nlm.nih.gov/pubmed/34021920
http://doi.org/10.1038/s41598-021-84443-y
http://doi.org/10.3390/biomedicines8100416
http://doi.org/10.1097/MD.0000000000028553
http://doi.org/10.3322/canjclin.57.1.43
http://doi.org/10.1056/NEJM199202133260706
http://www.ncbi.nlm.nih.gov/pubmed/1732772
http://doi.org/10.1056/NEJMra0901557
http://www.ncbi.nlm.nih.gov/pubmed/20427809
http://doi.org/10.4081/oncol.2016.294
http://www.ncbi.nlm.nih.gov/pubmed/27471581
http://doi.org/10.1097/00006676-200305000-00002
http://doi.org/10.2214/AJR.09.3285
http://doi.org/10.1016/j.suronc.2017.01.007
http://doi.org/10.1016/j.ctrv.2017.03.003
http://doi.org/10.1097/SLA.0000000000004464
http://doi.org/10.1002/cncr.20321
http://doi.org/10.3390/ijms20133274


Int. J. Mol. Sci. 2022, 23, 3775 19 of 20

41. Saliakoura, M.; Sebastiano, M.R.; Nikdima, I.; Pozzato, C.; Konstantinidou, G. Restriction of extracellular lipids renders pancreatic
cancer dependent on autophagy. J. Exp. Clin. Cancer Res. 2022, 41, 16. [CrossRef]

42. Zhang, Q.; Lv, L.; Ma, P.; Zhang, Y.; Deng, J.; Zhang, Y. Identification of an Autophagy-Related Pair Signature for Predicting
Prognoses and Immune Activity in Pancreatic Adenocarcinoma. Front. Immunol. 2021, 12, 743938. [CrossRef]

43. Bianchini, M.; Giambelluca, M.A.; Scavuzzo, M.C.; Di Franco, G.; Guadagni, S.; Palmeri, M.; Furbetta, N.; Gianardi, D.; Funel, N.;
Pollina, L.E.; et al. The occurrence of prion protein in surgically resected pancreatic adenocarcinoma. Pancreatology 2020, 20,
1218–1225. [CrossRef]

44. Bianchini, M.; Giambelluca, M.A.; Scavuzzo, M.C.; Di Franco, G.; Guadagni, S.; Palmeri, M.; Furbetta, N.; Gianardi, D.; Funel, N.;
Ricci, C.; et al. Detailing the ultrastructure’s increase of prion protein in pancreatic adenocarcinoma. World J. Gastroenterol. 2021,
27, 7324–7339. [CrossRef]

45. Ryskalin, L.; Busceti, C.L.; Biagioni, F.; Limanaqi, F.; Familiari, P.; Frati, A.; Fornai, F. Prion protein in glioblastoma multiforme.
Int. J. Mol. Sci. 2019, 20, 5107. [CrossRef]

46. Ryskalin, L.; Biagioni, F.; Busceti, C.L.; Giambelluca, M.A.; Morelli, L.; Frati, A.; Fornai, F. The role of cellular prion protein in
promoting stemness and differentiation in cancer. Cancers 2021, 13, 170. [CrossRef]

47. Maskri, L.; Zhu, X.; Fritzen, S.; Kühn, K.; Ullmer, C.; Engels, P.; Andriske, M.; Stichel, C.C.; Lübbert, H. Influence of Different
Promoters on the Expression Pattern of Mutated Human α-Synuclein in Transgenic Mice. Neurodegener. Dis. 2004, 1, 255–265.
[CrossRef]

48. Karim, M.R.; Liao, E.E.; Kim, J.; Meints, J.; Martinez, H.M.; Pletnikova, O.; Troncoso, J.C.; Lee, M.K. α-Synucleinopathy associated
c-Abl activation causes p53-dependent autophagy impairment. Mol. Neurodegener. 2020, 15, 27. [CrossRef]

49. Chen, D.-D.; Gao, L.-P.; Wu, Y.-Z.; Chen, J.; Hu, C.; Xiao, K.; Chen, C.; Shi, Q.; Dong, X.-P. Accumulation of Prion and Abnormal
Prion Protein Induces Hyperphosphorylation of α-Synuclein in the Brain Tissues from Prion Diseases and in the Cultured Cells.
ACS Chem. Neurosci. 2021, 12, 3838–3854. [CrossRef]

50. Sato, Y.; Nio, Y.; Song, M.M.; Sumi, S.; Hirahara, N.; Minari, Y.; Tamura, K. P53 protein expression as prognostic factor in human
pancreatic cancer. Anticancer Res. 1997, 17, 2779–2788.

51. Dong, M.; Nio, Y.; Tamura, K.; Song, M.M.; Guo, K.J.; Guo, R.X.; Dong, Y.T. Ki-ras point mutation and p53 expression in human
pancreatic cancer: A comparative study among Chinese, Japanese, and Western patients. Cancer Epidemiol. Biomark. Prev. 2000, 9,
279–284.

52. Hu, Y.X.; Watanabe, H.; Ohtsubo, K.; Yamaguchi, Y.; Ha, A.; Okai, T.; Sawabu, N. Frequent loss of p16 expression and its
correlation with clinicopathological parameters in pancreatic carcinoma. Clin. Cancer Res. 1997, 3, 1473–1477. [PubMed]

53. Iacobuzio-Donahue, C.A.; Klimstra, D.S.; Adsay, N.V.; Wilentz, R.E.; Argani, P.; Sohn, T.A.; Yeo, C.J.; Cameron, J.L.; Kern, S.E.;
Hruban, R.H. Dpc-4 protein is expressed in virtually all human intraductal papillary mucinous neoplasms of the pancreas:
Comparison with conventional ductal adenocarcinomas. Am. J. Pathol. 2000, 157, 755–761. [CrossRef]

54. Safran, H.; Steinhoff, M.; Mangray, S.; Rathore, R.; King, T.C.; Chai, L.; Berzein, K.; Moore, T.; Iannitti, D.; Reiss, P.; et al.
Overexpression of the HER-2/neu oncogene in pancreatic adenocarcinoma. Am. J. Clin. Oncol. Cancer Clin. Trials 2001, 24,
496–499. [CrossRef]

55. Almoguera, C.; Shibata, D.; Forrester, K.; Martin, J.; Arnheim, N.; Perucho, M. Most human carcinomas of the exocrine pancreas
contain mutant c-K-ras genes. Cell 1988, 53, 549–554. [CrossRef]

56. Yamamoto, H.; Itoh, F.; Nakamura, H.; Fukushima, H.; Sasaki, S.; Perucho, M.; Imai, K. Genetic and clinical features of human
pancreatic ductal adenocarcinomas with widespread microsatellite instability. Cancer Res. 2001, 61, 3139–3144.
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