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Abstract
BACKGROUND 
Recent evidences have shown a relationship between prion protein (PrPc) 
expression and pancreatic ductal adenocarcinoma (PDAC). Indeed, PrPc could be 
one of the markers explaining the aggressiveness of this tumor. However, studies 
investigating the specific compartmentalization of increased PrPc expression 
within PDAC cells are lacking, as well as a correlation between ultrastructural 
evidence, ultrastructural morphometry of PrPc protein and clinical data. These 
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data, as well as the quantitative stoichiometry of this protein detected by 
immuno-gold, provide a significant advancement in understanding the biology of 
disease and the outcome of surgical resection.

AIM 
To analyze quantitative stoichiometry and compartmentalization of PrPc in PDAC 
cells and to correlate its presence with prognostic data

METHODS 
Between June 2018 and December 2020, samples from pancreatic tissues of 45 
patients treated with pancreatic resection for a preoperative suspicion of PDAC at 
our Institution were collected. When the frozen section excluded a PDAC 
diagnosis, or the nodules were too small for adequate sampling, patients were 
ruled out from the present study. Western blotting was used to detect, quantify 
and compare the expression of PrPc in PDAC and control tissues, such as those of 
non-affected neighboring pancreatic tissue of the same patient. To quantify the 
increase of PrPc and to detect the subcellular compartmentalization of PrPc within 
PDAC cells, immuno-gold stoichiometry within specific cell compartments was 
analyzed with electron microscopy. Finally, an analysis of quantitative PrPc 
expression according to prognostic data, such as cancer stage, recurrence of the 
disease at 12 mo after surgery and recurrence during adjuvant chemotherapy was 
made.

RESULTS 
The amount of PrPc within specimen from 38 out of 45 patients was determined 
by semi-quantitative analysis by using Western blotting, which indicates that PrPc 
increases almost three-fold in tumor pancreatic tissue compared with healthy 
pancreatic regions [242.41 ± 28.36 optical density (OD) vs 95 ± 17.40 OD, P < 
0.0001]. Quantitative morphometry carried out by using immuno-gold detection 
at transmission electron microscopy confirms an increased PrPc expression in 
PDAC ductal cells of all patients and allows to detect a specific compartmental-
ization of PrPc within tumor cells. In particular, the number of immuno-gold 
particles of PrPc was significantly higher in PDAC cells respect to controls, when 
considering the whole cell (19.8 ± 0.79 particles vs 9.44 ± 0.45, P < 0.0001). 
Remarkably, considering PDAC cells, the increase of PrPc was higher in the 
nucleus than cytosol of tumor cells, which indicates a shift in PrPc compartment-
alization within tumor cells. In fact, the increase of immuno-gold within nuclear 
compartment exceeds at large the augment of PrPc which was detected in the 
cytosol (nucleus: 12.88 ± 0.59 particles vs 5.12 ± 0.32, P < 0.0001; cytosol: 7.74. ± 
0.44 particles vs 4.3 ± 0.24, P < 0.0001).

RESULTS 
In order to analyze the prognostic impact of PrPc, we found a correlation between 
PrPc expression and cancer stage according to pathology results, with a 
significantly higher expression of PrPc for advanced stages. Moreover, 24 patients 
with a mean follow-up of 16.8 mo were considered. Immuno-blot analysis 
revealed a significantly higher expression of PrPc in patients with disease 
recurrence at 12 mo after radical surgery (360.71 ± 69.01 OD vs 170.23 ± 23.06 OD, 
P = 0.023), also in the subgroup of patients treated with adjuvant CT (368.36 ± 
79.26 OD in the recurrence group vs 162.86 ± 24.16 OD, P = 0.028), which indicates 
a correlation with a higher chemo-resistance.

CONCLUSION 
Expression of PrPc is significantly higher in PDAC cells compared with control, 
with the protein mainly placed in the nucleus. Preliminary clinical data confirm 
the correlation with a poorer prognosis.

Key Words: Pancreatic ductal adenocarcinoma; Prion protein; Western blotting; Electron 
microscopy; Cellular compartmentalization; Neuroinvasion
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Core Tip: Pancreatic ductal adenocarcinoma (PDAC) is an extremely lethal cancer and 
we are far away from understanding its biology. Recent in vitro evidence hypothesizes 
some role of cellular prion protein (PrPc) in PDAC carcinogenesis. We found that this 
protein is over-expressed in vivo within PDAC tissue of surgically resected patients, 
here we quantify the stoichiometric increase and provide evidence for a shift towards a 
nuclear compartmentalization. Such a protein amount is associated with poorer post-
surgical prognosis and neuro-invasion. Thus, PrPc might be a key in the puzzled 
evidence of PDAC biology leading to better comprehend and cure such an aggressive 
disorder.

Citation: Bianchini M, Giambelluca MA, Scavuzzo MC, Di Franco G, Guadagni S, Palmeri M, 
Furbetta N, Gianardi D, Funel N, Ricci C, Gaeta R, Pollina LE, Falcone A, Vivaldi C, Di 
Candio G, Biagioni F, Busceti CL, Morelli L, Fornai F. Detailing the ultrastructure’s increase 
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DOI: https://dx.doi.org/10.3748/wjg.v27.i42.7324

INTRODUCTION
Pancreatic cancer is currently the fourth most frequent cause of death among cancers 
with a prevalence, which is increasing, mostly in western countries, where it is 
estimated to become the second prevalent cause of death from cancer by 2030[1]. The 
overall median survival of patients with pancreatic ductal adenocarcinoma (PDAC) is 
6 mo and the 5-year survival rate is less than 10%[2,3].

Surgical resection is still the only approach with a curative intent, but it is feasible 
for less than 20% of patients at diagnosis, while 80% of cases are considered too 
advanced for surgery, and this is based on regional infiltration or distant metastasis
[4]. Even in surgically eligible cases, the 5-years survival rate is extremely low, since 
patients experience early local or distant relapse. The aggressiveness of the disease is 
mainly related to the extensive local infiltration and to the early lymphatic and 
hematogenous spread, which rely on the high propensity of these cells to produce 
neuro-invasion.

In this scenario, an in-depth knowledge of the biology of the disease is fundamental. 
The comprehension of the mechanisms involved in tumorigenesis is needed, in order 
to discover early diagnostic tools, and novel therapeutic strategies to improve patients’ 
prognosis. When comparing PDAC with other tumors, the biology of the disease is 
scarcely investigated, and it remains largely unknown.

Recent evidence demonstrates that cellular Prion Protein (PrPc) is overexpressed 
either in vitro and in vivo in PDAC cells and that it interacts with several pathways, 
enhancing cellular growth, tumoral proliferation and invasion[5-7].

Still, the occurrence of increased PrPc was described so far by using quite general 
approaches, in the absence of subcellular localization of the protein and without a 
quantitative, stoichiometric count of protein particles within cancer cells. Thus, we felt 
it mandatory to provide a quantitative measurement of the increase in PrPc, by using 
ultrastructural stoichiometry, which is more reliable in protein analytical detection 
compared with immunohistochemistry. Again, understanding cell compartmental-
ization of PrPc, and whether this is shifted within PDAC cells is key to establish its 
potential role in the biology of disease. This is expected to improve the knowledge 
about the intrinsic role of PrPc in PDAC pathogenesis. So far, studies focusing on these 
aspects based on an in vivo approach are lacking. Again, it is fundamental to 
strengthen whether a higher expression of PrPc in PDAC cells does associate with 
specific clinical phenotypes of PDAC. Therefore, the aim of this study is to quantify 
the increase in PrPc and analyze the subcellular localization of PrPc in PDAC cells 
from surgically resected patients. These findings are correlated with clinical data, in 
order to dissect a potential role of PrPc as a biological marker to predict disease 
severity.

http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
https://www.wjgnet.com/1007-9327/full/v27/i42/7324.htm
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MATERIALS AND METHODS
Patients and specimens
Samples from tumors of patients surgically treated with pancreatic resections at our 
Institution were collected between January 2018 and December 2020. Written informed 
consent was obtained from patients to use their surgical specimens and clinical 
pathological data for research purposes.

All patients had a preoperative suspicion of PDAC. Preoperative evaluation 
included medical history, physical, laboratory and radiological examinations, 
computed tomography (CT) and magnetic resonance imaging, often with magnetic 
resonance cholangiopancreatography. In addition, abdominal ultrasound with and 
without contrast, endoscopic ultrasonography (EUS), and fine-needle aspiration (FNA) 
during EUS were also performed in selected patients. Preoperative data included age 
and gender.

All the specimens were frozen intraoperatively and further sliced and scored for 
histology. Tissue from pancreatic nodules other than adenocarcinomas were ruled out 
from the present study.

Similarly, we could not proceed when tumor specimens were too small. When 
PDAC diagnosis was confirmed, the pathologist took specimens from the pancreatic 
tumor and from normal pancreatic tissue. From each specimen (either from controls or 
tumor tissues) a part was fixed and kept in glutaraldehyde and paraformaldehyde for 
electron microscopy analysis, while the other one was rapidly frozen and kept at -80°C 
for storage until for western blotting analyses (SDS-PAGE immunoblotting) to be 
carried out.

Histological data included: (1) Histological phenotype of the tumor; (2) Grade of 
differentiation; (3) Tumor size; (4) Number of harvested lymph nodes; (5) Number of 
metastatic lymph nodes; and (6) Occurrence of angio-invasion and peri-neural infilt-
ration.

Patients were staged according to the T and N definitions proposed for the AJCC 8th 
edition[8]. Proposed T-stage definitions are the following: T1 ≤ 2 cm maximal 
diameter, T2 > 2 ≤ 4 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 ≥ 4 nodes positive for metastatic disease.

Pathology, post-operative disease outcome and oncologic follow-up were 
prospectively retrieved and organized in a specific database. For our clinical analysis 
patients with at least 12 mo from surgical resection were considered. The degree of 
PrPc expression in PDAC was reported and compared also on the basis of cancer stage 
according to AJCC 8th edition.

SDS-PAGE immunoblotting
Pancreatic tissue to be immunoblotted was homogenized in ice-cold lysis buffer 
containing 50 mmol/L Tris-HCl (pH = 7.5), 150 mmol/L NaCl, 5 mmol/L EDTA, 1% 
SDS, 0.1% IGEPAL (NP40) and Complete Protease Inhibitor Cocktail Tablet (leupeptin, 
pepstatin, aprotinin) (Santa Cruz Biotechnology, Dallas, TX, United States). Then 
tissue was sonicated, and homogenates were centrifuged at 5000 x g for 5 min. An 
aliquot of supernatant was used to determine the protein concentration by a protein 
assay kit (Sigma-Aldrich, St. Louis, MO).

Samples (25 μg) were separated on 4%-20% sodium dodecyl sulfate-polyacrylamide 
gel. Following electrophoresis, proteins were transferred to a nitrocellulose membrane 
(Biorad; Milano, Italy). The membrane was then immersed in blocking solution 
containing PBS with 0.05% Tween-20 (PBS-T) and 5% not fat dried milk (Sigma) for 1 h 
at room temperature. Then the membrane was incubated overnight at 4°C with 
primary antibody anti-protein PrPc (1:2000, Abcam, Cambridge, United Kingdom) 
diluted in PBS-T containing 2% BSA (Sigma). The blots were washed three times with 
PBS-T and incubated for 1 h with goat anti-rabbit horseradish peroxidase-labelled 
secondary antibody (1:2000; KPL, Maryland, United States) diluted in PBS-T 
containing 2% not fat dried milk (Sigma).

The bands were visualized with enhanced chemiluminescence reagents (Immuno-
Star HRP Substrate; Bio-RadLaboratories) and image analysis was carried out by 
ChemiDoc System (Bio-RadLaboratories). β-Actin was used as an internal standard for 
semi-quantitative protein measurement, so-called “house-keeping protein”. Densito-
metric analysis was performed with ImageJ software and the unit of measure was the 
optical density (OD). Western blotting of PDAC tissues were compared with control 
tissues.
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Semi-thin sections
When preparing embedded pancreas tissue blocks for electron microscopy analysis, 
firstly we carried out semi-thin sections in order to better focus on those areas of the 
tissue where ductal and parenchymal area could be evidenced. Each semi-thin section 
owning a thickness range of 3-6 μm was cut at ultra-microtome. After cutting, slices 
were picked up with an iron loop 1 cm long and 2 mm thick. By using the loop, the 
slice was moved into a drop of distilled water lying on a glass slide and it was then 
placed on a hot plate at approximately 60°C to be dried. Then, 1 or 2 drops of a 
toluidine blue staining solution were added on the semi-thin slice. When the edge of 
the staining drop switched the color from blue to metallic gold, the slide was removed 
quickly from hot plate to be rinsed with distilled water. Finally, these slides were 
mounted by using the mounting medium DPX to be analyzed by a Nikon Eclipse 80i 
light microscope, which was connected to the NIS Elements software for image 
analysis (Nikon, Tokyo, Japan).

Electron microscopy
For electron microscopy small fragments of normal and tumoral pancreatic tissue were 
fixed in 0.1% glutaraldehyde and 2 % paraformaldehyde in phosphate buffer pH = 7.4 
for 90 min, creating a fixing solution minimally covering antigen epitope, while fairly 
preserving tissue architecture.

After washing for 10 min in buffer, samples were post-fixed in 1% OsO4 buffered 
solution for 1 h at 4°C. Then samples were 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 Epon-Araldite resin for 72 h at 60°C. Ultra-thin sections were stained with uranyl 
acetate and lead citrate and examined with Jeol Jem 100SX transmission electron 
microscope (TEM) (Jeol, Tokyo, Japan) at an acceleration voltage of 80 kV.

Post–embedding immunocytochemistry
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-rabbit Prion protein PrPc 
(Abcam, diluted 1:50), with 0.2% saponin and 1% goat serum in a humidified chamber, 
overnight, at 4°C. After washing in PBS, grids were incubated with secondary anti-
rabbit antibodies conjugated with gold particles (20 nm mean diameter, BB Interna-
tional Crumlin, United Kingdom) which were diluted 1:40 in PBS containing 0.2 % 
saponin and 1% goat antiserum for 1 h, at room temperature. Slices used as methodo-
logical controls were incubated with secondary antibody only.

After washing in PBS, grids were incubated on droplet of 1% glutaraldehyde for 3 
min; an additional extensive washing of grids with distilled water was carried out to 
remove an excess of salt traces. Sections were stained with uranyl acetate and lead 
citrate and examined at TEM.

From each experimental group (Controls and PDAC) 20 grids were observed each 
one containing a mean of 5 cells: In particular we selected the region in which the 
cellular ducts were present. In order to measure the distribution of the immuno-gold 
particles, first we counted the total number of gold particles within each cell, then their 
numbers in nucleus and in cytosol. TEM analysis was performed at a magnification of 
6000-8000x which allowed the concomitant visualization of immuno-gold particles and 
all cell organelles, using higher magnification when it was necessary to better visualize 
the immuno-gold particles and lower magnification when an ensemble view of the 
whole ultrastructure was requested for our analysis. The expression of PrPc was 
revealed by counting the immuno-gold particles in whole cells, nucleus and cytosol 
both in control and PDAC groups.

Statistical analysis
Continuous variables with normal distribution are expressed as the mean ± SD of the 
mean and they were compared by using Student’s t test. A P value equal or lower than 
0.05 was arbitrarily considered as not due to biological variability (H0 hypothesis 
rejected). The software used for such a statistical analysis was SPSS (Statistical 
Production and Service Solution for Windows, SPSS Inc., Chicago, IL, United States), 
version 23.
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RESULTS
Patients
Surgical specimens of 45 patients were collected. 7 of them were ruled out because of 
the small dimension of the tumor that prevented an adequate sampling or because the 
diagnosis of PDAC was excluded at frozen section.

The samples from 38 PDAC patients which were included in the analysis, 19 (50%) 
were from male, while 19 (50%) from female. The mean age was 72.7 ± 7.9 years (range 
52-87). Histological exam confirmed the presence of PDAC in all these 38 cases. The 
grading of the pancreatic tumor was “moderately differentiated” in 35/38 cases 
(92.1%), “poorly differentiated” in 3/38 (7.9%). The mean tumor size was 3.2 ± 1.1 cm 
(range 1.5-6.5 cm). The mean harvested lymph nodes were 34.2 ± 15 (range 14-79). 
Metastatic lymph-nodes occurred in 30/38 cases (78.9%) with a number of metastatic 
lymph-nodes of 4.5 ± 4.9 (range 1-23). The presence of angio-invasion was reported in 
5/38 cases (13%), while the presence of peri-neural infiltration was reported in 33/38 
cases (86.8%). Three cancer stage groups were identified according to pTNM, stage I (n 
= 8, 21.1%), stage II (n = 14, 36.8%) and stage III (n = 16, 42.1%). These data are shown 
in Table 1.

Expression of PrPc in pancreatic tissue at western blotting
PrPc was markedly expressed in tumor pancreatic tissues, while the expression in non-
cancer tissues was scarce, with a significant difference (242.41 ± 28.36 OD vs 95 ± 17.40 
OD, P < 0.0001) (Figure 1).

Semi-thin sections
When observing representative semi-thin sections at different magnification (Figure 2) 
the difference between control and PDAC pancreas was strikingly evident, mostly at 
the level of ductal tissue. In detail, the pancreas from control at low magnification 
possesses a quite homogeneous staining at toluidine blue, where ductal areas are 
simply evident as empty roundish areas surrounded by cell staining as much as those 
in the neighboring parenchyma (Figure 2A). This was further evidenced at higher 
magnification showing a pale toluidine staining of ductal cells (Figure 2B). Conversely, 
in the pancreas affected by PDAC, low magnification showed a highly non-
homogeneous tissue where ductal regions were markedly stained. Also, neighboring 
areas possess a scattered toluidine staining (Figure 2C). At high magnification, the 
ductal cells from PDAC are overwhelmed and they tend to occlude the ductal lumen 
with multiple cell layers with an abnormal shape and abundant cell protrusions 
(Figure 2D). This ductal tissue was the topographical reference to proceed with 
electron microscopy analysis.

Electron microscopy
The ultrastructure of pancreatic healthy cells owns normal architecture with well-
preserved cell compartments and well-defined membranes. The zymogen granules 
maintain their integrity, which suggests fair biochemical activity (Figure 3A). 
Conversely, PDAC cells (Figure 3B) possess severe cell pathology, which is 
concomitant with a marked derangement of vacuolar compartment and damaged 
organelles.

Expression of PrPc immuno-gold particles within pancreatic tissue
Immuno-cytochemistry shows increased PrPc expression in PDAC cells of all patients. 
In particular the number of immuno-gold particles was significantly higher in PDAC 
cells compared with controls (Figure 4) either considering the whole cell (19.8 ± 0.79 
particles vs 9.44 ± 0.45, P < 0.0001) (Figure 5A), or the nuclear compartment (12.88 ± 
0.59 particles vs 5.12 ± 0.32, P < 0.0001) (Figure 5C) or the cytosol (7.74. ± 0.44 particles 
and 4.3 ± 0.24, P < 0.0001, respectively) (Figure 5B).

Within PDAC cells, PrPc was more abundant in the nucleus compared with the 
cytosol (12.88 ± 0.59 particles vs 7.74. ± 0.44, P < 0.0001) (Figure 5D). Conversely, in 
normal cells no difference was noticeable for the placement of PrPc within nucleus and 
cytosol (5.12 ± 0.32 particles and 4.3 ± 0.24, P > 0.05, respectively).

Clinical data
When correlating within PDAC group the amount of PrPc expression with specific 
cancer stages, a significantly higher expression of PrPc for advanced stages was 
detected. In particular, PrPc expression at Western Blotting was 161.69 ± 63.92 OD in 
stage I, 173.25 ± 76.5 OD in stage II and 346.86 ± 55.26 OD in stage III (P = 0.0042).
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Table 1 Patients and postoperative data

Number of patients, n 38

Pancreatic ductal adenocarcinoma, n (%) 38 (100)

Mean tumor dimension, cm 3.2  1.1 (1.5-6.5)

Mean harvest lymph nodes, n 34.2 15 (14-79)

Mean metastatic lymph nodes, n 4.5 4.9 (1-23)

Angioinvasion, n (%) 5 (13)

Perineural infiltration, n (%) 33 (86.8)

T status, n (%)

T1 2 (8.7)

T2 14 (60.9)

T3 7 (30.4)

T status, n (%)

T1 3 (7.9)

T2 24 (63.2)

T3 11 (28.9)

N status, n (%)

N0 7 (18.4)

N1 15 (39.5)

N2 16 (42.1)

Stage, n (%)

I 8 (21.1)

II 14 (36.8)

III 16 (42.1)

Patients with available follow-up, n 24

Patients with disease recurrence at 12 months, n (%) 13 (54.1)

Patients treated with adjuvant CT, n (%) 21 (87.5)

Recurrence during CT, n (%) 11 (52.4)

CT: Chemotherapy.

When considering clinical data retrieved from our follow-up, patients surgically 
treated in the last 12 mo were ruled out from correlation with disease prognosis. 
Overall, 27 patients were considered, of which 3 were ruled out for missing 
information.

For the remaining 24 patients, the mean follow-up was 16.8 mo (range 5.6-34.4 mo). 
Median overall survival and disease-free survival were 15.9 mo and 11.2 mo, 
respectively. The 12-mo recurrence rate was 54.1% (n = 13). Comparing patients with 
relapse at 1 year with those without evidence of the disease, the difference in PrPc 
expression at immuno-blotting was statistically significant between the two groups 
(360.71 ± 69.01 OD vs 170.23 ± 23.06 OD, P = 0.023) (Figure 6A).

Moreover, 21 patients out of 24 received adjuvant chemotherapy (CT). Of these, 
10/21 (47.6%) were without evidence of disease relapse at 12 mo, while 11/21 (52.4%) 
experienced a relapse of the disease. Detailing our analysis of PrPc expression 
correlated with disease recurrence a significant higher PrPc expression was detected 
for patients who experienced a relapse, despite the administration of adjuvant CT 
compared with those receiving CT without evidence of disease at follow-up (368.36 ± 
79.26 OD vs 162.86 ± 24.16 OD, respectively, P = 0.028) (Figure 6B).



Bianchini M et al. PrPc as marker of PDAC aggressiveness

WJG https://www.wjgnet.com 7331 November 14, 2021 Volume 27 Issue 42

Figure 1 Immuno-blots for prion protein and the house keeping protein b-actin in control tissues and pancreatic ductal adenocarcinoma 
tissues. bP < 0.0001. Comparisons between two groups were made by using Student t-test. Values are given as the mean ± SD.

DISCUSSION
Cellular prion protein is a cell surface glycoprotein, firstly discovered as the normal 
isoform of the scrapie prion protein (PrPSc), the infectious agent of Transmissible 
Spongiform Encephalopathies. Despite the normal isoform is a highly conserved 
glycoprotein present in all vertebrates, which indicates some intrinsic and 
fundamental roles in cell homeostasis, studies about the physiology of PrPc have long 
been overlooked.

Only recently some authors focused on the role of PrPc and many paths have been 
opened[11]. PrPc was proposed to protect neurons against cell death and oxidative 
stress[12], to control copper metabolism[13], to regulate cell cycle[14], synaptic 
transmission[15], cell adhesion[16], and activation of the immuno-system[17]. It is 
remarkable that PrPc plays a role in pluripotency and differentiation of embryonic 
stem cells[18], cell proliferation and differentiation[19-24] and muscle cell regeneration
[25].

In detail, the discovery of a role of this protein in regulating the cell cycle led some 
authors to focus on studying a relationship between PrPc and carcinogenesis. It is now 
well established that PrPc may sustain cancer cell proliferation in various types of 
cancers[26]: Gastric[27], colon cancer[28-30], as well as glioblastoma[31-33]. Overall, 
the contribution of PrPc to cancer cell proliferation fully fits with a gain of its 
physiological function in normal cells, where it controls the activation of several 
effectors associated with cell growth[24,34]. A second field of investigation focuses on 
the correlation between PrPc and chemo-resistance. High PrPc expression levels are 
indeed associated with increased resistance to various types of agents in glioblastoma
[35], gastric[27,36-38], breast[39-41], and colon cancer[29,42,43]. According to several 
studies this effect could be related to the activation of several pathways that lead to 
over expression of MDR1 (multidrug-resistance protein 1)[44]. For instance it was 
recently found that PrPc confers doxorubicin resistance to breast cancer cells[45].

PrPc also promotes cancer cells invasion/migration. In fact, elevated PrPc levels 
confer enhanced invasive properties to glioblastoma[46], gastric[47], breast[40,48], 
colon[49], lung[50] and melanoma[51] cell lines.

Finally, PrPc directly induces proliferation and confers resistance to apoptosis in 
cancer stem cells[18], by dysregulating their interactions with surrounding 
environment and thus causing cancer stem cells proliferation[52]. As with prolif-
eration, the contribution of PrPc to cancer stem cells self-renewal may be envisioned as 
a diversion of its physiological role into normal stem cell maintenance[18].
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Figure 2 Semi-thin sections of control and pancreatic ductal adenocarcinoma pancreas. A: Pancreas from control tissue at low magnification 
(magnification: 20 ×, scale bar: 12.5 μm). The ductal areas are evident as empty roundish areas surrounded by cell staining as much as those in the neighboring 
parenchyma; B: The normal pancreatic tissue characteristics are more evident at higher magnification, where there is a pale toluidine staining of ductal cells 
(magnification: 40 ×, scale bar: 6.25 μm); C: In pancreatic ductal adenocarcinoma (PDAC) tissue a highly non-homogeneous tissue is present and ductal regions are 
markedly stained (magnification: 20 ×, scale bar: 12.5 μm); D: PDAC tissue at higher magnification (magnification: 40 ×, scale bar: 6.25 μm). The ductal cells are 
overwhelmed and they tend to occlude the ductal lumen.

Figure 3 Ultrastructural organization. A: Pancreatic normal tissue. In pancreatic healthy tissue the cells surrounding ductal systems are well preserved. The 
cellular organelles, nuclei and secretory zymogen granules have normal architecture (magnification: 2000 ×, scale bar: 2 μm); B: Pancreatic normal tissue. The cells 
surrounding duct have increasing loss of cellular architecture (magnification: 1000 ×, scale bar: 4 μm).

Collectively, the involvement of PrPc in various aspects of cancer progression may 
be viewed as directly related to its physiological role in normal cells. Prion-mediated 
changes may represent initiating events that promote the emergence of the hallmarks 
of cancer, including self-sufficiency in growth signals, insensitivity to antigrowth 
signals, tissue invasion and metastasis, limitless replicative potential and inhibition of 
apoptosis[53]. Moreover, over-expression of PrPc has been found to be related to a 
higher chemoresistance[54]. This is likely to have clinical implications: from a 
therapeutic perspective, reducing PrPc expression may be beneficial, as it was 
documented for glioblastoma[55] or colon cancer[56]. Besides, alternative 
opportunities may ensue from a better knowledge of the signals upregulating PrPc 
expression in cancer cells.
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Figure 4 Prion protein immunocytochemistry in controls and pancreatic ductal adenocarcinoma. A: Prion protein immunocytochemistry in 
controls. Few particles of gold prion protein (PrPc) are evident (arrows) in the cytosol (magnification: 6000 ×, scale bar: 800 nm); B: Few particles of gold PrPc are 
evident (arrows) in the nucleus (magnification: 8000 ×, scale bar: 500 nm); C: Prion protein immunocytochemistry in pancreatic ductal adenocarcinoma. The arrows 
highlight some of the PrPc immuno-gold particles in the nucleus (magnification: 8000 ×, scale bar: 500 nm); D: The arrows highlight some of the PrPc immuno-gold 
particles in the cytosol (magnification: 7000 ×, scale bar: 600 nm).

In particular, looking to PDAC, a deeper comprehension of its role may add a 
significant piece of evidence in the puzzle of this highly aggressive pathology, with a 
potentially relevant clinical implication. The present study indicates a higher 
expression of PrPc in PDAC tissues in vivo, and provides the first evidence of the 
cellular localization of this protein. A higher amount of PrPc specifically within PDAC 
cells is now confirmed in a wider pool of patients compared with our recent in vivo 
study[7].

Moreover, the present study provides a stoichiometric measurement of the protein 
is situ within PDAC cells and indicates a shift in its sub-cellular placement in PDAC. 
Such a latter novelty was provided by ultrastructural morphometry, and immuno-gold 
staining under transmission electron microscopy. For instance, such an approach 
allowed to detect a misplacement of PrPc towards the nuclear compartment, which is 
in line with its strong effects on cancer-related gene expression. In particular, in PDAC 
cells the number of PrPc immuno-gold particles was two-fold higher compared with 
controls, although such an increase is more relevant in the cell nucleus, where it rises 
up to three-fold of the amount measured in controls. When comparing PrPc compart-
mentalization in PDAC cells and normal ductal pancreatic cells, the nuclear concen-
tration of PrPc is 1.65-fold higher compared with cytosol, while in the normal cells 
there is no significant difference between nucleus and cytosol.

From one hand, this may be due to a marked ongoing over-expression of PrPc gene 
(PRNP) in PDAC cells. In fact, the first hint of a link between PrPc and pancreatic 
cancer dates back to the early 2000s, when PRNP was identified as one of the 30 genes 
mostly expressed in pancreatic cancer cell lines when compared with normal cells[57]. 
On the other hand, such a preferential nuclear compartmentalization may disclose a 
specific role of PrPc in the biology of PDAC. So far, the evidences from PDAC cell 
cultures show that PrPc act as a cell surface glycoprotein to activate specific 
intracellular pathways and signaling that bring to a proliferative effect[5]. However, 
the detection of a peculiar and prominent concentration in the nucleus suggests an 
involvement of PrPc in regulating directly gene expression, acting as a nucleo-
junctional interplay in order to modulate the transcriptional activity of different 
pathways involved in carcinogenesis. In fact, PrPc could have a role in signaling 
complexes that contribute to a regulation of proliferation and cell-to-cell adhesion. 
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Figure 5 Prion protein immuno-gold particles count. A: Prion protein immuno-gold particles count in whole cells (controls vs pancreatic ductal 
adenocarcinoma); B: Prion protein immuno-gold particles count in cytosol (controls vs pancreatic ductal adenocarcinoma); C and D: Prion protein immuno-gold 
particles count in nuclear compartment. A significative difference in prion protein (PrPc) immunogold particles is observed between pancreatic ductal adenocarcinoma 
(PDAC) and control tissues (C); Even when analyzing the location only in PDAC cells, the nuclear compartment has a significantly higher PrPc concentration (D). aP < 
0.0001. Comparisons between two groups were made by using Student t-test. Values are given as the mean ± SD.

Figure 6 Prion protein expression. Comparisons between two groups were made by using Student t-test. Values are given as the mean ± SD. A: Prion protein 
expression according to the presence of disease recurrence after surgery. The histogram compares the expression of prion protein with western blot in specimen 
from patients surgically resected for pancreatic ductal adenocarcinoma with no evidence of disease at 12-mo follow-up (n = 11) with those from patients with disease 
recurrence (n = 13). aP = 0.023. B: Prion protein expression according to the presence of disease recurrence after surgery in patients treated with adjuvant 
chemotherapy. The histogram compares the expression of prion protein with western blot in specimen from patients surgically resected for pancreatic ductal 
adenocarcinoma with no evidence of disease at 12 mo and treated with adjuvant chemotherapy (CT) (n = 10) with those from patients treated with adjuvant CT with 
disease recurrence (n = 11). aP = 0.028.

Recently an association has been found in enterocytes between nuclear PrPc and Wnt 
and Hippo pathways, which are modulated by cell contacts and are de-regulated at 
high frequency in many human cancers. In this way, PrPc should be considered as an 
actor in oncogenic processes through its role in the dynamics of cell-to-cell junctions 
because its nuclear localization could lead to modulate transcriptional activity of Wnt 
and Hippo effectors, some of the pathways clearly involved in carcinogenesis[58].
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The relevance of these findings in clinical setting is supported by the evidence of a 
more aggressive behavior of PDAC depending on the amount of PrPc expression. As 
already demonstrated in our previous study[7], the expression of PrPc correlates with 
predicted patients’ prognosis based on cancer stage according to pathology results. 
These data are encouraging, since they are confirmed also in a wider group of patients. 
Moreover, by further collecting early clinical data, we were able to validate such a 
hypothesis. In fact, in the subgroup of patients with a relapse of the disease after a 
surgical R0 resection, the expression of PrPc was significantly higher compared with 
those patients without evidence of relapse.

Moreover, these data indicate a relationship between PrPc and chemo-resistance, 
since the relapse during adjuvant CT was significantly higher in patients according to 
their expression of PrPc at western blot.

This is the first project that investigates the sub-cellular nuclear compartmental-
ization of increased PrPc expression with electron microscopy in vivo in patients with 
PDAC treated with surgery. Our findings could open new research avenues: in fact, 
being PrPc markedly expressed in the nuclear compartment, studies should 
investigate whether this protein is involved in specific activation of some unknown 
nuclear pathways that can lead to a higher cancer aggressiveness and de-differen-
tiation. Similarly, the correlation of PrPc expression with a chemo-resistant phenotype 
could be used not only for prognostic purposes. For instance, patients may be 
stratified for prognosis according to PrPc expression in the resected specimen. This 
may involve also the development of novel therapeutic outcomes. In fact, specific 
therapeutic agents designed to target PrPc metabolism should be able to reduce a 
pathological cell growth and to revert chemo-resistance.

CONCLUSION
The study confirms our previous data, highlighting in vivo in patients PDAC tissue the 
role of PrPc in PDAC aggressiveness. The evidence of a peculiar nuclear compartment-
alization of this protein in the cellular nuclei of PDAC cells is in line with in vitro data 
from literature showing over-expression of PRNP gene in PDAC cells, and suggests 
the presence of some, still unknown, molecular pathways triggered by PrPc in the 
nuclear compartment. This extends the influence of PrPc beyond its role as cell-
membrane glycoprotein. Finally, PrPc expression seems to be associated with a greater 
risk of relapse after radical surgery and in shifting the cancer towards a phenotype 
with a higher chemo-resistance. These data provide a step forward in the compre-
hension of PDAC biology, confirming that PrPc is likely to represent a marker of 
disease severity and a determinant of PDAC biology. Further studies are needed to 
validate these results and to investigate the molecular mechanism of PrPc in PDAC 
pathogenesis and its potential clinical application.

ARTICLE HIGHLIGHTS
Research background
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal human cancers, 
but its molecular basis is still poorly understood. Among the several new targets for 
the comprehension of its biology, cellular Prion protein (PrPc) deserves particular 
mention, since it seems to be involved also in tumorigenesis.

Research motivation
Recent evidences have shown a relationship between PrPc expression and PDAC, with 
a possible role of this protein in the molecular basis of PDAC aggressiveness itself.

Research objectives
The present study aimed to further analyze the occurrence of PrPc within PDAC 
tissues, by investigating the specific compartmentalization of PrPc within PDAC cells, 
which is a fundamental aspect in order to provide a significant advancement in 
understanding the biology of disease. Moreover, we aimed to correlate the presence of 
PrPc with clinical data in order to find an association with patients’ prognosis.
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Research methods
Samples from pancreatic tissues of 45 patients treated with pancreatic resection PDAC 
at a single institution were collected. Immune-gold stoichiometry within specific cell 
compartments was analyzed with electron microscopy in order to elucidate the 
subcellular compartmentalization of PrPc within PDAC cells. Western blotting was 
used to detect, quantify and compare the expression of PrPc in PDAC and control 
tissues, such as those of non-affected neighboring pancreatic tissue of the same patient. 
Data from western blot analysis where also used to perform a correlation with 
prognostic data from patients’ follow-up.

Research results
Immune-electron microscopy highlighted an increased PrPc expression in PDAC 
ductal cells of all patients and allowed to detect a peculiar compartmentalization of 
PrPc within tumor cells, with a specific increase of PrPc in the nucleus. Furthermore, 
semi-quantitative analysis by using Western blotting, showed that PrPc increased 
almost three-fold in tumor pancreatic tissue compared with healthy pancreatic 
regions, with a significantly higher expression of PrPc in patients with disease 
recurrence at 12 mo after radical surgery, also in the subgroup of patients treated with 
adjuvant CT, thus revealing a possible higher chemoresistance.

Research conclusions
Our study provides evidence for a correlation between PrPc expression in PDAC and a 
worse biological behavior, with a higher recurrence rate and chemo-resistance. 
Moreover, it provides for the first-time the evidence of a peculiar subcellular compart-
mentalization of PrPc itself within PDAC cells.

Research perspectives
PrPc could be a molecular marker associated to PDAC aggressiveness and ominous 
prognosis. Its nuclear compartmentalization suggests the activation of specific, but still 
unknown, molecular pathways involved in the biology of the disease and further 
studies in this sense are necessary, since specific therapeutic agents designed to target 
PrPc metabolism should be able to reduce a pathological cell growth and to revert 
chemo-resistance.
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