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Abstract: The study of the cancer secretome is gaining even more importance in cancers such as
pancreatic ductal adenocarcinoma (PDAC), whose lack of recognizable symptoms and early detection
assays make this type of cancer highly lethal. The wild-type p53 protein, frequently mutated in
PDAC, prevents tumorigenesis by regulating a plethora of signaling pathways. The importance
of the p53 tumor suppressive activity is not only primarily involved within cells to limit tumor
cell proliferation but also in the extracellular space. Thus, loss of p53 has a profound impact on
the secretome composition of cancer cells and marks the transition to invasiveness. Here, we
demonstrate the tumor suppressive role of wild-type p53 on cancer cell secretome, showing the antiproliferative, apoptotic and chemosensitivity effects of wild-type p53 driven conditioned medium. By
using high-resolution SWATH-MS technology, we characterized the secretomes of p53-deficient and
p53-expressing PDAC cells. We found a great number of secreted proteins that have known roles
in cancer-related processes, 30 of which showed enhanced and 17 reduced secretion in response
to p53 silencing. These results are important to advance our understanding on the link between
wt-p53 and cancer microenvironment. In conclusion, this approach may detect a secreted signature
specifically driven by wild-type p53 in PDAC.
Keywords: wild-type p53; secretome; pancreatic ductal adenocarcinoma; onco-suppressor gene
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1. Introduction

Licensee MDPI, Basel, Switzerland.

Pancreatic ductal adenocarcinoma (PDAC) is one of the most invasive solid tumors
and its incidence is increasing worldwide [1,2]. The molecular complexity and the absence
of early specific symptoms, as well as the efficient methods for its early detection, ensure
that only about 20% of pancreatic cancers are detected early enough to be surgically
resectable [3]. In fact, around 50% of diagnosed PDAC patients present with metastatic
disease [3]. One of the most important proteins involved in inducing cell cycle arrest, DNA
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repair or programmed cell death is the tumor suppressor protein p53, which controls a
wide range of cellular biological processes to prevent the outgrowth of aberrant cells [4]. In
response to various cellular insults that include oxidative stress and oncogenic signaling,
p53 is activated and acts as a sequence-specific transcription factor [5,6]. P530 s potency
in suppressing abnormal clonal outgrowth is inhibited in many cancer types including
PDAC, in which p53 dysfunctions are frequent [7–9]. The most common p53 mutations are
missense mutations in the DNA-binding domain (DBD) [10]. In addition to the loss of its
function, mutant p53 proteins may exert a dominant negative effect, inhibiting the function
of wild-type p53 (WTp53) by preventing it from binding to the promoter of its target genes,
and may have gain-of-function activities, exhibiting oncogenic properties [11,12]. Several
studies highlight the contrasting roles between WT and mutant p53. Our recent studies
reveal that in contrast to the WTp53 roles, mutant p53 induces aberrant alterations in cancer
metabolism and reactive oxygen species (ROS) production, contributing to pancreas cancer
development and chemoresistance [13–15].
A growing importance is emerging to consider not only the intracellular roles of
p53 but also its extracellular impact in the regulation of the cancer microenvironment,
which is important also for the identification of targeted cancer therapies and novel serum
biomarkers. Our previous study reveals the functional effect of hot-spot p53 mutants on
cancer cell secretome which promote oncogenic roles as chemoresistance, cell migration
and epithelial-mesenchymal transition [16,17].
In the present study, we investigate the role of WTp53-driven secretome of PDAC
cells, demonstrating the functional tumor suppressive effect of WTp53 on cancer cell secretome. Furthermore, we characterize the secretomes of p53-deficient and p53-expressing
Paca3 human PDAC cells by using high-resolution Sequential Window Acquisition of all
Theoretical Mass Spectra (SWATH-MS) technology. We identify 30 hypersecreted proteins
and 17 proteins with reduced secretion in response to p53 silencing. These results highlight
the tumor suppressor effect of WTp53 on the pancreatic cancer microenvironment and
suggest a WTp53-dependent PDAC secretome, providing the basis for the identification of
secreted protein biomarkers specifically driven by WTp53 in PDAC.
2. Materials and Methods
2.1. Drug
Gemcitabine (20 ,20 -difluoro-20 -deoxycytidine; GEM) was provided by Accord Healthcare (Milan, Italy) and solubilized in sterile bidistilled water.
2.2. Cell Cultures
Pancreatic adenocarcinoma AsPC-1 (p53-null), PaCa3 (WTp53), Hs 776T (WTp53), and
normal human pancreatic duct epithelial (HPDE1) (WTp53) cells were grown in RPMI 1640
(Life Technologies, Milan, Italy). Culture media were supplemented with 10% FBS, and
50 µg/mL gentamicin sulfate (BioWhittaker, Lonza, Bergamo, Italy). PaCa3, Hs 776T and
HPDE1 cells were kindly provided by Dr. Aldo Scarpa (University of Verona, Italy) and
AsPC-1 was purchased by ATCC (Manassas, VA, USA). The adherent cells were incubated
at 37 ◦ C with 5% CO2 .
2.3. Transient Transfection Assay
AsPC-1 and PaCa3 cells were seeded in 96-well or in 6-well plates. Wild-type ectopic
expression in AsPC-1 p53-null cancer cells was obtained by transfecting pCMV-wildtype p53 expression vectors or its relative negative control. WTp53 protein expression in
PaCa3 cells was transiently knocked-down by transfection with commercial siRNA smart
pool of three oligonucleotides (sip53) transiently targeting p53 (Santa Cruz Biotech, Dallas,
TX, USA; sc-29435). Transfections were carried out using Lipofectamine 3000 (Thermo
Fisher Scientific, Milan, Italy) for 48 h, according to the manufacturer’s instructions.
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2.4. Cell Proliferation Assay
PDAC cells were seeded on 96-well plates (9 × 103 cells/well). Forty-eight hours later,
cell growth was measured by Crystal Violet assay (Sigma, Milan, Italy) according to the
manufacturer’s protocol, and the absorbance was measured by spectrophotometric analysis
(A595 nm).
2.5. Apoptosis Assay
The cells were seeded on 96-well plates. Forty-eight hours later, cells were fixed with
2% paraformaldehyde in PBS for 10 min at room temperature, washed with PBS, and
then stained with annexinV/FITC (Bender MedSystem, Milan, Italy) in binding buffer
(10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, and 2.5 mM CaCl2 ) for 10 min in the dark.
The fluorescence was measured using a multimode plate reader (Ex485 nm and Em535 nm)
(GENios Pro, Tecan, Milan, Italy). The values were normalized on cell proliferation by
Crystal Violet assay.
2.6. Autophagosome Formation Assay
The cells were stained with the fluorescent probe monodansylcadaverine (MDC; Sigma,
Milan, Italy) to quantify the induction of autophagy. Briefly, cells were seeded on 96-well
plates and, 48 h later, cells were incubated in culture medium containing 50 µM MDC
at 37 ◦ C for 15 min. Cells were then washed with Hanks buffer (20 mM Hepes pH 7.2,
10 mM glucose, 118 mM NaCl, 4.6 mM KCl, and 1 mM CaCl2 ) and fluorescence was
measured using a multimode plate reader (Ex340 nm and Em535 nm) (GENios Pro, Tecan,
Milan, Italy). The values were normalized on cell proliferation by Crystal Violet assay.
2.7. Wound-Closure Cell Migration Assay
AsPC-1 cells were seeded in six-well plate (9 × 105 cells/well). A scratch was made
across the center of the AsPC1 p53-null monolayer cells. The cells were incubated with
conditioned medium (CM) released by transfected AsPC-1 cells for 48 h. Cell migration
was observed in time-lapse (EVOS). The images were captured every 2 h for 48 h and were
further analyzed quantitatively using NIH ImageJ computing software (http://rsb.info.nih.
gov/nih-image/ accessed on 10 February 2022 ). Migration ability as relative migration
distance (RMD) was evaluated using the following formula: RMD (%) = 100 (A − B)/A,
with A and B representing the width of cell scratches at time 0 and after 48 h of incubation,
respectively.
2.8. Immunoblot Analysis
The cells were harvested, washed in PBS, and solubilized in lysis buffer in the presence
of phosphatase and protease inhibitors (50 mM Tris–HCl pH 8, 150 mM NaCl, 1% Igepal
CA-630, 0.5% Na-Doc, 0.1% SDS, 1 mM Na3 VO4 , 1 mM NaF, 2.5 mM EDTA, 1 mM PMSF,
and 1× protease inhibitor cocktail). After incubation on ice for 30 min, the lysates were
centrifuged at 14,000× g for 10 min at 4 ◦ C and the supernatant fractions were used
for Western blot analysis. The protein extracts (30 µg/lane) were resolved on a 12%
SDS-polyacrylamide gel and electro-blotted onto PVDF membranes (Millipore, Milan,
Italy). The membranes were blocked in 5% low-fat milk in TBST (50 mM Tris pH 7.5,
0.9% NaCl, 0.1% Tween 20) for 1 h at room temperature and probed overnight at 4 ◦ C
with a mouse polyclonal anti-p53 (1:2000) (Santa Cruz, #sc-263), rabbit monoclonal antiglyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:1000) (Cell Signaling, #5174S),
rabbit monoclonal anti-β-Actin (1:1000, 13E5, #5125, Cell Signaling) antibodies. Horseradish
peroxidase conjugated anti-mouse or anti-rabbit IgGs (1:8000 in blocking solution) (Upstate
Biotechnology, Milan, Italy) were used as secondary antibodies. Immunodetection was
carried out using chemiluminescent substrates (Amersham Pharmacia Biotech, Milan, Italy)
and recorded using a HyperfilmECL (Amersham Pharmacia Biotech, Milan, Italy). The
ECL (Enhanced ChemiLuminescence) results were scanned and the amount of each protein
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band was quantified using NIH Image J software (Version 1.53f51, National Institutes of
Health (NIH), Bethesda, MA, USA).
2.9. Protein Extraction from Conditioned Medium (CM)
The day after transient transfection, PaCa3 cells were washed six times in PBS and
then incubated in serum-free RPMI for 22 h. Cell viability, as determined with 0.4% trypan
blue solution (Thermo Fischer Scientific, Milan, Italy ), was higher than 95%. The media
containing secreted proteins were collected by centrifugation at 1000× g for 10 min to
pellet floating cells and were defined as conditioned media (CM). After the addition of
1× protease inhibitor cocktail (Roche, Basel, Switzerland ), CM were centrifuged again at
17,000× g for 20 min at 4 ◦ C to pellet the remaining cell debris. The proteins in the CM
were precipitated overnight at −20 ◦ C with 4 volumes of ice-cold acetone. The pellets were
then collected by centrifugation at 17,000× g for 20 min at 4 ◦ C and then resuspended in
100 mM ammonium bicarbonate (NH4 HCO3 ). The protein concentration was determined
using BCA protein assay (Sigma, Milan, Italy ).
2.10. Proteomic Analysis
Comparative secretome analysis between wild-type and knock-down p53 PaCa3 cells
was performed by analyzing three biological replicates, as previously reported [16]. Briefly,
proteins were reduced with dithiothreitol (200 mM DTT stock solution) (Sigma) at 90 ◦ C for
20 min, alkylated with 10 µL of Cysteine Blocking Reagent (Iodoacetamide, IAM, 200 mM;
Sigma) for 1 h at room temperature in the dark and digested with trypsin (Promega, Sequence Grade) overnight at 37 ◦ C. Trypsin activity was stopped by adding 2 µL of neat
formic acid and the digests were dried by Speed Vacuum [18]. The digested proteins
were analyzed on a micro-LC Eksigent Technologies (Dublin, OH, USA) interfaced to a
5600+ TripleTOF mass spectrometer system (AB Sciex, Concord, ON, Canada) as previously
described. For identification purposes, the samples were subjected to data dependent
analysis (DDA) while the quantification was performed using a cyclic data independent
analysis (DIA) [19]. The MS data were acquired with Analyst TF 1.7 (AB SCIEX, Concord,
ON, Canada). Two DDA and three DIA acquisitions were performed. The DDA files
were searched using Protein Pilot software v. 4.2 (AB SCIEX, Concord, ON, Canada) and
Mascot v. 2.4 (Matrix Science Inc., Boston, MA, USA). Trypsin as digestion enzyme was
specified for both the software. For Mascot we used two missed cleavages, the instrument
was set to ESI-QUAD-TOF, and the following modifications were specified for the search:
carbamidomethyl of cysteines as fixed modification and oxidized methionine as variable
modification. A search tolerance of 0.08 Da was specified for the peptide mass tolerance,
and 10 ppm for the MS/MS tolerance. The charges of the peptides to search for were set to
2 +, 3 +, and 4 +, and the search was set on monoisotopic mass. The UniProt Swiss-Prot reviewed database containing human proteins (version 2015.07.07, containing 42131 sequence
entries) was used and a target-decoy database search was performed. False Discovery
Rate was fixed at 1% [20]. The label-free quantification was performed using Skyline 3.1,
an open-source software project (http://proteome.gs.washington.edu/software/skyline
accessed on 10 February 2022 ) [21]. For statistical analysis of quantitative differences of proteins and peptides between samples, MSstats (v.2.0), an open-source R-based package [22]
was used.
2.11. Bioinformatics Evaluation of Proteomics Data
Bioinformatic analysis was used to extract biological information. The hyper- and
hyposecreted proteins were analyzed using the STRING database (v.11.0) (http://stringdb.org accessed on 10 February 2022), to predict protein-protein interactions [23]. Whilst
pathways enrichment and upstream regulators analyses were performed by using the
Ingenuity Pathways Analysis (IPA) software (Qiagen, Redwood City, CA, USA).
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2.12. Statistical Analysis
ANOVA analysis was performed by GraphPad Prism 5 software (GraphPad Software,
San Diego, CA, USA). p value < 0.05 was indicated as being statistically significant. Values
are the means of three independent experiments (±SD).
3. Results
3.1. Cancer Cell Secretome of Wild-Type P53 PDAC Cells Exhibits Suppressor Roles
We previously published that gain-of-function mutant p53 isoforms exert their hyperproliferative effects on cancer cells also through the alteration of their secretome [16]. Here,
we aimed to study whether WTp53 may exhibit suppressor roles through its influence on the
secretome of PDAC cells, in accordance with the tumor suppressor role of WTp53. By using
the previously published approach [16], we induced the exogenous expression of WTp53 in
p53-null AsPC-1 PDAC cells by using liposome-mediated transient transfection assay. In
WTp53 PaCa3 cells, the endogenous p53 protein expression was transiently knocked down
by transfection with siRNA. Forty-eight hours later, we checked the effective overexpression
of p53 in AsPC-1 or knocking-down of WTp53 in PaCa3 cells by Western blotting and
functionally analyzed their effect on cell growth induced by the presence or lack of wildtype p53, compared with their respective control (Figure 1A). Subsequently, AsPC-1 or
PaCa3 transfected cells were washed in PBS and then incubated in fresh culture medium
for further 22 h to accumulate secreted proteins. The conditioned medium (CM) released by
transfected AsPC-1 or PaCa3 cells was transferred to untransfected p53-null AsPC-1 cells,
which were thus cultivated for 48 h with the secretome driven by the presence or absence
of wild-type p53. This allowed us to study the functional effects of the secretome driven by
wild-type p53 overexpression or by p53 knock-down, each one compared by their respective
control. In accordance with the tumor suppressor role of wild-type p53, Figure 1B,C
show that p53-driven secretome is able to inhibit cell growth and promote apoptosis in
AsPC-1 cells, as compared to its negative mock control. On the contrary, the conditioned
medium of PaCa3 with silenced p53, is able to promote hyper-proliferative effects and
to inhibit cell death of AsPC-1 cells, as compared to its negative control. The absence
of extracellular p53 in WTp53-driven CM of AsPC-1 was previously proved by Western
blotting [16] and then further confirmed by mass spectrometry analysis in both AsPC-1 and
PaCa3 cells. Furthermore, since p53 is able to transactivate autophagy-related genes and
to induce autophagy flux [24,25], we wondered whether even the conditioned medium
driven by p53 can sustain autophagy. Figure 1D shows that WTp53-driven secretome
promotes autophagic vesicles. Specifically, the conditioned medium released by transfected
AsPC-1 expressing WTp53 is able to promote autophagosome formation in untransfected
AsPC-1 cells. Altogether, these data provide evidence that WTp53 influences the secretion
of proteins or other molecules that can functionally contribute to the regulation of cell
growth and cell death-related phenomena, such as apoptosis and autophagy responses.
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cultivated with CM derived by siCtrl-PaCa3 (Figure 2). Remarkably, GEM sensitivity
of AsPC-1 cells was counteracted when cultivated in CM derived by sip53-PaCa3 cells
(Figure 2), indicating a role for p53-driven secretome in the response to GEM. These data
functionally demonstrate that wild-type p53 can exert its oncosuppressor role in PDAC cells
through the regulation of its secretome, in line with the tumor suppressor role of p53 [27,28].
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3.4. Identification of Secreted Proteins from Wild-Type P53-Driven Secretome

After the investigation of the functional involvement of WTp53-driven secretome in
the inhibition of PDAC cell growth and chemosensitivity to GEM, we aimed to identify
the secreted proteins by WTp53 in PDAC cells. Thus, we compared the protein
composition of the CM released by PaCa3 cells expressing WTp53 as compared to that of
PaCa3 cells after p53 knock-down. To avoid protein cross-contamination by serum, cells
were washed to remove DNA–liposome complexes and cultured for further 22 h to
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3.4. Identification of Secreted Proteins from Wild-Type P53-Driven Secretome
After the investigation of the functional involvement of WTp53-driven secretome in
the inhibition of PDAC cell growth and chemosensitivity to GEM, we aimed to identify the
secreted proteins by WTp53 in PDAC cells. Thus, we compared the protein composition of
the CM released by PaCa3 cells expressing WTp53 as compared to that of PaCa3 cells after
p53 knock-down. To avoid protein cross-contamination by serum, cells were washed to
remove DNA–liposome complexes and cultured for further 22 h to accumulate secreted
proteins in serum-free culture medium. This serum-free culture period was previously
identified as the maximum time period without delay of cell growth or signals of cell
death, thus avoiding indiscriminate cellular lysis [16]. A peptide liquid chromatography
separation followed by mass spectrometry analysis and database search with Protein Pilot
and Mascot was then performed. SWATH-MS analyses were performed in triplicates for
each analyzed sample, and they were imported in the Skyline software to perform the labelfree quantification and the identification of hyper- and hyposecreted proteins. We identified
and quantified 210 secreted proteins in both p53 knock-down and WT PaCa3 cells. Among
them, the quantitative proteomic analysis reported the modulation (fold change > 1.3 and
p-value < 0.05) of 47 secreted proteins, of which 30 were hyper secreted in p53 knockdown PaCa3 cells and 17 were hyposecreted (Table 1) compared to WTp53. Among the
most hypersecreted proteins after p53-knock-down in PaCa3 cells there are GTP-binding
protein Di-Ras2 (FC = 36.4), BCL-6 corepressor-like protein 1 (FC = 24.3), centrosomal
protein of 78 kDa (FC = 23.7), glial fibrillary acidic protein (FC = 5.5), importin-5 (FC = 4.7),
transferrin receptor protein 1 (FC = 3.8), isocitrate dehydrogenase (FC = 3.0), ATP-citrate
synthase (FC = 2.9) and cathepsin B (FC = 2.6). On the other hand, p53 silencing caused
a particular decrease in farnesyl pyrophosphate synthase (FC = 0.3), protein S100-A4
(FC = 0.3), transgelin-2 (FC = 0.3), tubulin beta-3 chain (FC = 0.3) and putative heat shock
protein HSP 90-alpha A4 (FC = 0.3) in PaCa3 secretome.
Table 1. Forty-seven modulated proteins in PDAC secretome of knock-down p53 Paca3 cells, as
compared to wild-type p53 cells identified by SWATH-MS technology (p < 0.05). Fold change (FC)
represents the ratio between CM protein abundance of p53 knock-down (KD) and p53 wild-type
PaCa3 cells.
Uniprot ID

Uniprot
Accession Name

Protein Name

Gene Name

FC (KD/wt p53)

p-Value

O00410

IPO5_HUMAN

Importin-5

IPO5

4.7

4.31 × 10−4

O75874

IDHC_HUMAN

Isocitrate dehydrogenase

IDH1

3.0

3.56 × 10−4

P01008

ANT3_HUMAN

Antithrombin-III

SERPINC1

1.6

2.66 × 10−4

P02786

TFR1_HUMAN

Transferrin receptor protein 1

TFRC

3.8

8.59 × 10−4

P04792

HSPB1_HUMAN

Heat shock protein beta-1

HSPB1

1.8

1.72 × 10−2

P04908

H2A1_HUMAN

Histone H2A type 1-B/E

HIST1

2.1

2.39 × 10−3

P07478

TRY2_HUMAN

Trypsin-2

PRSS2

1.3

4.27 × 10−2

P07858

CATB_HUMAN

Cathepsin B

CTSB

2.6

3.33 × 10−3

P14136

K2C8_HUMAN

Glial fibrillary acidic protein

GFAP

5.5

1.49 × 10−2

P14555

PA2GA_HUMAN

Phospholipase A2

PLA2G2A

2.4

1.86 × 10−4

P19338

NUCL_HUMAN

Nucleolin

NCL

1.4

9.66 × 10−4

P22692

IBP4_HUMAN

Insulin-like growth factor-binding
protein 4

IGFBP4

1.9

9.48 × 10−3
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Table 1. Cont.
Uniprot ID

Uniprot
Accession Name

Protein Name

Gene Name

FC (KD/wt p53)

p-Value

P25398

RS12_HUMAN

40S ribosomal protein S12

RPS12

1.6

2.92 × 10−2

P37837

TALDO_HUMAN

Transaldolase

TALDO1

1.4

4.35 × 10−3

P40925

MDHC_HUMAN

Malate dehydrogenase

MDH1

1.8

9.26 × 10−3

P53396

ACLY_HUMAN

ATP-citrate synthase

ACLY

2.9

6.18 × 10−4

P54652

HSP7C_HUMAN

Heat shock-related 70 kDa protein 2

HSPA2

1.7

6.79 × 10−3

P62158

CALM_HUMAN

Calmodulin

CALM1

1.5

1.31 × 10−2

P80188

NGAL_HUMAN

Neutrophil gelatinase-associated
lipocalin

LCN2

2.0

7.20 × 10−5

Q01105

SET_HUMAN

Protein SET

SET

1.6

1.55 × 10−2

Q04828

AK1C1_HUMAN

Aldo-keto reductase family
1 member C1

AKR1C1

1.5

8.20 × 10−3

Q15582

BGH3_HUMAN

Transforming growth
factor-beta-induced protein ig-h3

TGFBI

1.4

5.93 × 10−3

Q32P51

RA1L2_HUMAN

Heterogeneous nuclear
ribonucleoprotein A1-like 2

HNRNPA1L2

1.3

7.76 × 10−3

Q5H9F3

BCORL_HUMAN

BCL-6 corepressor-like protein 1

BCORL1

24.3

5.74 × 10−5

Q6UWE0

LRSM1_HUMAN

E3 ubiquitin-protein ligase LRSAM1

LRSAM1

2.2

6.48 × 10−3

Q86TI0

TBCD1_HUMAN

TBC1 domain family member 1

TBC1D1

2.5

8.13 × 10−5

Q92598

HS105_HUMAN

Heat shock protein 105 kDa

HSPH1

1.9

1.65 × 10−2

Q96HU8

DIRA2_HUMAN

GTP-binding protein Di-Ras2

DIRAS2

36.4

4.02 × 10−4

Q96QV6

H2A1A_HUMAN

Histone H2A type 1-A

HIST1H2AA

1.3

1.29 × 10−3

A8MST6

CEP78_HUMAN

Centrosomal protein of 78 kDa

CEP78

23.7

2.99 × 10−3

B2RPK0

HGB1A_HUMAN

Putative high mobility group protein
B1-like 1

HMGB1P1

0.6

8.43 × 10−3

O14556

G3P_HUMAN

Glyceraldehyde-3-phosphate
dehydrogenase

GAPDHS

0.5

2.66 × 10−2

P01034

CYTC_HUMAN

Cystatin-C

CST3

0.6

4.58 × 10−3

P02538

K2C6B_HUMAN

Keratin, type II cytoskeletal 6A

KRT6A

0.5

1.53 × 10−3

P02768

ALBU_HUMAN

Serum albumin

ALB

0.6

4.06 × 10−4

P07737

PROF1_HUMAN

Profilin-1

PFN1

0.5

9.28 × 10−6

P08238

HS90B_HUMAN

Heat shock protein HSP 90-beta

HSP90AB1

0.6

1.14 × 10−2

P14324

FPPS_HUMAN

Farnesyl pyrophosphate synthase

FDPS

0.3

9.93 × 10−4

P23284

PPIB_HUMAN

Peptidyl-prolyl cis-trans isomerase B

PPIB

0.7

1.40 × 10−2

P26447

S10A4_HUMAN

Protein S100-A4

S100A4

0.3

1.72 × 10−4

P37802

TAGL2_HUMAN

Transgelin-2

TAGLN2

0.3

2.18 × 10−3

P60709

ACTB_HUMAN

Actin, cytoplasmic 1

ACTB

0.6

5.29 × 10−5

Q04760

LGUL_HUMAN

Lactoylglutathione lyase

GLO1

0.5

5.79 × 10−4

Q13885

TBB5_HUMAN

Tubulin beta-3 chain

TUBB3

0.3

2.70 × 10−3
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Table 1. Cont.
Uniprot ID

Uniprot
Accession Name

Protein Name

Gene Name

FC (KD/wt p53)

p-Value

Q58FG1

HS90A_HUMAN

Putative heat shock protein HSP
90-alpha A4

HSP90AA4P

0.3

2.16 × 10−3

Q92688

AN32B_HUMAN

Acidic leucine-rich nuclear
phosphoprotein 32 family member B

ANP32B

0.4

5.73 × 10−3

Q9Y536

PPIA_HUMAN

Peptidyl-prolyl cis-trans isomerase
A-like 4A

PPIAL4A

0.4

3.52 × 10−3

Interestingly, these secreted protein from p53 knock-down and WTp53 PaCa3 cells
were further compared with the secreted proteins of AsPC-1 cells GOF R175H and R273H
mutp53 isoforms and their respective controls that we previously identified using the same
method [16]. We identified several secreted proteins in common between CM-PaCa3 wildp53 and CM-AsPC-1 GOF R175H and R273H. Specifically, the secreted heat shock protein
beta-1 inhibited by WTp53 was hypersecreted by R175H-mutp53 AsPC-1 [16]; Cathepsin B
and Transforming growth factor-beta-induced protein ig-h3 hyposecreted by WTp53 were
hypersecreted in AsPc-1 cells GOF R273H; the heat shock protein HSP90-beta hypersecreted
in WTp53was hyposecreted in AsPC-1 cells GOF R273H [16].
In order to validate some differentially secreted proteins we performed Western bot
analysis extending the evaluation also to other PDAC cell lines and to normal human
pancreatic duct epithelial (HPDE1) as control (Figure 4). The results obtained confirm that
p53 is able to determine hypersecretion of GAPDH and beta-actin proteins, as revealed
in p53-null AsPC-1 cells in which p53 was overexpressed. On the other side, p53 knockdown reduced GAPDH and beta-actin secretion in Hs 766T and PaCa3 PDAC cell lines.
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11 of 22
It is noteworthy that p53 silencing in HPDE1 did not determine any significant change
in
protein secretion, suggesting that the deep modulation of protein secretome in PDAC cells
by p53 may be a cancer-associated phenomenon.

Figure 4. Immunoblot validation of p53-dependent hyposecreted proteins. p53-null AsPC-1 cells
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3.5. Dysregulated Pathways, Protein Interaction Networks and Upstream Regulators Related to
Wtp53-Driven Secreted Proteins
We analyzed modulated proteins by bioinformatics tools to obtain a global overview
of the interaction network by which WTp53 can control tumor development through
secreted proteins in PDAC. Ingenuity Pathway Analysis (IPA) was employed to identify
the main pathways and biological processes associated with the oncosuppressor role of
p53. The canonical pathways linked to the silencing of p53 are mainly related to
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3.5. Dysregulated Pathways, Protein Interaction Networks and Upstream Regulators Related to
Wtp53-Driven Secreted Proteins
We analyzed modulated proteins by bioinformatics tools to obtain a global overview of
the interaction network by which WTp53 can control tumor development through secreted
proteins in PDAC. Ingenuity Pathway Analysis (IPA) was employed to identify the main
pathways and biological processes associated with the oncosuppressor role of p53. The
canonical pathways linked to the silencing of p53 are mainly related to aldosterone signaling, gluconeogenesis, protein ubiquitination, ferroptosis signaling, acetyl-CoA biosynthesis,
glucocorticoid receptor signaling, clathrin-mediated endocytosis, SPINK1 pancreatic cancer pathway, methylglyoxal degradation and remodeling of epithelial adherens junctions
(Figure
5A). The analysis of the molecular and cellular functions revealed an involvement
Biomolecules 2022, 11, x FOR PEER REVIEW
12 of 22 of
proteins associated with cell death and survival, protein synthesis and cellular movement
functions (Figure 5B).
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(ACTB, TAGLN2, S100A4, PFN1, FDPS) after the p53 knock-down in PaCa3 cells.
Moreover, the upstream regulators MYC and MTOR were predicted as activated (z-score
of 2.157 and 2.984, respectively) with a p-value of 2.75−7 and 1.17−6, respectively. Instead,
the upstream regulator IPMK was predicted as inhibited (z-score of −2.00) with a p-value
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creted (ACTB, TAGLN2, S100A4, PFN1, FDPS) after the p53 knock-down in PaCa3 cells.
Moreover, the upstream regulators MYC and MTOR were predicted as activated (z-score of
2.157 and 2.984, respectively) with a p-value of 2.75−7 and 1.17−6 , respectively. Instead, the
upstream regulator IPMK was predicted as inhibited (z-score of −2.00) with a p-value
of
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9.87− 8 . MYC and MTOR are well-known oncogenes usually activated in cancer, whereas
IPMK can act as a co-activator of TP53 [29,30].
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Figure 7. STRING analysis. Protein–protein interactions among modulated proteins. p53 was
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lighted the involvement of proteins associated with leukocytes movement (HSPB1, PPIB,
highlighted the involvement of proteins associated with leukocytes movement (HSPB1,
ACTB, HS90B, ALB and S10A4), carcinoma (CATB, ALB, CYTC and SAA4) and advanced
PPIB, ACTB, HS90B, ALB and S10A4), carcinoma (CATB, ALB, CYTC and SAA4) and
malignant tumor (CATB, BGH3, ACTB, CYTC and SAA4) disease classes (Table 2).
advanced malignant tumor (CATB, BGH3, ACTB, CYTC and SAA4) disease classes (Table
2).
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Table 2. Diseases and functions analysis. Leukocytes movement, carcinoma and advanced malignant
tumor resulted the most significant diseases and functions classes associated with modulated proteins.
The proteins with their function and regulation after p53 knock-down are reported in the table.
Diseases and Functions
Leukocytes movement
Protein

Regulation

Function

HSPB1

Up-regulated

Decrease movement of leucocytes

PPIB

Down-regulated

Increase movement of leucocytes

ACTB

Down-regulated

Increase movement of leucocytes

HS90B

Down-regulated

Increase movement of leucocytes

ALB

Down-regulated

Increase movement of leucocytes

S10A4

Down-regulated

Increase movement of leucocytes

Carcinoma
Protein

Regulation

Function

CATB

Up-regulated

Increase carcinoma

ALB

Down-regulated

Decrease carcinoma

CYTC

Down-regulated

Decrease carcinoma

SAA4

Down-regulated

Decrease carcinoma

Advanced malignant tumour
Protein

Regulation

Function

CATB

Up-regulated

Increase advanced malignant tumour

BGH3

Up-regulated

Increase advanced malignant tumour

ACTB

Down-regulated

Decrease advanced malignant tumour

CYTC

Down-regulated

Decrease advanced malignant tumour

SAA4

Down-regulated

Increase advanced malignant tumour

4. Discussion and Conclusions
The p53 tumor suppressor protein is a key controller of tumor development. Intrinsic
and extrinsic stress signals are transferred to the p53 protein by post-translational modifications promoting p53 protein activation [31,32]. The activated p53 acts as a transcription
factor triggering several biological phenomena, including cell cycle arrest, cellular senescence or apoptosis. The p53-responsive gene transcriptional network results in proteins
that interact with a large number of other signal transduction pathways in the cell, and
a number of self-regulatory feedback loops act on the p53 response [32]. In addition to
the well-known canonical pathways of p53, it also induces non-canonical pathways [33].
Indeed, the importance of p53 target gene spectrum is also reflected in the tumor microenvironment through the regulation of numerous genes encoding for secreted proteins that
trigger changes outside of the tumor cell [34,35]. Upon various cancer therapy agents, the
hepatic-activated p53 induces the secretion of proteins involved in hemostasis, immune
response and cell adhesion [35]. Furthermore, p53 loss activates pro-tumorigenic secretory
pathway and Golgi reprogramming is a driver of hypersecretion in cancer [36–38]. Thus,
a loss of p53 has a profound impact on the secretome composition of cancer cells and
marks the transition to invasiveness. Here, we discovered the functional tumor suppressor role of wild-type p53 driven secretome, which is able to counteract cell growth and
chemoresistance and promote cell death-related mechanisms in pancreatic adenocarcinoma
cells, in accordance with the tumor suppressor role of p53 protein. Thus, by using highresolution SWATH-MS technology, we characterized the secretomes of p53-deficient and
p53-expressing PaCa3 PDAC cells. We identified 30 hypersecreted proteins and 17 hypose-
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creted proteins in response to p53 silencing in PDAC. The bioinformatic analysis allowed
the identification of the main canonical pathways associated with the silencing of p53.
Aldosterone signaling in epithelial cells, which is related in our data to the modulation of
the chaperones proteins heat shock protein beta-1, heat shock-related 70 kDa protein 2, heat
shock protein 105 kDa and heat shock protein HSP 90-beta, resulted in the most significant
modulated pathway. Aldosterone exhibits direct effect on the epithelial cells and it is able
to activate inflammation via p38MAPK and NF-kB [39]: for this reason, an involvement of
this pathway in the cancerous secretome can be linked to the intense inflammation typical
of tumor microenvironment. Despite mineralocorticoids as aldosterone, glucocorticoids are
also involved in the pathways underlined by bioinformatic analysis: indeed, the modulated
proteins actin 1, heat shock protein HSP 90-beta, heat shock-related 70 kDa protein 2,
KRT6A and PLA2G2A were involved in the glucocorticoid receptor signaling. It is reported
that in human pancreatic carcinoma there is a strong expression of these receptors: their
carcinogenic effect is probably related to their capability of binding the oncogenes c-Myc,
c-Jun and NF-kB [40]. An important role of the cellular metabolism emerged from our data:
proteins related to gluconeogenesis (GAPDH5 and MDH1) and acetyl-CoA biosynthesis
(ACLY) provoked modulation in the secretome. Gluconeogenesis is essential for cancer
growth because it supplies the nutrients necessary for the continuous proliferation of the
cancer cells through amino acids and lactate [41]. In addition, to support the constant
need of nutrients by the cancer cells, the acetyl-CoA synthesis and the synthesis of fatty
acids are crucial. Moreover, it has been described that fatty acids are able to avoid apoptosis in cancer cells [42]. Another interesting pathway that has emerged is the protein
ubiquitination pathway, which comprises the chaperones HSP90AB1, HSPA2, HSPB1 and
HSPH1: it is well-known that oncogenic/oncosuppressor proteins are also modulated
by the ubiquitin-proteasome system, whose main actors are chaperone proteins [43]. The
pathways enrichment analysis highlighted the implication of secreted proteins in metastasis
formation. Clathrin-mediated endocytosis signaling involves the regulated proteins ACTB,
ALB and TRFC: this kind of endocytosis is related to the traffic of cell-secreted vesicles,
exosomes and to the communication between neighboring cells, which are key events in
cancer, especially for the spread of metastasis [44]. ACTB and TUBB2A participate in the
remodeling of epithelial adherens junctions, which is another pathway with a role in the
metastasis formation and in the epithelial to mesenchymal transition: in fact, the adherens
junctions are essential for the maintenance of the shape, polarity and functionality of the
epithelial cell, through the E-cadherin–catenin complex. The loss of these junctions is a
crucial step for the epithelial to mesenchymal transition, which leads to the diffusion of
metastases [45].
Proteins associated with cell death and survival were also identified through the
molecular and cellular functions analysis. It is extremely clear that impairment in the apoptosis pathways and immortalization of cells are events at the basis of cancerogenesis [46].
Another perturbed function was the protein synthesis, which is usually widely perturbed
in malignancies, leading to an impaired differentiation of the cell and to a failed synthesis
of important proteins [47]. In addition, an altered cellular movement is crucial for the
onset of cancer: the malignant cells can migrate in tissue, following the degradation of the
extracellular matrix, setting the stage for metastasis formation [48].
Among modulated proteins, we identified an upregulation of BCORL (BCL-6 corepressorlike protein 1) protein. In literature it is reported that BCORL has an oncogenic role. More
precisely, BCORL is a corepressor of the BCL6 repressor protein, so it acts together with
BCL6 in its transcriptional repressive activity which leads to the block of apoptosis [49,50].
Moreover, Pagan et al. reported that BCORL can repress E-cadherin thanks to an interaction
with CtBP, which transcriptionally regulates the expression of E-cadherin [50]. It has been
widely described that the loss of E-cadherin, which is a protein responsible of the epithelial
adhesion, is the key event for the loss of cell–cell adhesion that is one of the crucial steps
for the dissemination of metastasis [51]. We can then speculate that the silencing of p53 or
its impairment can cause an overexpression of BCORL, suggesting that its secretion is
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repressed in the presence of WTp53. This mechanism seems to be really intriguing: in
fact, the transcription repressor BCORL might be transmitted from a cancerous cell to
another, after its secretion in the extracellular microenvironment, contributing to create a
pro-metastatic secretome.
Furthermore, ingenuity pathway analysis reported that p53 is an upstream regulator
for 19 of the 47 modulated proteins. For all the eight proteins inhibited by p53 and thus
hypersecreted in the p53-silenced secretome, an oncogenic role has emerged from literature.
ACLY (ATP-citrate synthase) is an enzyme which takes part in the conversion of glucose
into lipid species, which are used by the cancer cells to create new lipid membranes to
accelerate the proliferation, as already reported in pancreatic cancer [52]. In PDAC cells,
lipid species are also important for the synthesis of signaling molecules and to provide
molecules for protein post-translational modifications [53]. ACLY, together with the other
two hypersecreted proteins MDHC and IDHC, is also involved in cell metabolism, and in
particular in the TCA cycle, which is used by the cell to produce energy and to synthesize
macromolecules. It has been recently observed that TCA cycle is up-regulated in cancer
cells that show a deregulation of tumour suppressor and oncogenes [54]. Despite the cell
metabolism, there are other molecular functions that leads to proliferation-inducing effect,
and which are carried out by secreted proteins caused by the inhibition of p53. As an example, TFR1 (Transferrin receptor protein 1) has been already associated with cell proliferation
in PDAC. Indeed, a huge quantity of TFR1 improves oxidative phosphorylation, that leads
to the generation of ROS, which are crucial for pancreatic adenocarcinoma growth [55]. In
addition, it has been reported that TFR1 is usually overexpressed in pancreatic cancer: in
fact, it is considered a marker of malignant transformation [56]. Another hypersecreted protein involved in proliferation is NGAL (Neutrophil gelatinase-associated lipocalin), highly
up-regulated in pancreatic cancer cells [57] and identified in the secretome of thyroid neoplastic cells as a factor implicated in the survival [58]. In addition, the hypersecreted IBP4
(Insulin-like growth factor-binding protein 4) has a role in cell proliferation and tumour
growth, and its over-secretion has been already reported by pancreatic cancer cells [59].
HSPH1 (heat shock protein 105 kDa), another hypersecreted protein after p53 knock-down,
was found over-secreted in pancreatic cancer. This protein is involved in protein folding, cellular process usually perturbed in cancer [59]. The hypersecreted proteins CATB,
TALDO1 and BGH3 are involved in another key feature of the cancer aggressiveness: the
process of metastasis and invasion. CATB (Cathepsin B) is a protein belonging to the
Hedgehog pathway and an intense signaling of this protein has been associated with an
increase in the invasive properties of the pancreatic tumor [60]. It is amply reported that
cathepsin is usually secreted by cells of the cancerous microenvironment and it has a role
in the formation of metastasis [60]. Moreover, TALDO1 overexpression is associated with
an increased tumor size and presence of metastases in several cancers [61]. However, its
molecular mode of action in this context is not fully understood. Since in Bifidobacterium
it is involved in cell aggregation and mucin adhesion in the extracellular compartment,
Brandi et al. have speculated that in pancreatic cancer cells secretome, TALDO1 enhances
invasiveness and metastasis acting on mucins [62]. Finally, BGH3 (Transforming growth
factor-beta-induced protein ig-h3) has been found up-regulated in many cancers, including
pancreatic cancer, and there is evidence of its role in metastasis formation in colorectal and
liver cancers. Moreover, the secretion of BGH3 by pancreas cancerous cells can induce
proliferation of the stellate cells of pancreas [62]. Ingenuity pathway analysis reported
that p53 is also an upstream regulator that down-regulates a panel of secreted proteins.
Concerning these proteins, a dual role has emerged for most of them, both antitumorigenic
and tumorigenic. TAGLN2 (Transgelin 2) is essential for the host defense against cancer
and infections, and it is secreted by activated macrophages. It binds to actin, modulating
the activation of T-cells by the actin-mediated stabilization of T-cell cytoskeleton, immunological synapsis and B-cell–T-cell conjugates [62]. However, it has been also reported
that its expression is important for the development of some types of tumors [62] by the
activation of PI3K/Akt/GSK-3beta pathway, increasing migration and invasiveness [63].
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ACTB (Actin cytoplasmic 1) was down-regulated in the inflammatory microenvironment
of hepatocellular carcinoma [63]. Another under-expressed protein is S10A4: it could be
involved in the metastasis formation, but it has also been observed in immune cells with
antitumor activity. For example, this protein is present on the surface of CD4+ T-cells and it
leads to the recognition of the tumor cells, provoking their lysis [63]. On the other hand,
in the extracellular space S10A4 can be implicated in the sensitization of tumor cells to
IFN-gamma-mediated apoptosis. Interestingly, an interaction and a cross-talk between
S100A4 and p53, which might be related to its oncosuppressive properties, has been already
reported [64]. In fact, it has been observed that the concentration of S10A4 decreases in
cancer cells with the silencing of p53 [65]. Globally, the down-regulation of these proteins
underlines an impairment of the functionality of immune cells in the tumor microenvironment. In support of this, ingenuity pathway analysis has reported the detriment of the
“Leukocytes movement” function, as a consequence of the hypersecretion of HSPB1 and
the hyposecretion of PPIB, ACTB, HS90B, ALB and S10A4. It has been widely described
that the escape of the cancer cells from the anticancer immune response is a fundamental
event for cancer onset and development. It has been suggested that the oncosuppressor
p53 can modulate the response of the immune cells against cancer: indeed, the silencing of
p53 provokes an impairment of the T-helper and T-cytotoxic action and promotes the differentiation of macrophages into the oncogenic M2 phenotype. Conversely, the expression of
p53 leads to a tumoral immune response in the cancer stroma [66].
As predicted, the bioinformatic analysis has also reported activated up-stream regulators of the transcription factor c-Myc and the kinase mTOR, whereas the kinase IPMK
was predicted as inhibited. c-Myc is a well-known oncogenic protein involved in cell
growth, whose over-regulation has been widely detected in cancer [67]. In addition, a
relation between the c-Myc expression and the inactivation of p53 has been demonstrated,
even if the molecular basis of this relation has not been demonstrated yet [68]. Among
the up-regulated proteins activated by c-Myc, there is RPS1, which is related to an increase in the cell motility and of the invasive capabilities of cancer cells [69] and nucleolin,
whose expression is usually perturbed in cancer cells and promotes cancer progression [70].
Another protein activated by c-Myc is HSPH1, which is responsible for the destruction
of Beta-catenin and is essential for cell–cell adhesion and whose reduction is associated
with cancerous transformation [70]. The up-stream regulator mTOR is a widely described
oncogene, frequently overexpressed in many neoplasms [71]. It activates the upstream
regulated MDH1 enzyme, which is reported to be activated in pancreatic cancer, promoting
its growth [72]. Another interesting up-regulated protein activated by mTOR is HSPB1,
which is a chaperone protein frequently detected in cancer tissues that leads to a poor
survival of the oncologic patients by causing an increase in cancer proliferation and by
down-regulating the anticancer immune action. Finally, the IPMK kinase was predicted as
an inhibited upstream regulator. IPMK is strictly involved in autophagy, which is a molecular mechanism fundamental for the preservation of the cell homeostasis [73]. Autophagy is
often described as a mechanism of survival for the cell; however, it has been observed that
chemotherapy can provoke a kind of autophagy that causes cell death [74].
In conclusion, although the suppressor role of p53-driven conditioned medium may
also depend on other differentially secreted molecules, as for instance RNAs or others, the
present study allowed a strong advancement on our understanding of the link between
WTp53 and the cancer microenvironment, suggesting the presence of a specific proteomic
signature driven by WTp53 in PDAC.
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