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Abstract

Pancreatic cancer accounts for 2.8% of new cancer cases worldwide and is projected to

become the second leading cause of cancer-related deaths by 2030. Patients of African

ancestry appear to be at an increased risk for pancreatic ductal adenocarcinoma (PDAC),

with more severe disease and outcomes. The purpose of this study was to map the proteo-

mic and genomic landscape of a cohort of PDAC patients of African ancestry. Thirty tissues

(15 tumours and 15 normal adjacent tissues) were obtained from consenting South African

PDAC patients. Optimisation of the sample preparation method allowed for the simulta-

neous extraction of high-purity protein and DNA for SWATH-MS and OncoArray SNV analy-

ses. We quantified 3402 proteins with 49 upregulated and 35 downregulated proteins at a

minimum 2.1 fold change and FDR adjusted p-value (q-value)� 0.01 when comparing

tumour to normal adjacent tissue. Many of the upregulated proteins in the tumour samples

are involved in extracellular matrix formation (ECM) and related intracellular pathways. In

addition, proteins such as EMIL1, KBTB2, and ZCCHV involved in the regulation of ECM

proteins were observed to be dysregulated in pancreatic tumours. Downregulation of path-

ways involved in oxygen and carbon dioxide transport were observed. Genotype data

showed missense mutations in some upregulated proteins, such as MYPN, ESTY2 and

SERPINB8. Approximately 11% of the dysregulated proteins, including ISLR, BP1, PTK7

and OLFL3, were predicted to be secretory proteins. These findings help in further elucidat-

ing the biology of PDAC and may aid in identifying future plausible markers for the disease.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) accounts for 85% of all pancreatic cancers. World-

wide, the incidence and mortality rates of PDAC are rising compared to other cancers [1].

Despite current therapeutic strategies, the survival rate is dismal, with a five-year survival rate

of 8% [2]. These poor statistics are chiefly due to late detection, allowing for invasion and

metastasis of cancer, and therapeutic resistance. In multiracial countries such as the United

States of America, African Americans have increased incidence and poorer survival rates com-

pared to other ethnicities. Although this has been largely attributed to social factors such as

smoking, alcohol consumption, obesity and diabetes mellitus, current studies have determined

genetics as an underlying factor [3–5].

The normal pancreatic tissue comprises mostly of exocrine (acinar and ductal) cells there-

fore, PDAC arises from acinar and ductal cells. The tumour microenvironment (TME) of

PDAC plays a role in enabling chemotherapeutic resistance, cancer cell proliferation, invasion,

migration and metastasis. It is characterised by a dense extracellular matrix (ECM) structure,

stromal cells, cancer-associated fibroblasts and immune cells [6–10]. The overexpression of

ECM proteins exacerbates PDAC tumourigenesis, fostering tumour growth. Pancreatic cancer

cells secreting ECM proteins such as collagen and fibronectin, were found to have increased

proliferation and were desensitized to chemotherapeutic drugs such as gemcitabine [11–14].

Hence, there is a need for the identification of novel proteins involved in the ECM formation

that could be potential chemotherapeutic targets and biomarkers of PDAC.

Mass spectrometry-based technologies have proven useful in the identification of proteins

with important roles in PDAC progression [15]. Sequential window acquisition of all theoreti-

cal fragment ion spectra (SWATH) is a label-free application of mass spectrometry (MS), suit-

able for discovery proteomics where hundreds or thousands of proteins are quantified at high

analyte throughput and reproducibility [16, 17].

In the present study, protein and DNA were simultaneously extracted from the same tissue

samples, which allowed SWATH-MS and OncoArray single nucleotide variation (SNV) profil-

ing of tissues obtained from resectable (stage I and II) South African PDAC patients who

underwent a Whipple procedure. Several significantly differentiated proteins were identified,

many of which were enriched in the extracellular matrix formation and related intracellular

pathways.

Methods

Ethics statement

The Human Research Ethics Committee of the University of Witwatersrand approved this

study (HREC- M150778). Each patient gave written informed consent for sample collection

and recording of demographic and clinical data.

Patient recruitment and sample collection

Biopsy samples were obtained from 15 consenting South African patients (aged between 53–

95 years old) with histologically confirmed PDAC undergoing the Whipple procedure and

admitted to the hepatopancreatobilary unit at the Chris Hani Baragwanath Academic Hospital

(Johannesburg, South Africa) from January 2016 to June 2019. The study further included

only patients of African ancestry that were treatment-naïve and excluded those with tumours

other than from the pancreas. Patients recruited were considered representative of the popula-

tion as samples were obtained from approximately equal number of females (46.7%) and

males (53.3%). Additionally, the majority (80.2%) of the population in South Africa are of
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African ancestry. One core tumour biopsy obtained from the head of the pancreas and one

adjacent ‘normal’ tissue (> 2cm away from the tumour) were obtained (30 samples) and

immediately frozen at -80˚C (S1 Table). The overview of the study workflow is shown in Fig 1.

Tissue processing

Tissues (15-35mg) were homogenised in 600μl of ATL lysis buffer (Qiagen Hilden, Germany)

supplemented with 40mM—dithiothreitol (VWR Pennsylvania, United States), using a Tissue

Ruptor (Qiagen). The homogenised solution was centrifuged at 14 000g for 3 mins to remove

any micro-tissue particulate from the solution. From the recovered lysate 180μl was taken for

DNA purification.

Protein preparation for mass spectrometry

The remainder of the lysate was incubated with four parts pre-chilled acetone for 30 min at

-20˚C. The mixture was centrifuged at 14 000g at 4˚C for 10 min and the resultant pellet was

washed with ice-cold ethanol. The pellet was resuspended in 50mM Tris-HCl pH 8.0 contain-

ing 4% sodium dodecyl sulphate (SDS) and a Roche complete™ EDTA-free protease inhibitor

cocktail. The protein concentration was measured using the Pierce Bicinchoninic assay

(Thermo Fisher Scientific, Massachusetts, USA). Aliquots of protein solution were then stored

at -80˚C until further processing.

Protein samples were thawed and 20μg per sample was reduced with 10mM dithiothreitol

at 37˚C for 30 min and alkylated with 40mM iodoacetamide at room temperature in the dark

for 30 min. The samples were then purified of detergents and salts using MagReSyn™ HILIC

microparticles (ReSyn Biosciences Edenvale, South Africa) in a 96 deep-well plate for auto-

mated sample preparation of 12 samples in parallel using the KingFisher Duo™ system

Fig 1. Overview of study workflow, from sample collection to functional analysis. Fifteen tumour biopsies and corresponding adjacent were

obtained from consenting patients. SWATH-MS and Oncoarray analysis were performed using extracted protein and DNA, respectively.

Functional analysis was further conducted on dysregulated proteins.

https://doi.org/10.1371/journal.pone.0240453.g001
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(Thermo Fisher Scientific), as previously described [18]. Briefly, magnetic hydrophilic affinity

microparticles (20μl, 200μg) were equilibrated in 200μl of 100mM ammonium acetate pH 4.5

containing 15% acetonitrile (MeCN). Microparticles were then transferred to 100μl of protein

binding solution (each protein sample adjusted to 50μl using 4% SDS and added to 50ul of

200mM ammonium acetate pH 4.5 containing 30% MeCN) and mixed for 30 min at room

temperature. The captured proteins were washed twice in 200μl of 95% MeCN and transferred

to 200μl of 25mM ammonium bicarbonate containing 2μg of sequencing grade trypsin (Pro-

mega, Madison, USA) and mixed for 4 hrs digestion at 37˚C. The automated on-bead protein

capture, clean-up and digest protocol was programmed using BindIt software v4.0 (Thermo

Fisher Scientific) and is available upon request (info@resynbio.com) and further described in

S1 Fig. Resultant peptides were dried and stored at -80˚C before Liquid Chromatography-MS

analysis.

Liquid Chromatography-Mass Spectrometry (LC-MS) data acquisition

Approximately 1ug of tryptic peptides per sample was analysed using a Dionex Ultimate 3000

RSLC system coupled to an AB Sciex 6600 TripleTOF mass spectrometer (AB Sciex, Massa-

chusetts, USA). For data-dependent acquisition (DDA, used for spectral library building),

tumour and normal samples were each pooled in their respective groups and spiked with

Biognosys iRT retention time peptide standards. Four injection replicates of each group were

acquired (n = 8). For SWATH, each sample was injected once. Peptide samples were inline de-

salted using an Acclaim PepMap C18 trap column (75μm × 2cm; 2 min at 5μl.min-1 using 2%

Acetonitrile, ACN/0.2% FA). Trapped peptides were gradient eluted and separated on an

Acclaim PepMap C18 RSLC column (75μm × 15cm, 2μm particle size) at a flow-rate of 0.5μl.

min-1 with a gradient of 4–40% B over 60 min (A: 0.1% FA; B: 80% ACN/0.1% FA). For DDA,

precursor (MS) scans were acquired from m/z 400–1500 (2+-5+ charge states) using an accu-

mulation time of 250ms followed by 80 fragment ion (MS/MS) scans, acquired from m/z 100–

1800 with 25ms accumulation time each. For SWATH, precursor scans ranged from m/z 400

to 900 using 100 variable-width windows that overlapped by 0.5 Da, and fragment ions were

acquired from m/z 100–1800 with 25ms accumulation time per window.

Liquid Chromatography-Mass Spectrometry (LC-MS) data analysis

Raw DDA files (.wiff), n = 8, were included in a combined search using Protein Pilot software

v5.0.2.0 (AB Sciex, Massachusetts, USA), against a database of human reference proteome con-

tained in SwissProt (Accessed 9 June 2019) supplemented with sequences of common contam-

inants and iRT peptide retention time standards (Biognosys Schlieren, Switzerland). This

searched data file was imported into Skyline software v19.1 [19] with peptide features extracted

to build a spectral library. A cut-off score of 0.994 (from Protein Pilot report) corresponding to

1% local peptide false discovery rate (FDR) was applied for a library building, with fixed carba-

midomethylation of cysteine and variable N-terminal acetylation being the only allowable

modifications. The minimum peptide length was 7 and the maximum 36 amino acids and

enzyme for digestion set as trypsin with one allowable missed cleavage. The built spectral

library contained 141 775 transitions matching to 19 861 peptides and 3413 proteins. Decoy

entries were generated by shuffling the peptide sequence, with 141 775 decoy transitions and

19 861 decoy peptides added.

SWATH data files (.wiff), n = 30, were centroided and converted to mzML format using the

msconvert tool in the ProteoWizard software suite v3.0.19217 [20]. The converted data files

were imported into Skyline and matched to the spectral library for correct assignment of the

mass spectra. A fragment ion mass tolerance of 0.5m/z was employed for library matching,
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with a minimum of three and maximum of six of the most intense product ions being selected.

The b and y ions with +1 and +2 charge states matching to peptides with +2, +3 and +4 charge

states were allowed and product ions from b3 to the last ion were allowed for selection. The

iRT peptides were used to align retention times across the dataset using the score to run regres-

sion. A 2 min window around the predicted retention time was used to assist in identification.

A peak scoring model was trained using mProphet [21] and the decoy peptides generated

from the spectral library. All peaks were re-integrated using this model. The MSstats [22]

group comparison plugin was implemented within Skyline to perform quantitative analysis.

Relative protein abundance across the normal adjacent and tumour experimental groups was

measured using the MSstats group comparison which employs a linear mixed effects regres-

sion model. Statistical significance is inferred using adjusted p-values (q-values) based on mul-

tiple hypothesis correction using the Benjamini-Hochberg method [23]. A normalisation

method (equalise medians) was applied for the comparisons across the experimental groups.

The MSstats design sample size plugin was used to determine the statistically significant fold

change that could be observed based on the desired power, sample number and variability of

the dataset. The filtered list of dysregulated proteins was manually inspected within Skyline to

verify the quality of the precursors and transitions used for quantitation. Principal component

analysis (PCA) was performed using the peptide-level quantification of each sample within

Perseus v1.6.5.0 [24].

DNA extraction and single nucleotide variant array

DNA purification was performed as per the manufacturer’s instruction using the Qiagen

DNeasy Blood and Tissue kit (Qiagen Hilden, Germany). The total DNA was quantified using

a NanoDrop ND-1000 UV spectrophotometer. A ratio of absorbance at 260nm:280nm of>1.9

and 260nm:230nm of>1.5 was observed in all samples. The Illumina Infinium1OncoArray-

500k Beadchip (Ilumina California, United States) was used for single nucleotide variation

(SNV) analysis using 200ng of DNA for each sample. The SNV array was conducted as

per manufacturer’s instruction. GenomeStudio (https://emea.illumina.com/techniques/

microarrays/) was used to perform clustering and QC of the raw intensity data and the

genotype calls were exported as a GenomeStudio report. For downstream analysis, the Geno-

meStudio report was converted into PLINK [25] format using the topbottom module of the

H3ABioNet workflow (https://github.com/h3abionet/h3agwas). The original dataset consisted

of 499 170 SNVs genotyped for 48 samples. Some samples were genotyped in replicate and the

replicates were utilised to improve the genotype calling when converting the data to PLINK

format.

Single nucleotide variation (SNV) analysis

The genotype data were subset to include only tumour-normal pairs and replicates were

removed, as related samples cannot be used in the association tests. Quality control was con-

ducted on the dataset to remove low-quality SNVs and samples. SNVs with greater than 1%

missingness, lower than 1% minor allele frequency and deviations from Hardy-Weinberg

Equilibrium were removed. Tumour samples were coded as cases and normal samples coded

as controls.

Functional analysis

REACTOME v70 [26] was applied to show pathway-enrichment analysis of identified dysregu-

lated proteins. A cut-off value of 0.05 and an adjusted p-value based on Benjamini-Hochberg

correction test [23] was applied. Cytoscape v3.8.0 [27] with the STRING [28] plug-in was used
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to show network interaction between dysregulated proteins. For the STRING analyses, a high-

confidence protein interaction score of 0.7 was used and p-values were corrected for multiple

testing using Benjamini-Hochberg procedure. ShinyGO v0.61 [29] was used for graphical

representation of enriched biological processes/pathways and the Ensembl Variant Effect Pre-

dictor tool [30] modelled the consequences of observed SNVs.

Results

Differential protein analysis in tumours

Using SWATH-MS, we matched 3413 proteins and 19 861 peptides to our in-house generated

spectral library. Peptide quantification was performed on MS2 ion measurements using Sky-

line [19]. A principal component analysis (PCA) determined the maximum covariance among

the samples based on the abundance of all peptides measured in the analysis. This allowed for

unsupervised grouping of samples without any manual assignment of groups. The PCA plot

(S2 Fig) shows two defined groups of samples in agreement with the two clinically defined

groups in the study. The normal adjacent group dataset shows wider distribution compared to

the tumour group dataset.

An MSstats group comparison (linear mixed effects model) was performed to determine

the relative abundance (fold change) of each quantifiable protein across the tumour and nor-

mal adjacent experimental groups. A minimum fold change�2.1 and maximum FDR adjusted

p-value (q-value)�0.01 was used to filter proteins that were significantly different between

tumour and corresponding normal tissues. The fold change threshold was calculated using the

MSstats design sample size plugin within Skyline, based on 0.8 power, 0.01 FDR and 15 repli-

cates per group (S3 Fig). We found 49 upregulated and 35 downregulated proteins in tumours

compared to normal adjacent tissues (Fig 2, S2 Table). Across the complete dataset of quanti-

fied proteins (3402), 318 are predicted to be secreted based on information from the Human

Protein Altas [31] and Uniprot [32], both accessed on March 24th 2020. Among the dysregu-

lated proteins, 78% of the observed differentially expressed proteins (DEPs) have been shown

to have prognostic potential in various cancers like colorectal, renal, liver, lung, urothelial,

thyroid and endometrial. Furthermore, based on data reported in the Human Protein Atlas

database, AP2A2, PLST, PLSI, BLVRB and SLC2A1 were associated with poor 5-year overall

survival in pancreatic cancer (S2 Table).

Fig 2. Volcano plot showing dysregulated proteins. Blue and red nodes indicate downregulated and upregulated

proteins group (based on a minimum fold change�2.1 and a maximum adjusted p-value (q-value)�0.01) in tumour

compared to normal adjacent, respectively.

https://doi.org/10.1371/journal.pone.0240453.g002
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Functional and network analysis of differentially expressed proteins

We observed that dysregulated proteins (S2 Table) share several key biological processes (Fig

3) and pathways (Tables 1 and 2). These were mostly linked to the extracellular matrix forma-

tion/organisation and related intracellular signalling pathways (Fig 4). Top pathways enriched

for the upregulated proteins included recycling pathway of L1, cell-extracellular matrix inter-

actions and cell junction organisation. Top downregulated pathways were involved in the

take-up of oxygen and the release of carbon dioxide from erythrocytes.

Fig 3. The interaction network analysis of the relationship between biological processes. Biological processes that are enriched

by (A) dysregulated proteins are shown. Separate analyses of (B) upregulated and (C) downregulated proteins are also shown. An

edge indicates that two processes share 20% or more proteins. Thicker edges (lines) show that there are more overlapped edges.

Bigger and darker nodes represent larger protein sets and more significantly enriched proteins, respectively. The plot was generated

from ShinyGO.

https://doi.org/10.1371/journal.pone.0240453.g003
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Single nucleotide variants observed in tumours

The quality-controlled dataset contained 369, 259 SNVs for the 15 paired samples. Although

the study was underpowered for detecting statistically significant associations due to the small

sample size, we performed a simple linear regression association test on the complete dataset

(all tumour versus normal adjacent) to identify SNVs with a difference in allele frequency

between the tumour and normal adjacent groups. Top associated results are listed with p-val-

ues, although none of these was significant after correcting for multiple testing (S3 Table).

To assess the possible role of SNVs in the regulation of protein levels, the association analy-

sis was re-run on a subset of SNVs extracted based on the gene regions for the previously iden-

tified DEPs. The association results were assessed to identify SNVs with a difference in allele

frequency between cases (tumour) and controls (normal adjacent). Extraction of SNVs in the

gene regions identified from the proteomics results (significantly up and down-regulated pro-

teins) resulted in 912 SNVs. A linear regression association test with this subset of SNVs was

conducted and, although no significant difference in allele frequency was observed between

the tumour and normal adjacent groups, SNVs were found within some DEPs (S3 Table). We

further annotated the types of SNVs (S4 Fig). Sixty-nine percent of the coding SNVs found in

DEPs were synonymous variants, while 31% were missense variants. Missense variants were

found in MYPN, SERPINB8 (SPB8) and ESYT2, which were among the top ten most upregu-

lated proteins in the tumour group.

Table 1. Top 10 significantly upregulated pathways in tumour samples.

Pathway name False discovery

rate

Submitted proteins Number of submitted

proteins found

Total number of

proteins in pathway

Recycling pathway of L1 2.57x10-5 AP2A2, TBB6, TBB2A, TBB8, ACTG, DPYL2 6 49

Cell-extracellular matrix interactions 2.02x10-4 ACTG, ACTN1, LIMS1, ILK 4 18

RHO GTPases activate IQGAPs 9.95x10-4 TBB6, TBB2A, TBB8, ACTG 4 32

Translocation of SLC2A4 (GLUT4) to

the plasma membrane

9.95x10-4 TBB6, TBB2A, TBB8, MYH9, ACTG1 5 72

MHC class II antigen presentation 1.86x10-3 AP2A2, TBB6, TBB2A, CATB, CATC 6 142

Cell junction organisation 2.30x10-3 PLEC, ACTG, ACTN1, LIMS1, ILK 5 92

Hemostasis 5.73x10-3 WDR1, TBB6, TBB2A, SPB8, TBB8, GBB2,

GBB1, CAP1, ACTN1, ISLR, AT2B4

11 723

Cell-Cell communication 5.73 x10-3 PLEC, ACTG, ACTN1, LIMS1, ILK 5 120

Aggrephagy 1.21x10-2 TBB6, TBB2A, TBB8 3 44

Platelet activation, signalling and

aggregation

1.21x10-2 WDR1, ACTN1, ISLR, GBB2, GBB1, CAP1 6 262

Generated from Reactome.

https://doi.org/10.1371/journal.pone.0240453.t001

Table 2. Significantly downregulated pathways in tumour samples.

Pathway name False discovery

rate

Submitted proteins Number of submitted

proteins found

Total number of proteins in

pathway

Erythrocytes take up oxygen and release carbon

dioxide

3.33x10-2 CAH1, HBB, HBA, B3AT,

CAH2

5 16

Metabolism of porphyrins 3.33x10-2 HEM2, BLVRB, HEM3 3 73

Factors involved in megakaryocyte development and

platelet production

3.33x10-2 CAH1, CAH2 2 16

Generated from Reactome.

https://doi.org/10.1371/journal.pone.0240453.t002
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Discussion

In this study, we performed proteomic and genomic profiling and identified proteins dysregu-

lated in resected pancreatic tumours obtained from patients of African ancestry. For the first

time, to our knowledge, dysregulation of proteins such as EMIL1, KBTB2, and ZCCHV, that

are responsible for the regulation of ECM components, were observed in pancreatic tumours.

Pathway analysis further showed that the majority of the DEPs were enriched in pathways

responsible for/related to extracellular matrix formation.

Dysregulated proteins implicated in extracellular matrix formation

In this study, we observed that pathways involved in ECM formation and interactions were

dysregulated corroborating the findings of several studies [33–36]. The ECM modulates intra-

cellular signalling pathways; consequently, aberrant ECM homeostasis and ECM remodelling

can induce and enhance tumorigenesis. Furthermore, there is evidence that the altered expres-

sion of ECM components can affect intracellular signalling [37, 38].

The enrichment of ECM-related pathways (Recycling pathway of L1, cell-extracellular

matrix interactions, cell junction organisation, cell-cell communication) was due to the upre-

gulation of specific proteins, such as PLEC, ACTN1, LIMS1, and ILK (Table 1, Fig 4(B)). We

recently showed that these proteins were also overexpressed at the mRNA level [39] with

increased activity of the MAPK and P13K/AKT signalling pathways [39]. Both the MAPK and

P13K/AKT signalling pathways are regulated by FAK/SRC activation which results from the

interaction of integrin with ECM molecules [40]. Drawing from our studies and literature, Fig

5 shows a schematic of how these pathways interplay in the ECM.

Fig 4. A Network analysis of dysregulated proteins. (A) The complete interaction network of the different dysregulated proteins.

Proteins involved in Extracellular matrix formation/organisation (B) Recycling pathway of L1, cell-extracellular matrix

interactions, cell junction organisation, cell-cell communication, (C)Platelet activation, and (D) O2/CO2 transport are also shown.

Red are up-regulated and blue down-regulated proteins as well as that only high confidence interactions were considered when

building the String network (fold change cut-off of 0.7).

https://doi.org/10.1371/journal.pone.0240453.g004
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The identified dysregulated proteins play important roles in tumorigenesis. PLEC (Plectin)

was further found to be up-regulated in squamous cell carcinoma, aiding in the induction of

malignant transformation from sinonasal inverted papilloma [41] and has been utilised in pan-

creatic cancer detection using targeted nanoparticles [42–44]. High expression of ACTN1

(Actinin Alpha 1) promotes cellular migration, invasion and metastasis, by weakening E-cad-

herin adhesion that ensures cellular integrity [45]. Additionally, ACTN1 has been identified

as a key regulator of PDAC progression, using a multidimensional systems-level analysis

approach [46]. Increased LIMS1 (LIM and senescent cell antigen-like-containing domain pro-

tein 1), a focal adhesion protein, has been associated with poor prognosis in laryngeal and pan-

creatic cancers [47, 48]. Also, during the knockdown of LIMS1, apoptosis was induced in

breast cancer cells [49]. In PDAC, it was found to promote cell survival under hypoxic condi-

tions by activating the AKT/mTOR signalling pathway [47]. ILK (Integrin-linked kinase)

which interacts with LIMS1 [50] was also overexpressed in PDAC tumours. One study using

neuroblastoma cell lines found that silencing the LIMS1/ILK pathway reduced cellular prolif-

eration, highlighting its potential as a therapeutic target [51].

We also observed the dysregulation of several other proteins, such as TGM2, EMIL1,

KBTB2, and ZCCHV, related to the ECM but not enriched in the top significantly dysregu-

lated pathways. Compared to normal adjacent tissues, tumours showed a 6.04-fold increase in

Transglutaminase (TGM2) expression, an enzyme involved in extracellular matrix stiffness, by

cross-linking collagen 1 fibres [52, 53]. In PDAC tissues, transforming growth factor-beta

induces TGM2 expression resulting in the activation of the YAP/TAZ signalling pathway, pro-

moting cellular proliferation, invasion and metastasis [53, 54]. This pathway can be further

regulated by ECM stiffness [55–57], characteristic of the extracellular matrix of pancreatic

tumours [58, 59]. Another alternative mechanism of tumour stiffness, is mediated by lysyl

Fig 5. The schematic interplay between the extracellular matrix and intracellular signalling pathways. In the

tumour microenvironment, pathways associated with the extracellular matrix and intracellular signalling interact with

one another. Such pathways include those involved in the signalling of EGFR, IGF, MAPK, integrin, VEGF, TGFβ and

P13/Akt. The cross-talk and activation of these pathways lead to cell survival, growth, proliferation and migration that

may enhance tumorigenesis. EGFR (epidermal growth factor receptor); VEGF (vascular endothelial growth factor);

TGFβ (transforming growth factor beta).

https://doi.org/10.1371/journal.pone.0240453.g005
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oxidase which has been implicated in promoting cancer progression and metastasis [60–64].

EMIL1 is an extracellular matrix glycoprotein that has been identified in both primary and

metastatic colon tumours [65]. KBTB2 (Kelch repeat and BTB domain-containing protein 2)

is part of the kelch-repeat superfamily that functions in mediating the ubiquitination and deg-

radation of target proteins. Importantly, members of this family are known to mediate cellular

adhesion [66, 67]. One member of the family, keap1, was shown to target ectoplasmic speciali-

zations indicating interactions with ECM components [68]. ZCCHV (or ZAP) functions in

inhibiting viral replication by preventing viral mRNA accumulation [69, 70]. The anti-viral

function of ZAP is regulated by Matrin 3, a member of the matrix metalloproteins known to

be involved in the degradation of ECM components during tissue and embryo development

[71, 72]. This study also found missense mutations in several upregulated proteins, including

ESTY2. ESTY2 plays a role in cytoskeleton organisation, which may impact ECM and poten-

tially the overall biology of PDAC cells. In lung cancer cells [73], the short and long variants of

ESYT2 were implicated in the cortical distribution of actin and endocytosis, respectively.

Furthermore, we observed that upregulation of platelet activation, signalling and aggrega-

tion in tumours (Table 1, Fig 4(C)). Platelet activation results in the release of pro-angiogenic

factors (such as VEGF and FGF) and pro-inflammatory markers (such as IL-8 and members

of the C–X–C motif ligand family), inducing angiogenesis and inflammation, respectively [74–

76]. Of interest, pro-inflammatory factors contribute to the strengthening of the extracellular

matrix in the tumour microenvironment [77]. One study showed that elevated mean platelet

volume (MPV) correlated with poor survival in pancreatic cancer patients [78]. A major char-

acteristic of platelet activation is the reorganisation of the actin cytoskeleton by cofilin-1 induc-

tion [79]. Importantly, WDR1, which was overexpressed in this study, enhances the function

of cofilin-1 [80, 81].

In the present study, the downregulation of pathways involved in oxygen and carbon diox-

ide transport (Table 2, Fig 4(D)) was observed. These pathways were enriched by proteins

such as carbonic anhydrase 1 (CAH1) and carbonic anhydrase 2 (CAH2). Carbonic anhy-

drases are metalloenzymes that play crucial roles in physiological processes including main-

taining pH balance, and have been implicated in carcinogenesis [82, 83]. Interestingly, we

further observed the downregulation of the glucose transporter, GTR1(Glut1) (S2 Table), con-

trary to the findings of other studies that showed its upregulation in pancreatic tumours [84–

86]. Although GTR1 was downregulated, ENO3, a key glycolytic enzyme that reversible con-

verts 2-phosphoglycerate to phosphoenolpyruvate, was overexpressed as observed in another

study [87]. Increased glucose metabolism is characteristic of pancreatic cancer cells [88] and

can be further regulated and exacerbated in hypoxic conditions [89, 90]. Hypoxia has been

linked to tumour stroma stiffness that is characteristic of the extracellular matrix of pancreatic

tumours. Additionally, hypoxia is associated with poor survival in pancreatic cancer patients,

promoting invasion and metastasis, even in the early stages of the disease, and enabling thera-

peutic resistance [91].

Upregulation of proteins involved in cell division and metastasis

Several β-tubulin subtypes including TBB2A, TBB6 and TBB8 were significantly overexpressed

in tumour samples (Table 1). β-tubulin combine with α-tubulin to form microtubules, which

play crucial roles in mitotic cell division [92] and cell adhesion [93]. Drugs binding β-tubulin,

such as colchicine and paclitaxel, are known to kill cancer cells [94]. Increased expression and

mutations in β-tubulin subtypes exacerbate drug resistance in cancer [95–98]. Additionally, β-

tubulin is expressed in platelets, aiding in their formation via the NF-E2 pathway [99].
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Conclusion

We have identified significantly dysregulated proteins in resected pancreatic ductal adenocar-

cinoma tumours obtained from patients of African ancestry using SWATH-MS. Many of

these proteins are involved in cell proliferation and in the extracellular matrix formation/orga-

nisation, which plays a role in tumour progression and chemo-resistance. These findings war-

rant the expansion of the discovery dataset described here wherein we will investigate the

DEPs in a larger sample cohort. In particular, the detection of secretory proteins in the blood-

stream of PDAC patients may be beneficial in the prognosis of the disease. Furthermore, this

study utilized bulk tumours which provides knowledge about protein expression patterns and

mutations associated with tumours, however it does not account for the individual cell types

within the tumour. Thus, future studies should include micro-dissected biopsies allowing for

precise analyses of the different cell populations such as stromal, fibroblast and immune cells

providing information about contributions of the different cell types.

Supporting information

S1 Fig. On-bead based protein capture, clean-up and digestion. Top: proteins are captured

on magnetic hydrophilic affinity microparticles, followed by a high-organic wash to remove

contaminants and on-bead digestion by addition of sequencing grade trypsin. Bottom: Plate

set-up for automated sample processing in a Thermo Fisher Scientific KingFisher™ Duo Mag-

netic handling station.

(TIF)

S2 Fig. Principal component analysis (PCA) showing tumour samples as blue squares and

normal adjacent samples as green diamonds. The PCA plot was generated using peptide

abundance data of all peptides analysed per sample.

(TIF)

S3 Fig. Sample size plot showing the relationship between the number of biological repli-

cates and protein level fold change that can be distinguished based on the current dataset.

A 2.1 fold change can be distinguished in the current study (biological replicates = 15) with sta-

tistical power set to 0.8 and false discovery rate (FDR) set to 0.01.

(TIF)

S4 Fig. Types of variants observed from the list of single nucleotide variants found in (A)

All Tumour vs Normal adjacent and (B) Tumour vs Normal adjacent in differentially

expressed proteins only.

(TIF)

S1 Table. Demographic characteristics of patients recruited for the study.

(DOCX)

S2 Table. Differentially expressed proteins (fold change�2.1) measured in group compari-

son. Positive fold change describes proteins upregulated in the tumour group and negative

fold change describes proteins downregulated in tumour compared to the normal adjacent

group.

(DOCX)

S3 Table. Top single nucleotide polymorphisms (SNVs) and associated genes.

(DOCX)
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21. Reiter L, Rinner O, Picotti P, Hüttenhain R, Beck M, Brusniak M-Y, et al. mProphet: automated data pro-

cessing and statistical validation for large-scale SRM experiments. Nature Methods. 2011; 8: 430–435.

https://doi.org/10.1038/nmeth.1584 PMID: 21423193

22. Choi M, Chang C-Y, Clough T, Broudy D, Killeen T, MacLean B, et al. MSstats: an R package for statis-

tical analysis of quantitative mass spectrometry-based proteomic experiments. Bioinformatics. 2014;

30: 2524–2526. https://doi.org/10.1093/bioinformatics/btu305 PMID: 24794931

23. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to

Multiple Testing. Journal of the Royal Statistical Society: Series B (Methodological). 1995; 57: 289–300.

https://doi.org/10.1111/j.2517-6161.1995.tb02031.x

24. Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, et al. The Perseus computational plat-

form for comprehensive analysis of (prote)omics data. Nat Methods. 2016; 13: 731–740. https://doi.org/

10.1038/nmeth.3901 PMID: 27348712

25. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. PLINK: a tool set for

whole-genome association and population-based linkage analyses. Am J Hum Genet. 2007; 81: 559–

575. https://doi.org/10.1086/519795 PMID: 17701901

26. Fabregat A, Jupe S, Matthews L, Sidiropoulos K, Gillespie M, Garapati P, et al. The Reactome Pathway

Knowledgebase. Nucleic Acids Res. 2018; 46: D649–D655. https://doi.org/10.1093/nar/gkx1132 PMID:

29145629

PLOS ONE Proteomic profiling of resectable PDAC tissues

PLOS ONE | https://doi.org/10.1371/journal.pone.0240453 October 13, 2020 14 / 18

https://doi.org/10.1002/ags3.12225
https://doi.org/10.1002/ags3.12225
http://www.ncbi.nlm.nih.gov/pubmed/30923782
https://doi.org/10.3390/cells9041040
http://www.ncbi.nlm.nih.gov/pubmed/32331358
https://doi.org/10.1186/s40169-019-0221-1
http://www.ncbi.nlm.nih.gov/pubmed/30645701
https://doi.org/10.1186/s12885-019-5803-1
http://www.ncbi.nlm.nih.gov/pubmed/31208372
https://doi.org/10.1038/sj.bjc.6603088
https://doi.org/10.1038/sj.bjc.6603088
http://www.ncbi.nlm.nih.gov/pubmed/16622460
https://doi.org/10.1097/00006676-200401000-00006
https://doi.org/10.1097/00006676-200401000-00006
http://www.ncbi.nlm.nih.gov/pubmed/14707728
https://doi.org/10.3390/cells7100158
http://www.ncbi.nlm.nih.gov/pubmed/30301152
https://doi.org/10.4137/CIN.S16341
http://www.ncbi.nlm.nih.gov/pubmed/25673969
https://doi.org/10.15252/msb.20178126
https://doi.org/10.15252/msb.20178126
http://www.ncbi.nlm.nih.gov/pubmed/30104418
https://doi.org/10.1074/mcp.O111.016717
http://www.ncbi.nlm.nih.gov/pubmed/22261725
https://doi.org/10.1371/journal.pone.0209373
http://www.ncbi.nlm.nih.gov/pubmed/30571707
https://doi.org/10.1093/bioinformatics/btq054
http://www.ncbi.nlm.nih.gov/pubmed/20147306
https://doi.org/10.1038/nbt.2377
https://doi.org/10.1038/nbt.2377
http://www.ncbi.nlm.nih.gov/pubmed/23051804
https://doi.org/10.1038/nmeth.1584
http://www.ncbi.nlm.nih.gov/pubmed/21423193
https://doi.org/10.1093/bioinformatics/btu305
http://www.ncbi.nlm.nih.gov/pubmed/24794931
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1038/nmeth.3901
http://www.ncbi.nlm.nih.gov/pubmed/27348712
https://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1093/nar/gkx1132
http://www.ncbi.nlm.nih.gov/pubmed/29145629
https://doi.org/10.1371/journal.pone.0240453


27. S P, M A, O O, B Ns, W Jt, R D, et al. Cytoscape: A Software Environment for Integrated Models of Bio-

molecular Interaction Networks. In: Genome research [Internet]. Genome Res; Nov 2003 [cited 20 May

2020]. https://doi.org/10.1101/gr.1239303 PMID: 14597658

28. Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M, et al. The STRING database in

2017: quality-controlled protein-protein association networks, made broadly accessible. Nucleic Acids

Res. 2017; 45: D362–D368. https://doi.org/10.1093/nar/gkw937 PMID: 27924014

29. Ge SX, Jung D, Yao R. ShinyGO: a graphical enrichment tool for animals and plants. Bioinformatics.

2019. https://doi.org/10.1093/bioinformatics/btz931 PMID: 31882993

30. McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GRS, Thormann A, et al. The Ensembl Variant Effect Pre-

dictor. Genome Biol. 2016; 17: 122. https://doi.org/10.1186/s13059-016-0974-4 PMID: 27268795

31. Thul PJ, Lindskog C. The human protein atlas: A spatial map of the human proteome. Protein Sci. 2018;

27: 233–244. https://doi.org/10.1002/pro.3307 PMID: 28940711

32. UniProt: a worldwide hub of protein knowledge. Nucleic Acids Res. 2019; 47: D506–D515. https://doi.

org/10.1093/nar/gky1049 PMID: 30395287

33. Hosein AN, Brekken RA, Maitra A. Pancreatic cancer stroma: an update on therapeutic targeting strate-

gies. Nature Reviews Gastroenterology & Hepatology. 2020; 1–19. https://doi.org/10.1038/s41575-

020-0300-1 PMID: 32393771
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