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Abstract

The pancreatic cancer microenvironment is crucial in cancer development, progression and drug
resistance. Cancer-stromal interactions have been recognized as important targets for cancer
therapy. However, identifying relevant and druggable cancer-stromal interactions is challenging
due to the lack of quantitative methods to analyze the whole cancer-stromal interactome. Here
we studied 14 resected pancreatic cancer specimens (8 pancreatic adenocarcinoma (PDAC)
patients as a cancer group and 6 intraductal papillary-mucinous adenoma (IPMA) patients as a
control). Shotgun proteomics of the stromal lesion dissected with laser captured microdissection
was performed, and identified 102 differentially expressed proteins in pancrestic cancer stroma.
Next, we obtained gene expression data in human pancreatic cancer and normal pancreatic tissue
from The Cancer Genome Atlas database (n=169) and The Genotype-Tissue Expression database
(n=197), and identified 1435 genes, which were differentially expressed in pancreatic cancer
cells. To identify relevant and druggable cancer-stromal-interaction targets, we applied these
datasets to our in-house ligand-receptor database. Finaly, we identified 9 key genes and 8 key
cancer-stromal-interaction targets for PDAC patients. Furthermore, we examined FN1 and
ITGA3 protein expression in pancreatic cancer tissues using the TMAs of 271 PDAC cases, and
demonstrated that FN1-1TGA3 had unfavorable prognostic impact for PDAC patients.
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Abstract

The pancreatic cancer microenvironment is cruciatancer development, progression and
drug resistance. Cancer-stromal interactions haen lyecognized as important targets for
cancer therapy. However, identifying relevant amdgdable cancer-stromal interactions is
challenging due to the lack of quantitative methtalsanalyze the whole cancer-stromal
interactome. Here we studied 14 resected pancreaicer specimens (8 pancreatic
adenocarcinoma (PDAC) patients as a cancer grodp6amtraductal papillary-mucinous
adenoma (IPMA) patients as a control). Shotgunemmics of the stromal lesion dissected
with laser captured microdissection was performadd identified 102 differentially
expressed proteins in pancreatic cancer stromat, Mexobtained gene expression data in
human pancreatic cancer and normal pancreaticetifsam The Cancer Genome Atlas
database (n=169) and The Genotype-Tissue Expresktabase (n=197), and identified
1435 genes, which were differentially expressedpamcreatic cancer cells. To identify
relevant and druggable cancer-stromal-interactaygets, we applied these datasets to our
in-house ligand-receptor database. Finally, we tiled 9 key genes and 8 key
cancer-stromal-interaction targets for PDAC patiefiurthermore, we examined FN1 and
ITGAS protein expression in pancreatic cancer gssusing the TMAs of 271 PDAC cases,
and demonstrated that FN1-ITGA3 had unfavorablgmostic impact for PDAC patients.

Keywords: Pancreatic cancer; cancer-stromal interactiortepraics; bioinformatics

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is onehefmhost malignant solid tumors
arising within the ducts of the pancreas. The laickarly diagnosis and its rapid progression
results in advanced stages of PDAC patients whagndised. In the past several decades,
there have been many studies of the molecular pattesis of PDAC, however, limited
advances have been made to prolong the survivaloaretiuce the mortality [1, 2].

Pancreatic cancer has expensive desmoplasia, essroctwhich fibrous tissue infiltrates



and envelops the tumor [2, 3]. A remarkable inceaasnterstitial connective tissue (collagen
type | and fibronectin) was observed (the meanagelh content in pancreatic cancer tissue
and tumor-associated chronic pancreatitis was @+ialher than in normal pancreas). There
were no differences in the proportion of collagegpes |, Ill, and V among chronic
pancreatitis, tumor-associated chronic pancreattisl pancreatic cancer tissue [4, 5]. The
tumor microenvironment, including desmoplasia, playvital role in cancer development
and progression, and cancer-stromal interactiomsn@portant targets for cancer therapy [2, 6,
7]. However, identifying relevant and druggable aarstromal interactions is challenging
due to the lack of quantitative methods to anatiieeentire cancer-stromal interactome [8].

Although several computational methods have begaldped to analyze cancer-stromal
interactions using microarrays or RNA-seq data flioaman cancer tissues [9] or cancer
xenograft mouse models [10, 11], they could notlwata individual interactions and
prioritize cancer-stromal interactions as targetsdancer treatment because the expression
profiles of cancer cells and stromal cells wereepghdent. To overcome such limitations, we
have previously developed CASTIN (CAncer-STromakelldctome analysis) for quantitative
profiling of cancer-stromal interactome from RNAgsdata using human cancer xenograft
mouse models [8]. CASTIN determines direction atrengjith of individual transmitting
signals between two interacting cells based onettgression levels of cancer and stroma.
However, CASTIN cannot fully evaluate secreted @rat and genes whose sequence is very
similar between human and mouse.

In the present study, we performed a shotgun pnoiteanalysis using dissected stromal
areas of PDAC tissues to identify differentiallypeessed (DE) proteins in PDAC stroma.

Differentially expressed genes (DEGs) in PDAC cellere identified using the public



databases. Subsequently the DEG lists of PDAC eelth stroma were integrated to our
in-house ligand-receptor interaction database &émtifly crucial and potentially druggable

cancer-stromal interactions in PDAC.

2. Materials and methods

2.1. Patient selection for shotgun proteomic analgad immunohistochemistry

This study population consisted of 14 patients wpdncreatic tumor (8 PDAC and 6
intraductal papillary-mucinous adenoma (IPMA) patise Tablel) who underwent primary
pancreatic lesion resection at the Department sfrGanterological Surgery, Yokohama City
Universityfor shotgun proteomic analysis, and 271 PDAC p&ievho underwent primary
pancreatic lesion resection at the Department atrGatestinal Surgery, Kanagawa Cancer
Center for immunohistochemistry. All patients wéreroughly informed about the study and
provided their written consent, in accordance wité ethical guidelines of the Institutional
Review Board (IRB), Yokohama City University, andarkagawa Cancer Center, Japan
(notice of approval of IRB protocol number A1801030and 2019EKI-38) andhe

Declaration of Helsinki.

2.2. Preparation of frozen tissue sections

Tissue blocks obtained from pancreatic tumor pétievere embedded in Tissue-Tek
O.C.T. compound (Sakura Finetek Japan Co. Ltd.ydoBapan) and immediately frozen at
—80 °C in dry ice. The blocks were cut with a Lemgostat into 10um sections, in an
environment controlled to -20 °C. The inner chamaed the stage of the cryostat were
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wiped with 100 % ethanol and the blade was charafedt each sample in order to avoid
cross contamination. Three sections were transfeoréo each of 10 Leica polyethylene
naphthalate (PEN) membrane slides (Thermo Fisheentfic, Waltham, MA, USA)

designed fotaser-captured microdissection (LCM). After thegalment of three sections on
PEN membrane slides, one extra reference sectisnpvegared on a regular glass slide for
hematoxylin and eosin (H & E) staining. Sectionsravenaintained frozen and stored at

-80 °C.

2.3. Staining and dehydration for LCM

Hematoxylin staining was used to guide the LCMeihanol dehydrated sections. One
PEN membrane slide at a time was stained and dategtirin preparation for each LCM
session. The staining and dehydration protocol pe$ormed with 5 clean Coplin jars,
prefilled with 50 mL ethanol [70 % (jar # 1-3), 95 (jar #3), and 100 % (jar #4)]. The
protocol was performed by dipping the slide forsg@onds in each jar of the ethanol series,
following the numerical order, to obtain dehydratiAfter jar 2, the slide was drained,
placed horizontally, washed for 10 seconds with BQ0Ophosphate buffered saline (PBS)
followed by hematoxylin staining for 120 secondent washed with PBS and transferred to

jar 3, to continue dehydration.

2.4. LCM of stromal tissue

LCM samples were collected with a Leica LMD systdfach LCM session lasted a

total of 60 minutes, to avoid tissue rehydratiod degradation. Pancreatic cancer, adenoma
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and normal ducts were identified in the tissue bgualizing in bright field and in
phase-contrast with a 4x magnification (Fig. 1Ae tirea surrounded by yellow line), and
pancreatic acinar cells and islets were identifrethe tissue by visualizing in bright field,
too (Fig. 1A, the area surrounded by blue lineprtscof the H&E-stained reference sections
were used to map the pancreatic stromal area (Bj. Samples of pancreatic cancer,
adenoma, normal duct, acinar cells and islets wapzo-dissected from pancreatic tissue
sections, and the remaining tissue was definech@agancreatic stroma. Each sample was
collected from 6-10 pancreatic sections. The LC88ues were collected into 500 sterile
RNase/DNase/Protease-free Eppendorf tubes and resuspended with 50L of 50 mM

NH4HCO;. The tubes were closed, frozen in dry ice, andagbently maintained at -80 °C.

2.5. Protein extraction

The LCM samples were washed three times with PBffeb containing a protease
inhibitor cocktail (Roche, Switzerland), and homaged in 50 mM NHHCO;3;, 4 M urea, 2
M thiourea and 4 % (w/v) sodium deoxycholate withPeotease Inhibitor Mix (GE
Healthcare, Piscataway, NJ, USA) and Phosphatéseitir Cocktail (Sigma, Madison, WI,
USA), using a Sample Grinding Kit (GE HealthcafE)e homogenate was then sonicated 8
times (30 s intervals) using a UCD250 (Cosmo BIGkyb, Japan).

The protein extractions were reduced with 10mMidthreitol at room temperature for
30 min and alkylated using 10 mM iodoacetamideoatir temperature for a further 30 min.
Samples (3(ug) were digested 3 hr at 37 °C with @& of lysylendopeptidase (Wako, Tokyo,

Japan), and subsequently 18 hr at 37 °C wifiy ®f TrypsinGold (Promega, Madison, WI,



USA) after diluted 4-fold with 500 mM tetraethylaromum bromide. Sodium deoxycholate,
including the peptide solution, was removed usheyghase-transfer surfactant method [12],

then peptides were desalted using C18 Stage T#js [1

2.6. Shotgun liquid-chromatography tandem-masstsp@etry

LC-MS/MS analysis was performed on a LTQ Orbitrdplos (Thermo Fisher
Scientific) using Xcalibur version 2.0.7 coupledato UltiMate 3000 LC system (Dionex, LC
Packings, Sunnyvale, CA, USA).

Prior to injection into the mass spectrometergdigd samples 2y each) were loaded
online in a reverse-phase precolumn (C18 PepmapmylLC Packings) and resolved on a
nanoscale C18 Pepmap capillary columni@bi.d. x 15 cm) (LC Packings) with a gradient
of acetonitrile / 0.1 % (v/v) formic acid at a flawate of 300 nL/min. Peptides were separated
using a 145 min gradient of 5 — 100 % solvent B (@& [v/v] formic acid / 95 % [v/V]
acetonitrile); solvent A was 0.1 % (v/v) formic @di 2 % (v/v) acetonitrile. Precursor ions
were subject to dynamic exclusion for 180 s usiaigpgm window and resolution of 600.
Full-scan mass spectra were measured from 350 8- 29 on an LTQ Orbitrap Velos mass
spectrometer operated in data-dependent mode tlen@OP10 strategy. MS/MS scanning
conditions were as follows: normalized collisioneggy, 35.0 %; isolation width, 2 m/z;
activation time, 10 ms; activation Q, 0.25. Thegr@hmass spectrometric conditions were as

follows: spray voltage, 2.1 kV; capillary tempenai250 °C.

2.7. Label-free protein relative quantitation ansily



Label-free relative protein quantitation analyses performed using Progenesis QI for
proteomics, version 2.0 (Nonlinear Dynamics, Durh&@, USA). Database searches to
identify proteins were performed using MASCOT (vens2.5.1; Matrix Science, London,
UK) againstHomo sapiengrotein sequences in the UniProt / SWISS-PROThda& The
search parameters were as follows: (1) a peptidss nderance of + 5 ppm; (2) a fragment
mass tolerance of £ 0.5 Da; (3) + 2, + 3, or + drghs; (4) variable modifications (protein
N-terminus acetylation/carbamylation, methionine idakon, and cysteine
carbamidomethylation); (5) a false discovery rdté 86; and (6) a peptide ion score of > 30.
Proteins identified as being upregulated in parnireeancer were extracted using the
following parameters in the Progenesis QI for ppotes software: (1) > 2 peptide counts

used for further statistical analyses.

2.8. Gene expression data

Gene expression datasets of pancreatic ductal edemesoma (PDAC, accession:
TCGA, n = 169) and normal pancreatic tissue (atorssSRP012682, n = 197) were
obtained from the Cancer Genome Atlas (TCGA; hipsrtal.gdc.cancer.gov) and the
Genotype-Tissue Expression (GTEX; https://gtexporg/home/), respectively, referring to
the ReCount2 database (https://jhubiostatistiasysipips.io/recount/). Gene expression
dataset SRP038143 containing whole transcriptomeeseing for three common pancreatic

cell lines (MIA PaCa2, PANC1, HPAC) was also obtairirom the ReCount2 database.

2.9. Data processing and screening of differentiakpressed (DE) proteins and genes



The Empirical Bayes method was used to identifyifigant DE proteins (or genes)
between PDAC and IPMA (or normal pancreatic) saspksing on the edgeR package in R
version 3.5.2 (https ://www.r-proje ct.org/). P wes were adjusted for multiple testing
depending on the Benjamini-Hochberg False DiscovRagye (FDR) method. The strict
thresholds for identifying DE proteins were seF&R < 0.05, and those for DE genes were

set as FDR < 0.05 and |fold change (FC)| > 16.

2.10. Statistical analysis

Unsupervised hierarchical clustering, MA plot drehtmap generation were performed
using the TCC package and ggplot2 package in RoreBs5.2. Principal component analysis

(PCA) was also performed using in R version 3.5.2.

2.11.Pathway and process enrichment analysis of DE pnstand genes

The following ontology sources: Kyoto EncyclopediaGenes and Genomes (KEGG)
Pathway, Gene Ontology Biological Processes (GQO-Bactome Gene Sets, Canonical
Pathways and CORUM were applied for the functiaratotation and pathway enrichment
analysis of DEGs through using Metascape (httptdsoape.org/gp/index.html#/main/). All
statistically enriched terms were identified, ardiamulative hypergeometric p-values and
enrichment factors were calculated and used ftariiilg. Remaining significant terms were
then hierarchically clustered into a tree basedKappa-statistical similarities among their
gene memberships. Then, 0.3 kappa score was agdidioe threshold to cast the tree into
term clusters. The terms within each cluster wakevs in supplementary Table S4 and S6
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("Count": the number of genes in the user-providists with membership in the given
ontology term, "%": the percentage of all of theerygrovided genes that are found in the
given ontology term, "Logl0O(P)": the p-value in lbgse 10, "Logl0(q)": the multi-test
adjusted p-value in log base 10). Next, a subsegesentative terms from this cluster were
selected and converted into a network layout (E@.and 3D). Each term is represented by a
circle node, where its size is proportional to mlsenber of input gene that fall into that term,
and its color represents its cluster identity. Temith a similarity score > 0.3 are linked by
an edge (the thickness of the edge representsrtiiargy score). The network is visualized
with Cytoscape (v3.1.2) [14] with “force-directel#iyout and with edge bundled for clarity.

One term from each cluster is selected to haverits description shown as label.

2.12. In-house ligand-receptor database construnctio

We have constructed an in-house ligand-receptaiabdae [8]. The database
construction consisted of three main steps (i)aetion of localization information from
Human Protein Reference Database (HPRD) [15] XiDaetion of ligand-receptor interaction
from KEGG data [16] (iii) curation by reviewing gmal literature. First, proteins localized
primarily to extracellular spaces and the plasmanbrane were selected as ligand and
receptor candidates, respectively. Information rihpry localization was downloaded from
the Human Protein Reference Database (HPRD, re®)d4&] on 9 September 2009. Among
all the pairs of ligand and receptor candidatesy those that appeared in the protein-protein
interaction in KEGG pathway database [16] (rele€a8®, downloaded on 7 August 2010)

proceeded to the next curation step. The direafanteraction was determined according to

10



relations (activation, inhibition, binding/assoaat, or indirect effect) in KEGG database.
Finally, researchers in the field of biology cuthtach interaction by carefully reviewing the

original literature attached in the KEGG database.

2.13. Kaplan-Meier survival analysis of key gemePDAC

To evaluate the prognostic value of candidate geihe patient samples were split into
two cohorts according to the median expression evatdi candidate genes. Clinical
information was obtained from TCGA, and overall el (OS) was plotted via
Kaplan-Meier method using the survival package iveRsion 3.5.2. Log-rank test was used

to evaluate significance.

2.14. Immunohistochemistry

Tissue microarrays (TMASs) were constructed by damggwo 1.5-mm-diameter cores

from the same tumor area. Four-micron sections werdrom each TMA block and manual

immunohistochemistry was carried out accordingtémaard protocols using anti-FN1 rabbit

polyclonal antibody (1:100, ab2413, abcam, CamlaiddK), anti-ITGA3 rabbit polyclonal

antibody (1:200, ab131055, abcam) and anti-ITGABbitamonoclonal antibody (1:100,

ab150361, abcam). A streptavidin biotin detectigsteam (Dako REALTM Kit, Dako,

Denmark) and 3,3-Diaminobenzidine (DAB) were usedoading to the manufacturer’s
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instructions. Sections were counterstained with &fgy hematoxylin, and coverslipped.

Sections from a multi-tissue block served as pasiind negative control.

2.15. Scoring procedure

Slides were scanned at x20 magnification with @ioraated scanning system (Aperio

CS2, Leica Biosystems, Wetzlar, Germany). The sitgnof FN1 staining in stroma and

ITGAS staining in cancer cells were scored as feflograde 0, not stained; grade 1, faintly

stained; grade 2, weakly stained; and grade 3ngtyostained. The immunohistochemical

evaluation was independently confirmed by two obsex (Y.H. and Y.M.), and we defined

grade 0 and 1 as negative, whereas grade 2 angdsiise for statistical analyses.

2.16. Statistical analysis

Unsupervised hierarchical clustering, MA plot d@htmap generation were performed

using the TCC package and the ggplot2 packagevierston 3.5.2. Principal component

analysis (PCA) was also performed using in R verSi®.2.

FN1/ITGA3 staining and clinicopathological variebl were performed using the

Mann-Whitney U test or Fisher’s exact test as appate. OS time was defined as the time
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from date of surgery to date of death or date sif fallow-up. The relationship between OS

and variable of interest was evaluated by uni- andtivariate analyses. OS curves were

calculated using the Kaplan-Meier method and coetpdry the log-rank test. Cox’s

proportional hazard model was used to perform and multivariate survival analyses. A

P-value of less than 0.05 was defined as statilstisggnificant. The RcmdrPlugin.EZR

package in R version 3.5.2. was used for all siegiisanalyses.

3. Results

3.1. DE proteins in pancreatic stroma of PDAC pattse

We measured peptides by shotgun LC-MS/MS, follovigd relative quantitative
analysis using Progenesis QI for proteomics softwardetermine the difference in protein
composition between PDAC and IPMA groups. Consetlyea total of 5237 peptides
derived from 1017 proteins were detected and ifledtin these samples. The complete lists
of identified peptides and proteins are shown ip@ementary Table Sland S2 (1% FDR,
peptide ion score of >30). Dendrogram of proteipregsion levels in PDAC and IPMA
stromal tissues showed PDAC and IPMA samples wiealg grouped into 2 clusters with
no PDAC sample found gathered in the IPMA samplstel (Fig. 2A). DE proteins (FDR <
0.05) of the PDAC stroma were screened out baseR amalysis. Relative to the IPMA
stroma, the total DE protein number for PDAC strowes 138 (Fig. 2B, Supplementary

Table S3). The DE proteins were converted into &tegsymbols (Fig. 1C).
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3.2. Pathway and process enrichment analysis opiEeins in PDAC stroma

A total of 14 overrepresent GO-BP terms relatetEsdracellular matrix organization”,
“Response to wounding” and “Actin cytoskeleton arigation”, and only 2 signaling
pathways including “Pancreatic secretion” and “Miala were significantly enriched among
the DE proteins (Supplementary Table S4). To furtature the relationships between the
terms, a subset of enriched terms has been selantedendered as a network plot, where
terms with a similarity > 0.3 are connected by edg€he top 20 clusters with their

representative enriched terms were selected aogptdip-value (Fig. 2C).

3.3. Identification of DEGs in PDAC cells using pahllatabases

To explore the differences of gene expression &etwPDAC tissue and normal
pancreatic tissue, the gene expression datasé®®AC and normal pancreatic tissue were
obtained from the public databases (the TCGA amd GTEx) as described before. The
results of principal component analysis could ddfgiate the PDAC tissues from normal
tissues directly (Fig. 3A). The first constitutedngipal component explained 47.4% of the
variance of the variables, the second principal moment explained 5.1% of the variance,
and the cumulative variance that explained is 52.6%Gs (FDR < 0.05, |log2 FE| 16)
were screened out based on R analysis. A totall8i DEGs were identified in PDAC
tissues compared to normal tissues. After that4ldgénes, including 1240 up-regulated

genes and 194 down-regulated ones, were identieitie DEGs in PDAC cells by filtering
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out the genes which were not detected in the gempeession dataset of three common

pancreatic cancer cell lines (SRP038143) (Fig.3E]},

3.4. Hierarchical clustering diagram and pathwaydgorocess enrichment analysis of DEGs
after filtration

Hierarchical clustering diagram of the 1434 DEGs$Meen normal pancreatic tissue (n =
197) and PDAC (n = 169) are shown in Fig. 3C. THet24 DEGs could clearly distinguish
PDAC from normal pancreatic tissues. For these 1IEGs, pathway and process
enrichment analysis has been carried out. Top @€texis with their representative enriched
terms, including 12 overrepresented GO-BP termaadlto “Cell division”, “Regulation of
mitotic cell cycle”, “Extracellular matrix organizan”, “Response to wounding” and “Actin
cytoskeleton organization”, and only 1 signalinghpay of “Pathways in cancer”, are shown
in Supplementary Table S6 and Fig. 3D. Combinedh \lie enriched GO-BP terms and
pathways of DE proteins in PDAC stroma, only 3 GB-&rms including‘Extracellular
matrix organization”,‘Response to wounding” and “Actin cytoskeleton orgatmon” were
overlapped between the analyses. No overlappedvpgitivas detected between them. These
results suggest that some genes included in theG®-BP terms may be key genes of

cell-stroma interaction in pancreatic cancer.

3.5. Integrated interactome analysis using multydkgforms

The CASTIN [8] evaluates and summarizes gene egjaesprofiles of cancer and
stroma from RNA-seq data using cancer xenograftatsodn this study, we identified 138
DE proteins in PDAC stroma using dissected stromn@as of PDAC tissues, whereas 1434

DEGs in PDAC cells were identified using the puldatabases filtering out the genes which
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were not detected in the gene expression datasbtred common pancreatic cell lines. To
integrate these data across multiple platforms, B8proteins were converted to 95 DE
genes (DEGSs). After that, the DEG lists of PDAMsta and PDAC cells were integrated to
our in-house ligand-receptor interaction datab&eThe ligand-receptor interactions were
searched for the two directions of signal transdua¢tfrom cancer ligand to stromal receptor
and from stromal ligand to cancer receptor (heeeattferred to as C-S direction and S-C
direction, respectively). As shown in Table 2, 8y keancer-stromal interactions were
identified. All interactions were S-C direction, gre extra-cellular matrix (ECM) related

genes including tenascin (TNC), thrombospondin HE$1) and fibronectin (FN1) were

identified as ligand and various subunits of intediTG) were identified as receptor. No

interaction of C-S direction was identified.

3.6. Kaplan—Meier survival analysis of key interant and signature genes

To analyze the prognostic relevance of 8 key auions, Kaplan-Meier analysis was
performed with the survival package in R, stratifiey median expression value of
interaction associated genes. As shown in Figh4, (¢ = 0.041) and integrin subunit alfa 3
(ITGAS, p = 0.012) were negatively associated V8. Moreover, Kaplan-Meier analysis,
stratified by co-expression value of the genes astad with the 8 key interactions,
suggested that FN1-ITGAS3 interaction and FN1- integubunit alfa 5 (ITGA5S) interaction

were unfavorable factors of prognosis of PDAC pati€Fig. 5).

3.7. Immunohistochemistry
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Figure 6 shows representative images of pancreaticer tissues stained for FN1,

ITGA3 and ITGAS5. We detected increased FN1 protexpression in stromal cells

(especially in fibroblasts) and ITGA3 protein exgs®n in cancer cells, whereas no

increased ITGAS protein expression was detectexdimter cells but in stromal cells (Fig. 6).

This result suggests that ITGAS may not play andrtgnt role as a receptor of FN1 in

pancreatic cancer cells. Next, we examined FN1Ia@aA3 protein expression in pancreatic

cancer tissues using the TMAs of 271 pancreaticergpatients. We detected increased FN1

protein expression in stromal cells of 178 casé&s7%), and ITGA3 in cancer cells of 90

cases (33.2%) out of 271 pancreatic cancer casasle T3 shows the association of

FN1/ITGA3 co-expression with other clinicopatholcg)i parameters. FN1/ITGA3

co-expression was significantly correlated withyordcurrence rate (p = 0.04) but not with

other parameters such as tumor size, histologypa, tymphatic invasion, venous invasion,

intrapancreatic neural invasion, stage or curgbililymph node metastasis was slightly

correlated with FN1/ITGA3 co-expression (p = 0.09).

OS was estimated in all 271 patients. As showrFigure 7, FN1-positive group,

ITGA3-positive group and FN1/ITGA3-positive grouiposved significantly poor survival (p

=0.019, p = 0.0007 and p > 0.0001, respectivdlghle 4 showed the prognostic factors for
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OS. In the univariate analysis, age 70 years), tumor size>(35 mm), lymph node

metastasis, lymphatic invasion, intrapancreatiaaeuavasion, stage, curability, presence of

adjuvant therapy and FN1/ITGA3 co-expression wegaificant prognostic factors for OS.

In multivariate analysis, tumor size 85 mm), lymph node metastasis, stage, presence of

adjuvant therapy and FN1/ITGA3 co-expression wedependent prognostic factors for OS.

4. Discussion

In the present study, we identified 95 DEGs in FD#troma using dissected stromal
areas of PDAC tissues and 1434 DEGs in PDAC csilsgupublic databases, respectively.
Subsequently, the DEGs of PDAC stroma and PDAG cedire integrated to our in-house
ligand-receptor interaction database, and 9 keygemd 8 key cancer-stromal interactions
for PDAC patients were identified.

Recently, studies have investigated molecularyp@st of PDAC based on integrative
transcriptional profiling analysis. In the pivotaludy, Collisson et al. [17] defined three
PDAC subtypes: classical, quasi-mesenchymal andriesolike, which show differences in
outcome and therapeutic responses [17]. In ansthey by the Australian Pancreatic Cancer
Genome Initiative as part of the International GanGenome Consortium (ICGC), 4
subtypes: squamous, pancreatic progenitor, abbrraifferentiated endocrine exocrine
(ADEX), and immunogenic have unraveled [18]. Squasyopancreatic progenitor, and
ADEX reproduce the quasi-mesenchymal, classical,exocrine-like subtypes, respectively,

from Collisson et al. [17]. However, a more recstidy showed that Collisson et al.’s
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“exocrine-like” or “quasi-mesenchymal” subtypes, darthe ICGC's “ADEX” or
“immunogenic” subtypes were associated with lowtgusamples [19], reflecting the
contamination of surrounding pancreatic tissue thagenuine PDAC subtype. As just
described, gene expression analyses of bulk PDA@its are hampered by limited tumor
cellularity and the presence of abundant stromarnmied with normal endocrine and
exocrine cells. To overcome these limitations, Nét al. has taken into account the role of
the stroma in PDAC subtyping by computationally mdissecting normal, tumoral, and
microenvironment transcriptomic signals composingAR tissue [20]. They not only
identified 2 tumor-specific subtypes: a basal-lgubtype and a classical subtype, but also
defined normal and activated stromal subtypes, wkiere independently associated with
prognosis Activated” stroma was characterized by genes adsdcigith tumor promotion,
including the ECM proteins SPARC (secreted protaidic and rich in cysteine), POSTIN
(lys-pro-pro-arg), THBS (thrombospondin-1), and F{ibronectin 1) which we precisely
identified as the differentially expressed protem®DAC stroma. In this study, we used real
microdissection for the proteomic analysis of PDA®@ IPMA) stroma, eliminating the
contamination of pancreatic cancer, adenoma, noduet, acinar cells and islets. For the
identification of DEGs of PDAC cells, we filtereditothe genes which were not detected in
the gene expression dataset of common pancreateexcaell lines which were assumed to
be purely neoplastic [21], resulting in no detettad endocrine- or exocrine-related gene in
the DEGs for PDAC cells (Supplementary Table S5).

Gene Set Enrichment Analysis (GSEA) is a computationethod that determines
whether an a priori defined set of genes showssttatly-significant, concordant differences

between two biological states [22]. In the previcgtsady, genome-wide transcriptome
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analysis by Jones et al. showed more than 21,00€tigealteration in PDAC, which mainly
affected 12 core signaling pathways including “catlhesion”, “invasion”, “TGF-beta
signaling” and “integrin signaling” [23]. Additioflg, Pan et al. [9] identified the DEGs
between normal tissue and PDAC of different staggag the public microarray dataset
(GSE62165), and showed that the up-regulated DE&® wommonly enriched in five
fundamental pathways throughout stages, includiathvays in cancer, ECM-receptor
interaction and focal adhesion. They also showatl tAMA3 (Laminin Subunit Alpha 3),
LAMB3 (Laminin Subunit Beta 3), LAMCZ2Laminin Subunit Gamma 2), COL4Al
(Collagen type IV alpha 1) and FN1 were commonlgret by these pathways and were
unfavorable factors for prognosis. Bedsides GOKIBGG pathway, enrichment analyses by
Wang et al. [24] showed that 20 DEGs of PDAC tissuere enriched in ECM-receptor
interaction and focal adhesion pathways, and FNivelsas genes of collagen family was
significantly enriched in these pathways, sugggstitrat FN1 and genes of collagen family
may play an important role in PDAC progression.our study, no pathway related to
ECM-receptor interaction and adhesion was detexdad the previous studies. Meanwhile, 3
GO-BP terms including “Extracellular matrix orgaaimn”, “Response to wounding” and
“Actin cytoskeleton organization” were overlappeetween the DEGs of PDAC cells and
stroma, where genes related to ECM-receptor inieraand adhesion pathways categorized.
This was because we separately identified the DBG$DAC cells and stroma for
interactome analysis, and these DEGs included laggdpnds or receptors of interactions.

FN1 is a major constituent of the ECM within the ENtumor microenvironment) and
is not only produced mainly by fibroblasts, butcalsy cancer cells [25]. Normally, FN1

supports cell-ECM interactions and is essentiaMiound healing, development, and tissue
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homeostasis [26], whereas, increased cell protitevaand enhanced chemoresistance was
found when FN1 adhered to pancreatic cancer c2i$ [The prognostic impact of FN1
expression in PDAC is still controversial. Javleaktreported that high expression of FN1
correlated with p-ERK and a worsened survival [ZBh the other hand, Hu et al. reported
that stromal FN1 expression was not associated withg-term survival by
immunohistochemical analysis of 138 PDAC patieB&.[In the present study, we evaluated
the prognostic value of FN1 by using gene expresaia clinical information data obtained
from TCGA, and found that the high expression valiEN1 was negatively associated with
OS (p = 0.041). Furthermore, we examined FN1 pmogpression in pancreatic cancer
stroma using the TMAs of 271 pancreatic cancerep#ti and found that FN1-positive group
showed significantly poor survival (p = 0.019, Fi§y). ITGa5B1 is the primary receptor for
FN1. Abrogating FN1-IT@5p1 interaction in various animal models of cancéibried both
angiogenesis and tumor growth [30, 31]. Howevengdrwhich target this interaction
including PF-04605412 (specifiec5 subunit neutralizer [30]), have failed in clifidaals
[32]. In our immunohistochemical analysis, no irased ITGAS protein expression was
detected in cancer cells but in stromal cells (Big.suggesting that ITGA5 may not play an
important role as a receptor of FN1 in pancreadiccer cells. On the other hand, increased
ITGAS protein expression was detected in cancds,cahd FN1/ITGA3 co-expression was
an independent prognostic factor for OS. In addjtibe expression of ITGABas reported
as a diagnostic and prognostic biomarker in paticre@ncer [33]. Together with these
things, an anti-IT@3p1 antibody which specifically blocks thed subunit may inhibit tumor

progression in PDAC patients. Further understandingN1 expression and function in the
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context of PDAC may potentially help to improve #féectiveness of FN1 inhibition in the
clinical setting.

Recent advances in mass spectrometry have alltavgaoteomic profiling of various
types of cancer, and integration of these data witier biological data developed a more
complete understanding of specific cancers and texetic drivers [34, 355ince proteins
are ultimately the functional effectors of biologli@ctivity in cancer cells, we hypothesized
that interactome analysis using proteome data neaarb especially sensitive method for
identifying potential therapeutic targets in PDA®e succeeded in identifying the DE
proteins in PDAC stroma from LMD samples. Howevieeg proteins in cancer cells were not
able to be analyzed due to low tumor cellularityP®AC tissues. To overcome this limitation,
further experimental studies with high-sensitivityass spectrometry for very low-abundance
proteins, careful microdissection, and single-psefifiling technologies are encouraged.

In conclusion, we demonstrated the integrated mggnaand proteomic interactome
analysis of PDAC, and identified 8 key cancer-s@bninteractions. Besides, we
demonstrated that FN1-ITGA3 had unfavorable progaasipact for PDAC patients using
the TMAs of 271 PDAC cases. Although our study la#tations as described above, our
integrative exploration helps advance strategieslaads to discovery of clinically relevant

cancer-stromal interactions in PDAC that can bget®d with drugs.
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FIGURE LEGENDS

Figure 1. Representative images of pancreatic cancer sedtaised with hematoxylin (A)
and hematoxylin and eosin (B) for LCM. Pancreafinger, adenoma and normal ducts were
identified in both hematoxylin and H&E staining tita 4x magnification (the area
surrounded by a yellow line). Pancreatic acinalsaahd islets were identified in the tissue as
well (the area surrounded by a blue line). Scanb®MH&E stained reference sections were
used to map the pancreatic stromal area (B). Aoégmncreatic cancer, adenoma, normal
duct, acinar cells and islets were microdissectedhfpancreatic tissue sections, and the
remaining area was defined as the pancreatic str@)&cheme for integration of proteomic
and transcriptomic data based on differential esgiom clustering and cancer-stromal

interaction.

Figure 2. Identification and pathway enrichment analysisliffierentially-expressed proteins
in PDAC stroma. (A) Dendrogram of protein expresdievels in PDAC and IPMA stromal
tissues showing PDAC and IPMA samples were clegndyiped into 2 clusters. (BJA plot

of differential gene expression levels in the twoups, where expression intensity is on the
x-axis and differences in gene expression levedsoar the y-axis, each dot represents one
gene, blue dots represent genes whose abundaddéientially expressed (FDR<0.05) in
PDAC stroma, and black dots non-significantly chlethgegulation. (C) Networks of
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enriched terms. A subset of enriched terms has belested and rendered as a network plot,
where terms with a similarity > 0.3 are connectgdetiges. Each node is colored by cluster
ID, and nodes which share the same cluster IDygiedlly close to each other.

Figure 3. Identification and pathway enrichment analysiglifferentially expressed genes in
PDAC cells. (A) Principal Component Analysis (PCA)apping for gene expression of
patients with normal pancreatic tissue or PDAC. bdzontal axis represents the score of
the first principal component of each sample; thdimate axis represents the score of the
second principal component. N represents the ngparadreatic tissue samples (total of 197),
T represents the PDAC samples (total of 169). (B) Mot of differential gene expression
levels in the two groups, where expression intgnsiton the x-axis and differences in the
gene expression levels are on the y-axis, eachiegioesents one gene, blue dots represent
genes whose abundance is differentially expreds€d>(16 and FDR < 0.05) in PDAC cells.
(C) Hierarchical clustering diagram of differendegtween normal pancreatic tissue (n=197)
and PDAC (n=169). The horizontal axis represenésséimple name (a blue line indicates
normal tissues; red line indicates the PDAC). Tigktrordinate axis represents the clustering
condition of 1434 DEGs. Red indicates the up reguieof the gene, blue indicates the down
regulation. (D) Networks of enriched terms by ti84 DEGs. A subset of enriched terms
has been selected and rendered as a network gietewterms with a similarity >0.3 are
connected by edges. Each node is colored by cliidteand nodes which share the same
cluster ID are typically close to each other.

Figure 4. Overall survival analysis of nine candidate getgs Kaplan—Meier plotter.
Log-rank test was used to evaluate significance.

Figure 5. Overall survival analysis of eight candidate iat#ions by Kaplan—Meier plotter.
Log-rank test was used to evaluate significance.

Figure 6. Representative images of pancreatic cancer tissiagsed for FN1, ITGA3 and
ITGAS. Increased FN1 protein expression were detkot stromal cells and ITGAS3 protein
expression in cancer cells. No increased ITGASgioexpression was detected in cancer

cells but in stromal cells (Scale bar: 600).

Figure 7. Overall survival for pancreatic cancer patientthwumors positive for FN1 (A),
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ITGAS3 (B) expression or FN1/ITGA3 (C) co-expression Kaplan—Meier plotter. Log-rank

test was used to evaluate significance.
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Table 1.Sample summary for proteomic analysis

Sample
PDAC270
PDAC278
PDAC284
PDAC290
PDAC291
PDAC294
PDAC349
PDAC397
IPMA281
IPMA285
IPMA296
IPMA297
IPMA352
IPMA392

Age

74
67
53
71
77
67
65
78
65
36
62
57
75
73

Gender

-G L L L LR L Ll =

Pathology
mod
wel
mod
mod
mod
mod
wel
por
IPMA with mild atypia
IPMA with mild atypia
IPMA with mild atypia
IPMA
IPMA

TNM
T3NOMO
T3N1MO
T3N1IMO
T3NOMO
T3NOMO
T3NOMO
T3N1IMO
T3N1IMO
NA
NA
NA
NA
NA

IPMN: adenocarcinoma in TisNOMO

adenoma

mod

mod
erate
ly
diffe

renti

ated adenocarcinoma, wel: well differentiated adanwnoma, por: poorly differentiated

adenocarcinoma, IPMNntraductal papillary-mucinous neoplasm
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Table 2 Mutually dependent interactions in PDAC dataset

Ligand

Receptor

Direction

Possible relevance forcea-stroma interactions

TNC

ITGAS

S-C

TNC interacts with ITGA5S to promotgidermal growth
factor receptor phosphorylation and growth [36].
Interference of TNC with syndecan-4 binding to
fibronectin blocks cell adhesion and stimulates durmell

proliferation [37].

THBS1

ITGB3

S-C

THBS1 is secreted by malignantrghbocells and interacts
with ITGAVB3 and ITGA3B1 to promote migration [38].
Cooperation between THBS1 and ITGAVB3 to promote

melanoma cell spreading [39].

FN1

ITGB1

S-C

Elevation of miR-9-3p suppresses fheliferation and
metastases of nasopharyngeal carcinoma  via
downregulating FN1, ITGB1 and inhibiting the EMT
process [40]. FN1 plays a role in the developmeiht o
cisplatin resistance in non-small cell lung canpessibly

by modulation off-catenin signaling through interaction

with ITGB1 [41].

FN1

ITGB3

S-C

FN1 and ITGB3 are coordinated with HRIC1 and

promote migration of melanoma cells [42].

FN1

ITGB6

S-C

Promotes breast cancer invasion [43].

FN1

ITGB7

S-C

Not reported

FN1

ITGA3

Expression of ITGAZan be used as a diagnostic and

prognostic biomarker in pancreatic cancer [33].

FN1

ITGAS

S-C

Rigid collagen fibrils potentiate Rl&ctivation to promote
malignancy and consistent up-regulationadf1 integrin
and FN in many tumors and their correlation witmesx

aggression [44].

S-C: signal transduction from stromal ligand toaearcell-receptor

31



Table 3.Clinicopathological parameters and FN1/ITGA3 cofesgion

Age (years) *
Gender
Male / Female
Tumor size (mm) *
Histological type
Well, Moderately / Poorly
Depth of invasion (UICC)
T1,2/7T3,4
Lymph node metastasis (UICC)
Negative / Positive
Lymphatic invasion
Negative / Positive
Venous invasion
Negative / Positive
Intrapancreatic neural invasion
Negative / Positive
Stage (UICC)
L, 10/ 10, 1V
Curability
RO, 1/R2
Adjuvant therapy (RO, 1)
Present / Absent
Recurrence (RO, 1)
Negative / Positive

*Values are mean (range).

FN1/ITGA3 co-expression

Positive (1 = 68)
68.5 (44 - 86)

37131
35 (10 - 90)

59/9

6/62

14 /54

25/43

14 /54

12 /56

59/9

67/1

49/18

6/61

UICC, International Union against Cancer Classificaion.

tMann—Whitney U test fFisher’s exact test.
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Negative f = 203)
68 (40 - 86)

108/ 95
35 (5 - 105)

178125

21/182

64 /139

781125

50/153

47/ 156

189/ 14

203/0

152 /51

40/ 163

P
0.8657

1.0%
0.247t

0.834%

0.819%

0.09%

0.886%

0.621%

0.398%

0.13%

0.251%

0.635%

0.04%



Table 4.Prognostic factors for overall survival (Cox prajpanal hazard regression model)

Variables n

Tumor size £ 35 mm)

Negative vs Positive 144 | 127
Gender

Female vs Male 122 /149
Tumor size ¥ 35 mm)

Negative vs Positive 72 /199

Histological type
Well, Moderately vs Poorly 237/34
Depth of invasion (UICC)

T1,2vs T3,4 27 | 244
Lymph node metastasis

Negative vs Positive 78/193
Lymphatic invasion

Negative vs Positive 103 /168
Venous invasion

Negative vs Positive 64 / 207

Intrapancreatic neural invasion

Negative vs Positive 59 /212
Stage (UICC)

[, 11vs I, IV 248 | 23
Curability

RO, R1 vs R2 270/1
Adjuvant therapy (RO,R1)

Absent vs Present 201/70
FN1/ITGA3 co-expression

Negative vs Positive 68 / 203

Univariate

p-value

0.03

0.71

< 0.001

0.05

0.26

<0.001

0.01

0.24

0.02

< 0.001

0.006

<0.001

< 0.001
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Multivariate
Hazard ratio
(95% CI)

1.815 (1.201 - 2.743)

1.811 (1.192 - 2.750)

2.121 (1.241 - 3.625)

0.343 (0.241 - 0.489)

1.784 (1.259 - 2.530)

p-value

0.005

0.005

0.006
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DIFFERENTIAL EXPRESSION INTEGRATION

guantified proteins —>  differentially expressed ——> DEGs -
in stroma proteins in PDAC stroma
(1,017) (138) (95) — Cancer-stromal interactions

(8)

qguantified mRNAs —  differentially expressed — > DEGs —
in public datasets MRNAs in PDAC cells
(58,037) (4131) (1434)

filtering by mRNAs
expressing in PDAC cell lines

Figure 1
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Highlights

» Performed a shotgun proteomic analysis using dissected stromal areas of PDAC tissues.
Identified differentially expressed (DE) proteinsin PDAC stroma.

Identified crucial and potentially druggable cancer-stromal interactionsin PDAC.

Identified 9 key genes and 8 key cancer-stromal-interaction targets for PDAC patients.
FN1-ITGA3 and FN1-ITGAS have unfavorable prognostic impact for PDAC patients.
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