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Compartment resolved proteomics reveals a dynamic matrisome 
in a biomechanically driven model of pancreatic ductal 
adenocarcinoma

Alexander S. Barrett1, Ori Maller2, Michael W. Pickup2, Valerie M. Weaver2, Kirk C. 
Hansen1,*

1Department of Biochemistry and Molecular Genetics, University of Colorado Denver, Aurora, 
Colorado, USA

2Department of Surgery, University of California San Francisco, San Francisco, California, USA

Abstract

Pancreatic ductal adenocarcinoma (PDAC) is characterized by a severe fibrotic component that 

compromises treatment, alters the immune cell profile and contributes to patient mortality. It has 

been shown that early on in this process, dynamic changes in tissue biomechanics play an integral 

role in supporting pancreatic cancer development and progression. Despite the acknowledgement 

of its importance, a granular view of how stromal composition changes during the course of 

PDAC progression remains largely unknown. To mimic the quasi-mesenchymal phenotype and 

pronounced desmoplastic response observed clinically, we utilized a genetically engineered mouse 

model of PDAC that is driven by a KrasG12D mutation and loss of Tgfbr2 expression. Application 

of compartment resolved proteomics revealed that PDAC progression in this KTC model is 

associated with dynamic stromal alterations that are indicative of a wound healing program. 

We identified an early provisional matricellular fibrosis that was accompanied by markers of 

macrophage activation and infiltration, consistent with the inflammatory phase of wound healing. 

At 20 weeks a proliferative phenotype was observed with increased fibroblast markers, further 

collagen deposition and loss of basement membrane and native cell markers.
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Introduction

A spectrum of distinct pancreatic malignancies that exhibit distinct histological and 

molecular features have been observed and described.1 Pancreatic ductal adenocarcinoma 

(PDAC) is the most common pancreatic neoplasm, accounting for >85% of all pancreatic 

tumor cases. Additionally, more than 95% of all pancreatic cancers arise from exocrine 

(i.e. duct where digestive enzymes are produced) elements, while cancers arising from 

endocrine elements (i.e. neuroendocrine tumors and islet cell tumors) account for <5% of 

cases. Pancreatic cancer is one of the most lethal malignancies and has a median survival of 

<6 months and a 5-year survival rate of 7%.2–3

The fibrosis that develops during PDAC progression compromises drug delivery, alters 

immune cell accessibility and promotes disease aggression and therapy resistance.4–6 

Targeting of various stromal components and pathways is considered a promising strategy 

to biochemically and biophysically enhance therapeutic response. However, none of the 

efforts have yet led to efficacious and approved therapies in patients. The extracellular 

matrix (ECM) specifically has been shown to modify almost every hallmark of cancer and is 

considered an enabling characteristic of solid tumor growth and invasion.7–9 Paradoxically, 

others have shown that the same desmoplastic stroma that confers drug resistance might 

also reduce the ability of PDAC cells to invade and metastasize. In mice, PDACs that are 

depleted of alpha smooth muscle actin positive myofibroblasts at the early or late stages 

formed more invasive tumors with reduced overall survival.10–11 Taken together, these 

findings illustrate the complex role of dynamic reciprocity between cellular and stromal 

compartments to influence PDAC progression. As such, a more detailed understanding of 

the tumor microenvironment in tumor pathogenesis and therapy resistance is needed to 

optimize strategies that target stromal components.

Pancreatic tumors share common genetic alterations in a handful of genes including Kras, 

p53, Smad4, and p16.12 Importantly, these genetic events, combined with accompanying 

histopathological alterations (i.e. fibrosis), suggest a sequential transformation roadmap of 
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pancreatic cancer from normal pancreatic epithelium to increasing grades of pancreatic 

intraepithelial neoplasia (PanIN) to, ultimately, invasive PDAC. However, tumors with 

identical germline mutations can exhibit diverse stromal phenotypes that predict tumor 

aggressiveness13–15 supporting further study of the tumor microenvironment including the 

ECM. In support of this, recent studies have demonstrated that the genotype of PDAC 

tunes epithelial tension to regulate fibrosis and accelerate PDAC progression in mice.15 

Pathological fibroblasts (i.e. myofibroblasts) are generally thought to be the precursors 

to increases in matrix deposition, stiffness and enhanced biomechanical signaling.16–17 

Although the biological impact of pancreatic cancer stroma on tumor cells has been 

investigated for some time18, the molecular mechanisms that underlie the desmoplastic 

response are not well understood. In part, this is because there is a lack of methods aimed 

specifically at characterizing covalently cross-linked and highly insoluble extracellular 

matrices. Here, we investigate a biomechanically driven model of PDAC at early and late 

timepoints to age matched normal pancreas using compartment resolved proteomics to better 

understand the stromal remodeling that occurs with disease progression.

Materials and Methods

Reagents

Reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 

Sodium chloride was from Acros Organics (part of Thermo Fisher). Microcentrifuge tubes 

and other consumables were from Axygen Inc. (Union City, CA) and RINO Screw Camp 

Tubes from Next Advance (Averill Park, NY). Formic acid (FA), and hydroxylamine 

(NH2OH) hydrochloride were from Fluka (Buchs, Switzerland). Anhydrous potassium 

carbonate, guanidine hydrochloride, sodium hydroxide, and acetonitrile (LC-MS grade) 

were from Fisher Scientific (Pittsburgh, PA). Trypsin (sequencing grade, TPCK treated) was 

from Promega (Madison, WI).

Sample Preparation

All mice were maintained in accordance with University of California Institutional 

Animal Care and Use Committee guidelines under protocol number AN105326-01D. Three 

biological replicates of normal pancreas early (5 weeks), normal pancreas late (20 weeks), 

KTC PDAC early (5 weeks) and KTC PDAC late (20 weeks) were harvested from either 

normal (C57bl/6) or from a genetically engineered KTC (KrasLSL-G12D/+Tgfbr2flox/+Ptf1a-

Cre) mice (n=3 each group), as previously described.15 An equal number of male and female 

mice were used and matched between the time points. The early tumors visually present as 

normal pancreas tissue (250mg) and late tumors take over most of the pancreas (300-500 

mg). Tissues were flash frozen in liquid nitrogen and milled to a fine powder using a 

ceramic mortar and pestle. Tissue was dried overnight in a lyophilizer and weighed tissue 

(approximately 1 mg for each sample) was homogenized in freshly prepared high-salt buffer 

(50 mM Tris-HCl, 3 M NaCl, 25 mM EDTA, 0.25% w/v CHAPS, pH 7.5) containing a 

1x protease inhibitor cocktail (Halt Protease Inhibitor, Thermo Scientific) at a concentration 

of 10 mg/mL. Homogenization took place in a bead beater (Bullet Blender Storm 24, Next 

Advance, 1 mm glass beads) for 3 min at 4 °C. Samples were then spun for 20 min 18,000 × 

g at 4 °C, and the supernatant removed and stored as Fraction 1. A fresh aliquot of high-salt 
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buffer was added to the remaining pellet at 10 mg/mL of the starting weight, vortexed at 

4 °C for 15 min, and spun for 15 min (18,000 × g at 4 °C). The supernatant was removed 

and stored as Fraction 2. This high-salt extraction was repeated once more to generate 

Fraction 3, after which freshly prepared guanidine extraction buffer (6 M guanidinium 

chloride adjusted to pH 9.0 with NaOH) was added at 10 mg/mL and vortexed for 1 hour 

at room temperature. The samples were then spun for 15 min, the supernatant removed, and 

stored as Fraction 4 (sECM). Fractions 1, 2, & 3 (Cellular) were combined and all fractions 

were stored at −20 °C until further analysis. Hydroxylamine (NH2OH) Digestion – The 

remaining pellets from each tissue, representing insoluble ECM proteins, were digested with 

hydroxylamine as previously described19. Briefly, after chaotrope extraction pellets were 

treated with freshly prepared hydroxylamine buffer (1 M NH2OH-HCl, 4.5 M guanidine-

HCl, 0.2 M K2CO3, pH adjusted to 9.0 with NaOH) at 10 mg/mL of the starting tissue 

weight. The samples were briefly vortexed, then incubated at 45 °C with vortexing for 

16 hours. Following incubation, the samples were spun for 15 min at 18,000 × g, the 

supernatant removed, and stored as Fraction 5 (iECM) at −80 °C until further proteolytic 

digestion with trypsin. The final pellet was stored at −80 °C until further analysis.

Trypsin Digestion

For each sample, 100 μL of the Cellular fraction, and 200 μL of the sECM and iECM 

fractions, respectively, were subsequently subjected to reduction, alkylation, and enzymatic 

digestion with trypsin. A filter-aided sample preparation (FASP) approach, as well as C18 

cleanup, was performed as previously described.20

LC-MS/MS Analysis

Samples were analyzed on an Q Exactive HF mass spectrometer (Thermo Fisher Scientific) 

coupled to an EASY-nanoLC 1000 system through a nanoelectrospray source. The analytical 

column (100 μm i.d. × 150 mm fused silica capillary packed in house with 2.7 μm 80 Å 

Cortex C18 resin (Phenomenex; Torrance, CA)). The flow rate was adjusted to 400 nL/min, 

and peptides were separated over a 120-min linear gradient of 4–28% ACN with 0.1% 

FA. Data acquisition was performed using the instrument supplied Xcalibur™ (version 2.1) 

software. The mass spectrometer was operated in positive ion mode. Full MS scans were 

acquired in the Orbitrap mass analyzer over the 300–2000 m/z range with 60,000 resolution. 

Automatic gain control (AGC) was set at 1.00E+06 and the fifteen most intense peaks 

from each full scan were fragmented via HCD with normalized collision energy of 28. 

MS2 spectra were acquired in the Orbitrap mass analyzer with 15,000 resolution with AGC 

set at 1.00E+05. All replicates of each tissue were run sequentially and pre-digested yeast 

alcohol dehydrogenase standard (nanoLCMS Solutions LLC, Rancho Cordova, CA) was run 

between tissue groups to monitor drift in analytical performance.

Database Searching and Protein Identification

MS/MS spectra were extracted from raw data files and converted into .mgf files using MS 

Convert (ProteoWizard, Ver. 3.0). Peptide spectral matching was performed with Mascot 

(Ver. 2.5) against the Uniprot mouse database (release 201701). Mass tolerances were +/− 

10 ppm for parent ions, and +/− 0.2 Da for fragment ions. Trypsin specificity was used for 

cellular and sECM fractions, allowing for 1 missed cleavage. For iECM fraction, C-terminal 
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N and trypsin were used, allowing for 1 missed cleavage. Met oxidation, Pro hydroxylation, 

protein N-terminal acetylation, and peptide N-terminal pyroglutamic acid formation were 

set as variable modifications with Cys carbamidomethylation set as a fixed modification. 

Scaffold (version 4.4.6, Proteome Software, Portland, OR, USA) was used to validate 

MS/MS based peptide and protein identifications. Peptide identifications were accepted if 

they could be established at greater than 95.0% probability as specified by the Mascot 

scoring algorithm. Protein identifications were accepted if they could be established at 

greater than 99.0% probability and contained at least two identified unique peptides. Byonic 

Preview was used to assess missed cleavage percentages and ragged N- and C-termini.21 All 

data has been made publicly available on the Proteome Exchange database via PXD007816.

H&E Staining

Paraffin-embedded or Fresh frozen pancreatic tissues were analyzed by H&E, according to 

the manufacturer’s instructions.

Picrosirius Red Staining and Quantification

Flash frozen formalin fixed paraffin embedded (FFPE) tissues were cryo-sectioned at 5 μm, 

fixed in 4% neutral buffered formalin and stained using 0.1% picrosirius red (Direct Red 80, 

Sigma) and counterstained with Weigert’s hematoxylin, as previously described22. Polarized 

light images were acquired using Olympus IX81 microscope, fitted with an analyzed (U-

ANT) and a polarizer (U-POT, Olympus) oriented parallel and orthogonal to each other. 

Images were quantified using ImageJ as previously described.22

Results

Here we investigate the relationship between tumor progression, fibrosis and ECM 

composition by utilizing a genetically engineered PDAC mouse model: KTC, 

KrasLSL-G12D/+Tgfbr2flox/+Ptf1a-Cre.10, 15 In comparison to the common KPC model23, 

experimental tumors in KTC mice are highly fibrotic and exhibit a pronounced 

mesenchymal-like phenotype following stromal ablation.10, 15 Clinically, patient PDACs 

with a quasi-mesenchymal phenotype have more fibrotic tumors that are more 

aggressive and resistant to treatment than PDACs with a classical, more differentiated 

histophenotype.24–25

The fibrotic PDAC stroma is used as a readout of stromal activation during disease 

progression. Considering the rapid and aggressive nature of these mesenchymal tumors in 

human disease and mouse models, we sought to investigate differences in the matrisome 

during PDAC progression using compartment resolved proteomics applied to KTC PDACs 

at early (5 weeks) and late (20 weeks) time points. Based on our near universal observation 

of an insoluble pellet that remains after chaotrope extraction26 we applied our recently 

published protocol for chemical digestion using hydroxylamine (NH2OH), which cleaves 

at asparagine residues.19 The sample preparation protocol yields three distinct fractions: 1) 

cellular, 2) soluble ECM (sECM), and 3) insoluble ECM (iECM) fractions (Figure 1). We 

analyzed protein digests using global data-dependent acquisition and were able to identify a 
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total of 3,347 proteins across all tissues (Supplementary Table S1) at a false discovery rate 

of 0.5%.

To monitor changes in the abundance of exocrine, endocrine, ductal, and stromal 

cell populations during tumor progression, pancreatic cell markers were quantified 

(Supplementary Table S2). A shift in the cell populations between normal pancreas and 

PDACs was observed in the 5-week time points (Figure 2A). These data show that exocrine 

cell markers (e.g. Cela2a, Cpa1, Prss2, Ctrb1) are approximately 6-fold higher abundance 

in normal pancreatic tissue relative to PDAC. These cells are integral to normal pancreatic 

function as they produce pancreatic enzymes for digestion. The remaining 5% of cells 

consists of endocrine cells that produce hormones that regulate blood sugar and pancreatic 

secretions. Although less abundant than exocrine cell population markers, endocrine cell 

population markers (e.g. Gcg and Ins2) were present in the normal pancreas at 2-fold higher 

abundance relative to KTC PDACs. Importantly, even in early (5 week) KTC PDACs, 

a marked decrease in the abundance of exocrine and endocrine markers was observed. 

As exocrine/endocrine populations decrease and normal cells become transformed, protein 

markers of tumor cell (i.e. malignant ductal cells) activation increase and begin to release 

various factors (i.e. TGFβ and Fibronectin) that stimulate ECM protein production and 

remodeling.27 A 9-fold increase in ductal (i.e. Krt20, Tpm2, and Krt7) and a 2.7-fold 

increase in stromal (i.e. Gfap, Vim, Mrc1, Cd47, Cd81) cell markers, relative to normal 

pancreatic tissue, was observed at 5 weeks in the KTC tumors and indicates an expansion 

of ductal (and stromal) cell populations commensurate with PDAC progression Previous 

studies which analyzed microdissected PDAC tumors found that the ductal marker Krt7 

is specifically overexpressed in the tumor epithelium and is correlated with decreased 

survival.28 Our analysis also revealed that KTC tumors retain a relatively high abundance 

of exocrine cell markers early on, however; exocrine cell markers in later stage tumors 

decreased more than 10-fold (Supplementary Table S2). Multi-variant analysis illustrates 

that these markers provide sufficient information to discriminate between, normal pancreas, 

early KTC, and late KTC tumors (Figure 2B).

To further investigate the flux from exocrine/endocrine cell populations to more ductal and 

stromal cell populations, the morphologic changes that form the bases of contemporary 

PDAC diagnoses were compared. Regions with confirmed malignant transformation were 

identified on H&E stained sections and revealed stark differences in cellular morphology 

(Figure 2C). Further, because PDACs are characterized by dynamic stromal remodeling and 

an influx of cancer-associated stromal cells, we also sought to investigate the relationship 

between fibrillar collagen and PDAC progression. As expected, evidence of fibrosis was 

indicated by polarized imaging of picrosirius red stained parallel sections which revealed 

that fibers progressed in thickness between early and late time points.

Commensurate with increased collagen deposition, several significant changes in the 

composition of the ECM were observed during disease progression (Supplementary Table 

S3). First, our results indicated a progressive loss of basement membrane proteins (i.e. 

Lamb2, Col4a2, and Lamc1) from normal pancreas through KTC PDAC progression 

(Figure 3A). This is consistent with the observed destruction of the basement membrane 

as normal cellular organization is lost to facilitate invasion and metastasis in many cancers8. 
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Additionally, a stark increase in matricellular (i.e. Tnc, Thbs1), ECM regulator (i.e. Lox, 

Tgm2, Plod2), and structural ECM (i.e. Fn1) protein abundance was also observed. This is 

consistent with previous findings which suggests a strong matricellular-fibrosis phenotype in 

patients15 and has implications for alterations in cell-matrix interactions known to contribute 

to tumor invasion and metastasis. Early and late normal pancreatic tissue are distinguished 

from early and late KTC PDACs based solely on their ECM composition using multivariate 

analysis (Figure 3C). Furthermore, the variance observed is primarily driven by decreases in 

basement membrane abundance, and increases in matricellular, collagen, and ECM regulator 

protein abundance (Figure 3B). These data are consistent with cell marker data which 

indicated large increases in stromal cell populations.

KTC PDACs exhibit an approximate 3-fold increase in fibrillar collagen (i.e. Col1a1, 

Col1a2, Col2a1, Col3a1, and Col5a1/2) after just 5 weeks (Figure 3D, Supplementary 

Table S3), relative to normal tissue. Notably, fibril-associated collagen with interrupted triple 

helix (FACIT) collagens were either not detected (Col12a1) or detected at a relatively low 

abundance (Col14a1) in normal pancreatic tissue, however; their abundance is increased 

dramatically during tumor progression. Another less abundant FACIT collagen, Col16a1, 

was identified at very low levels (i.e. one peptide identification) in normal pancreatic tissue 

but showed significant increases in abundance during tumorigenesis and PDAC progression 

(Supplementary Table S3). Previous evidence has shown that Col16a1 is extensively 

overexpressed in glioblastoma and oral squamous cell carcinoma tumorigenesis, compared 

to normal tissue.29 Significant increases in the abundance of the network collagens VIII and 

X also occurred during tumor progression. Type VIII and X collagens are known to form 

networks of polygonal superstructures,30–31 have been shown to be critical to the formation 

of vessel walls,32 tumor vasculature33 and are associated with vascular injury.34 It is possible 

this may be a part of the extended would healing program observed in KTC PDACs and 

the expansion of tumor vasculature. Additionally, previous studies in colorectal cancer have 

identified Col10a1 as one of the top four genes upregulated in carcinogenic colon tissues, 

relative to adjacent normal controls.35

To determine if the observed changes in collagen during the course of tumor progression 

would alter the solubility of the stroma, the percentage of total collagen found in the cellular, 

sECM, and iECM fractions were compared (Figure 3E & F). This approach revealed 

changes in the solubility profiles of normal and KTC PDACs (Supplementary Table S4). 

A progressive decrease in basement membrane solubility was observed from 26.4% to 

35.3% present in the iECM fraction of normal and KTC respectively. The solubility of 

matricellular proteins and collagens remained relatively consistent during tumor progression. 

However, for individual collagen families we observe some unique trends (Figure 3E & 

F). In comparing normal early pancreas with normal late pancreas, we observed a 12.9% 

decrease in the solubility of fibrillar collagen. Interestingly, the same comparison in KTC 

progression shows a 5.4% decrease in fibrillar collagen solubility in later stage PDACs. 

These data indicate that more fibrillar collagen is deposited in the stroma in KTC PDACs 

than in normal pancreatic tissue, but is more soluble (Supplementary Table S4), possibly 

indicating that in addition to abnormal matrix deposition proper maturation into stable fibers 

is not occurring.
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End products of coagulation (Fga, Fgb, Fgg) increase significantly in abundance in the ECM 

fractions during the early phase of tumor progression (Figure 2A) and are classic markers of 

the homeostasis phase of wound healing.36 Coagulation factor XIII A chain (F13a1) which 

is responsible for crosslinking reactions to stabilize fibrin clots37–38 was detected at very low 

levels in normal pancreas, however; increased dramatically in the ECM fractions of the KTC 

model. Interestingly, another transglutaminase, Tgm2, also increased ~5-fold, as well as its 

known substrate fibronectin. Additionally, Tgm2 decreases substantially in solubility (27% 

decrease) in PDACs relative to normal pancreas tissue (Supplementary Table S1). This may 

be explained by the observation that Tgm2 auto-crosslinks to structural ECM substrates such 

as Fn1.39–40

A significant increase in almost all proteins defined as matricellular41–42 was observed at the 

early time point in the tumor model. (Figure 4A and Supplementary Table S5). Tenascin-C 

(Tnc) abundance is highest early in KTC samples and then decreases approximately 5-fold 

by the KTC 20-week time point. Tnc has been identified as a metastatic niche component 

involved in colonizing the lung during breast cancer metastasis.43–44 Multivariate analysis 

revealed significant contributions of small leucine-rich proteoglycans (SLRPs), such as 

biglycan (Bgn), lumican (Lum), and decorin (Dcn) in the discrimination of sample groups 

during tumor progression (Figure 4B). The expression of these proteins is related to collagen 

expression and organization.45

To investigate the relationship between macrophage activation and matricellular protein 

abundance, we performed Pearson correlation analysis (Figure 4C) against a marker of 

tumor associated macrophages (TAMs); Mannose receptor 1 (Mrc1/Cd206).46 Previous 

studies have identified Mrc1 as an M2 macrophage subtype termed MRC1-expressing TAMs 

(MEMs)47 and have established its role as the principal collagen endocytosis receptor in 

TAMs.48 Our analysis revealed strong correlations with several matricellular proteins, ECM 

components that regulate ECM post-translational modifications (i.e. Plod2, Lox, Loxl1), 

ECM deposition (i.e. Fn1, P4ha1), and effect cell adhesion (i.e. Tnc, Fn1, Thbs1) through 

activation of integrin signaling.49–50

Discussion

PDAC-associated fibrosis creates a tissue-microenvironment that compromises drug 

delivery, alters immune cell accessibility and promotes tumor aggression and drug 

resistance. Despite the ECM being recognized as a major contributor to these events and 

the hallmarks of cancer,8–9 we have a limited understanding of global alterations that 

occur with disease progression. Here, we applied compartment resolved proteomics to 

characterize changes in the abundance of cellular populations and ECM composition at 

early and late time points. We observed formation of a provisional matrix early in tumor 

progression that exhibited several characteristics of the homeostatic and inflammatory stages 

of wound healing. Most notably there was increased matricellular protein and fibrillar 

collagen abundance. The advanced tumors observed at the 20-week time-point exhibited 

a scar-like fibrosis driven primarily by type I collagen deposition and additional changes, 

including a decrease in basement membrane proteins and increased abundance of ECM 

modifying enzymes (i.e. Lox, Plod2). Cellular differentiation markers revealed that KTC 
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PDACs progressively lost exocrine cell populations with a concurrent increase in ductal and 

stromal cells. These findings also support progression through the first half of the “wound 

healing” program.

Analysis of the insoluble pellet remaining after chaotrope extraction revealed that over 50% 

of total fibrillar collagen abundance was found in this often-overlooked fraction. In addition 

to increased levels of abundant fibrillary collagens we identified FACIT collagens Col12a1, 

Col14a1, and Col16a1 as an abundant and unique feature of the PDAC stroma. Col12a1 

was undetected in normal pancreatic tissue while Col14a1 was detected at a 10-fold lower 

level than was observed in KTC PDACs. Additionally, our data would suggest that Col16a1 

appears to be of particular importance during PDAC tumorigenesis and progression in this 

model. Of note, FACIT collagens associate with the surface of existing collagen fibrils 

to create bridges between fibrils.51 Future work to substantiate these findings in human 

samples should include not only the described collagen levels, but also post-translational 

modifications associated with fibrosis. Particularly, enzymatic crosslinking that has been 

shown to promote tumor progression52–53 and limit the reversal of fibrotic diseases.54–55

Perhaps most striking is the change in the matricellular protein phenotype observed in early 

tumor progression and to a lesser extent at the advanced time point. In general, matricellular 

protein abundance was very low, or not-detected in normal pancreatic tissue. SLRPs such 

as biglycan, decorin, fibromodulin and lumican, increased and remained prominent in the 

tumors. This family of proteins binds collagen fibrils and regulates interfibrillar spacing, 

in part, through their highly charged hydrophilic glycosaminoglycans.45 In addition, this 

family of proteins is known to sequester TGF-β into the ECM,56 bind to multiple cell 

surface receptors,57 and regulate inflammation and innate immunity.58 Ultimately, these 

ECM components form a permissive or promotional matrix that guide altered fibrillogenesis 

and cell-ECM contacts that can lead to the development of drug resistance and increased 

tumor angiogenesis.57 The tumor associated macrophage marker, Mrc1, showed a strong 

correlation with matricellular protein abundance in KTC PDACs. Of the identified 

matricellular proteins, tenascin-C was found to be one of the most abundant and had a 

strongest positive correlation with this marker. It has been shown previously that tenascin-

C expression is upregulated in human PDAC and correlates with differentiation.50, 59 

Furthermore, there is evidence to suggest that exosome bound tenascin-C is involved in 

initiating a pre-metastatic niche in the liver.49, 60

In comparison to the widely used KPC model of PDAC that has conditional expression 

of the tumor-associated p53R172H mutation, the KTC tumors are smaller yet more fibrotic 

as indicated by imagining modalities and biomechanical measurements.15 The reduction in 

TGF-β signaling increased actomyosin tension and mechanosignaling in the transformed 

pancreatic epithelium to induce a stiffer, periductal, matricellular-enriched fibrosis as well. 

Human PDAC biopsies from patients with shorter median survival supported these findings 

including the identified signaling pathways converging on YAP1.

Analysis of cellular and stromal compartments revealed a classic wound healing response 

and formation of a provisional matrix involving fibronectin and fibrinogen. It has been 

shown that a provisional ECM provides the proper microenvironment for resident and 
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invading cells to proliferate and migrate during normal wound repair process61. It is likely 

that this process supports the migration of cancer associated fibroblasts and myofibroblasts 

to the tumor microenvironment to modify the ECM and further the dynamic reciprocity 

observed in tumor progression.62

Components of the newly synthesized matrix, along with tumor adaptions likely fuel the 

physiological wound healing response towards a chronic fibrotic state in these tumors. 

This in turn, perpetuates further interstitial pressure and biochemical queues that advance 

PDAC progression and impair organ function. Future studies aimed at further temporal 

resolution of PDAC progression and means to resolve the fibrotic state, or direct the 

pancreas toward the remodeling stage of wound healing will require a better understanding 

of tumor microenvironment alterations and cellular responses that result.
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Highlights

• First study to characterize changes in the matrisome during PDAC 

progression

• Early and late tumor timepoints revealed a dynamic wound healing stroma

• An early provisional matrix was replaced by a more classical fibrotic 

phenotype

• Stromal cells overtook exocrine and endocrine cell populations during PDAC 

progression
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Figure 1. Compartment resolved proteomics workflow
The sample preparation protocol yields three distinct fractions: 1) cellular, 2) soluble ECM 

(sECM), and 3) insoluble ECM (iECM) fractions. Cellular compartments are isolated using 

CHAPS detergent (cellular fraction), Gnd-HCl is used to facilitate protein denaturation 

and the solubilization of an ECM rich fraction (sECM fraction). After this extraction, an 

insoluble pellet remains that is subjected to chemical digestion with NH2OH to solubilize 

the remaining insoluble components (iECM fraction). All fractions are digested with trypsin 

and analyzed separately by quantitative tandem mass spectrometry (LC-MS/MS).
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Figure 2. Characterization of shifts in tissue morphology and cell markers during pancreatic 
tumorigenesis
(A) Heatmap of changes in the relative abundance of ductal, stromal, endocrine and 

exocrine cell population markers in normal early (n=3) and normal late (n=3) pancreas 

and KTC PDAC early (n=3) and KTC PDAC late (n=3) tumors derived from data dependent 

global LC-MS/MS data. Early and late time points were taken at 5 weeks and 20 weeks, 

respectively. (B) Scores plot from principal component analysis (PCA) using cell population 

markers as defined variables. Red arrows indicated increases in relative abundance and blue 

arrows indicate decreases in relative abundance. (C) Representative images from histological 

staining (H&E, picrosirius red with polarized light) of normal pancreas, KTC early and KTC 

late (left). Quantification of total Picrosirius red area as percentage of total (left). Subsequent 

statistical analysis was performed using Mann-Whitney test (*P < 0.05; **P < 0.01).
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Figure 3. Comparative matrisome analysis in normal pancreas and during pancreatic ductal 
adenocarcinoma progression
(A) Heatmap of changes in the relative abundance of the top 25 ECM proteins contributing 

to the separation of groups seen in part C. (B) ECM curated list of proteins from data 

dependent global LC-MS/MS experiments grouped by their defined function (C) Scores 

plot from principal component analysis using the ECM curated list of protein from data 

dependent global LC-MS/MS experiments. (D) Fold change plot of all collagens identified 

relative to normal early pancreas samples and sorted by largest to smallest fold changes. * 

above Col12a1 and Col14a1 indicates that these variable were not detected in the normal 
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pancreas matrisome. (E) and (F) Area fill plot based on the relative abundance of the defined 

protein group across all fractions for normal early pancreas tissue and KTC PDAC early 

tumors. Values indicate the overall abundance of a protein group that was found in each 

fraction out of 100%.
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Figure 4. Pancreatic tumorigenesis and progression is characterized by increased matricellular 
protein abundance
(A) Heatmap of changes in the relative abundance of all matricellular proteins identified by 

data dependent global LC-MS/MS. (B) Variable of importance (VIP) plot (left) in which 

matricellular protein are ranked based on their contribution to the separation between groups 

in principal component analysis scores plot (right). A larger VIP score indicates that the 

variable is more important in defining the differences between all groups in PCA scores plot. 

(C) Correlation analysis of ECM components that correlate with Mannose receptor 1 (Mrc1) 

abundance based on relative abundance measures from data dependent global LC-MS/MS 

experiments.
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