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Abstract 53 

Desmoplasia is a hallmark of pancreatic cancer and consists of fibrotic cells and secreted extracellular 54 

matrix (ECM) components. Various in vitro three-dimensional (3D) models of desmoplasia have been 55 

reported, but little is known about the relevant thickness of the engineered fibrotic tissue. We thus 56 

measured the thickness of fibrotic tissue in human pancreatic cancer, as defined by the distance from 57 

the blood vessel wall to tumor cells. We then generated a 3D fibrosis model with a thickness reaching 58 

the clinically observed range using pancreatic stellate cells (PSCs), the main cellular constituent of 59 

pancreatic cancer desmoplasia. Using this model, we found that Collagen fiber deposition was 60 

increased and Fibronectin fibril orientation drastically remodeled by PSCs, but not normal fibroblasts, 61 

in a manner dependent on Transforming Growth Factor (TGF)-β/Rho-Associated Kinase (ROCK) 62 

signaling and Matrix Metalloproteinase (MMP) activity. Finally, by targeting Secreted Protein, Acidic 63 

and Rich in Cysteine (SPARC) by siRNA, we found that SPARC expression in PSCs was necessary 64 

for ECM remodeling. Taken together, we developed a 3D fibrosis model of pancreatic cancer with a 65 

clinically relevant thickness and observed aberrant SPARC-dependent ECM remodeling in cancer-66 

derived PSCs. 67 

 68 
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Impact Statement 71 

This paper describes a novel and facile in vitro model of pancreatic cancer desmoplasia with a 72 

clinically relevant thickness that allows the study of extracellular matrix (ECM) remodeling. We 73 

demonstrate that human pancreatic cancer derived pancreatic stellate cells (PSCs), the main 74 

cellular constituent of the desmoplastic reaction, demonstrate pathological ECM remodeling via 75 

a TGF-β/ROCK axis and MMP activity-dependent mechanism. We finally uncover a previously 76 

unknown role of SPARC, a multifunctional glycoprotein associated with worse prognosis in 77 

pancreatic cancer, in pathological Fibronectin fibril alignment by PSCs.  78 
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1. Introduction 79 

Pancreatic adenocarcinoma is a recalcitrant malignancy with poor prognosis. It is 80 

histopathologically characterized by desmoplasia, consisting of densely packed fibrotic stromal cells 81 

and the extracellular matrix (ECM) components such as Collagen I and Fibronectin that these 82 

stromal cells abundantly secrete [1]. The principal stromal cell type of desmoplasia in pancreatic 83 

cancer is the pancreatic stellate cell (PSC) [2–6]. PSCs play a pivotal role in promoting the 84 

desmoplastic reaction not only through production and secretion of ECM components but also 85 

through active remodeling of the ECM [7,8]. Cancer-specific changes in ECM architecture have 86 

gained great interest with increased recognition that aberrant ECM architecture has therapeutic 87 

consequences through its effects on tumor solid mechanics [9], alteration of cancer cell 88 

migration/invasion [7,8,10–12], and drug penetration into the tumor [13–16]. The desmoplastic 89 

reaction is thus an important therapeutic target in pancreatic cancer, although recent papers highlight 90 

potential pitfalls of simply ablating fibrotic cells [17–19] and point at the importance of 91 

“reprogramming” them to a tumor-suppressive state [20,21]. There is thus an urgent need to model 92 

and analyze fibrotic lesions within pancreatic cancer to elucidate the detailed mechanisms of 93 

pathogenesis and identify therapeutic targets [22]. 94 

Recently, various three-dimensional (3D) culture techniques have been utilized to study 95 

intratumoral fibrosis in vitro [23], with successful application in studying ECM architecture [24,25], 96 

cancer cell migration [8,10,26,27], cancer-stroma crosstalk [8,28–30], and drug delivery [28,31,32]. 97 

Notably, it has recently been shown, albeit in a murine model of cardiac fibrosis and not intratumoral 98 

fibrosis, that the topological arrangement of fibroblasts in 3D itself induces a fibrotic phenotype in 99 

fibroblasts [33]. While this study seems to suggest that the thickness of fibrotic tissue itself may be a 100 

self-sustaining driver of the fibrotic process, the spheroid model as used in this study generally 101 

requires greatly different culture-ware and media for the generation of 3D spheroids compared to 102 
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conventional 2D culture. Furthermore, controlling spheroid size is usually technically challenging 103 

[34]. Comparison of spheroids and conventional 2D culture cannot, therefore, be made 104 

unequivocally with respect to tissue thickness. Our understanding of the importance of fibrotic tissue 105 

thickness thus would greatly improve if a 3D model in which thickness can be easily experimentally 106 

manipulated within a clinically relevant range is established. However, little is known quantitatively 107 

about the clinically relevant thickness of engineered 3D models of fibrosis.  108 

Thus, we in this study report 1) the clinically observed thickness of fibrotic lesions in human 109 

pancreatic adenocarcinoma, 2) generation of 3D fibrotic tissues out of human pancreatic cancer-110 

derived PSCs recapitulating this thickness, 3) a demonstration of the potential of these 3D tissues to 111 

study cancer-specific changes in ECM architecture. Furthermore, we study the role of Secreted 112 

Protein, Acidic and Rich in Cysteine (SPARC), an important regulator of ECM assembly [35] also 113 

implicated in PSC biology and associated with a worse prognosis in pancreatic cancer [36–39]. We 114 

uncover a previously unknown role of SPARC in Fibronectin remodeling by PSCs. 115 

 116 

2. Materials & Methods 117 

2.1. Histological analysis of fibrosis in human pancreatic adenocarcinoma  118 

For thickness measurements, images of tissue samples that we have previously stained and 119 

characterized [40] were used. The histopathological evaluations and staging as demonstrated in 120 

Figure 1D and 1E were made in this previous report. The thickness of fibrotic tissue was defined as 121 

the distance from an intratumoral vessel wall to the most nearby tumor cell nest. Blood vessels in 122 

areas of strong Platelet-Derived Growth Factor Receptor-β (PDGFR-β) positivity within the stroma 123 

were selected from analysis due to the negative prognostic significance of stromal PDGFR-β 124 

staining [40]. Furthermore, in light of the increasing use of 3D models to assess drug delivery, we 125 

limited our analyses to precapillary arterioles to postcapillary venules since this is where drug 126 
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release from the bloodstream mainly occurs [41]. These blood vessels are typically characterized by 127 

diameters of <50 μm or, approximately, a vessel perimeter of <150 μm. We thus excluded larger 128 

vessels, defined as blood vessels with a wall perimeter >150 μm. 50 thickness measurements in total 129 

were made per patient. 130 

 131 

2.2. Cell culture and reagents 132 

MRC5 and CAPAN-2 cells were obtained from American Type Cell Collection (Manassas, VA, 133 

USA). Primary PSCs were obtained from human pancreatic adenocarcinoma patients as previously 134 

described [42]. For PSC #1 and PSC #2 cell lines, immortalization was performed as previously 135 

described [43]. MRC5, PSC #1, and PSC #2 cells were maintained in Dulbecco’s Modified Eagle 136 

medium (gibco/Thermo Fisher Scientific, Eugene, MA, USA) supplemented with 10% fetal bovine 137 

serum, 50 U/mL penicillin, and 50 μg/mL streptomycin. Primary PSCs were maintained in 138 

Dulbecco’s Modified Eagle medium/Ham’s F-12 1:1 mixture (Sigma-Aldrich, St. Louis, MO, USA) 139 

supplemented with 10% fetal bovine serum, 50 U/mL penicillin, and 50 μg/mL streptomycin. 140 

CAPAN-2 cells were maintained in McCoy’s 5A medium (Sigma-Aldrich) supplemented with 10% 141 

fetal bovine serum, 2 mM L-glutamine, 50 U/mL penicillin, and 50 μg/mL streptomycin. To obtain 142 

CAPAN-2 conditioned media (CM), CAPAN-2 cells grown to 80% confluence were then cultured in 143 

Dulbecco’s Modified Eagle Medium for another 24 hours. CM was then collected, passed through a 144 

0.22 μm PVDF membrane filter (Merck Millipore, Burlington, MA, USA) to remove cell debris, and 145 

stored frozen until use. For 3D tissue generation, trypsinized cells were first incubated in Tris-146 

buffered saline containing 150 mM sodium chloride, 0.04 mg/mL Fibronectin (Sigma-Aldrich), and 147 

0.04 mg/mL Gelatin (Wako Pure Chemicals, Osaka, Japan) upon gentle rocking (30 min, RT). The 148 

cells were then briefly centrifuged and re-suspended in their respective culture media before being 149 

seeded on cell culture inserts for 24 well plates (0.4 µm, transparent; BD Falcon/Corning, Corning, 150 
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NY, USA) coated with 0.12 mg/mL Fibronectin. The cell culture reagents used in this study are as 151 

follows: GM6001 (10 μM in dimethyl sulfoxide [DMSO]; Calbiochem, San Diego, CA, USA), 152 

LY364947 (10 μM in DMSO; Calbiochem), Recombinant Human TGF-β2 (1 ng/mL; PeproTech, 153 

Rocky Hill, NJ, USA), Recombinant Human TGF-β3 (1 ng/mL; R&D Systems, Inc., Minneapolis, 154 

MN, USA), Y27632 (10 μM in DMSO; Calbiochem). CAPAN-2 CM and TGFβ3 were applied 4 155 

hours after cell seeding, and inhibitors after 24 hours. siRNAs (10 nM; Sigma Genosys, Tokyo, 156 

Japan; sequences are shown in Supplementary Table 1) were transfected using Lipofectamine 157 

RNAiMax (Invitrogen/Thermo Fisher Scientific). Cells were harvested for generating 3D tissues 24 158 

hours after siRNA transfection. 159 

 160 

2.3. Thickness measurements of 3D tissues 161 

After two days of culture, 3D tissues were fixed with 4% (w/v) paraformaldehyde in phosphate 162 

buffered saline (PBS; 5 min, RT), permeabilized with 0.2% (v/v) Triton X-100 in PBS (5 min, RT). 163 

Nuclei were then stained with SYTOX Green nucleic acid stain (0.2 μM, 30 min, RT; Molecular 164 

Probes/Thermo Fisher Scientific). After washing with PBS thrice, culture insert membranes were 165 

carefully excised using a scalpel and mounted on coverslips using fluorescent mounting medium 166 

(Dako/Agilent, Santa Clara, CA, USA). Samples were then observed under a Nikon C2+ confocal 167 

laser microscope (Tokyo, Japan), and Z-stack images of 0.2 µm slices were obtained. Images were 168 

3D-reconstituted and the thickness determined using the NIS-Elements AR version 4.30 software 169 

(Nikon). 170 

 171 

2.4. Immunofluorescent staining and quantification 172 

After two or three days of culture with respective treatments, 3D tissues were fixed with 4% 173 

(w/v) paraformaldehyde in PBS (5 min, RT), and blocked with Blocking One (nacalai tesque, Kyoto, 174 
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Japan; 1-2 hours, RT). 3D tissues were then incubated overnight at 4˚C with primary antibodies 175 

diluted in Blocking One. Primary antibodies used in this study are rabbit anti-Collagen I monoclonal 176 

antibody (1/1000 dilution; clone EPR7785, ab138492, Abcam, Cambridge, UK), and rabbit anti-177 

Fibronectin polyclonal antibody (1/1000 dilution; F3468, Sigma). After washing with PBS thrice, 3D 178 

tissues were incubated with Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, 179 

Alexa Fluor 594 (A-11012; Molecular Probes/Thermo Fisher Scientific) diluted in Blocking One 180 

(1/200 dilution, 1-2 h, RT). After washing with PBS thrice, culture insert membranes were prepared 181 

as above and observed under a Nikon C2+ confocal laser microscope. Fluorescence intensity of 182 

Collagen I was quantified using ImageJ (NIH, Bethesda, MD, USA). For quantification of 183 

Fibronectin orientation, acquired images were analyzed using Orientation J[44] plug-in on ImageJ. 184 

To facilitate comparison between experimental groups, orientation graphs were prepared on 185 

GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA) with the orientation angle showing 186 

the maximum value set at 0 degrees. Based on this distribution curve, the orientation index was 187 

defined as the area under the curve between -5 and 5 degrees divided by the area under the curve of 188 

the whole distribution curve. The orientation index approaches 1 when all fibers are oriented 189 

coherently within ±5 degrees of each other, and 10/180=0.0555… when completely randomly 190 

oriented. 191 

 192 

2.5. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) 193 

Total RNA was isolated using TRI Reagent (Molecular Research Center, Cincinnati, OH, USA), 194 

and reverse transcribed to complementary DNA (ReverTra Ace --; TOYOBO, Osaka, Japan) 195 

according to the manufacturer’s protocol. RT-qPCR was performed using THUNDERBIRD SYBR 196 

qPCR mix (TOYOBO) using the StepOne Plus real-time PCR system (Applied Biosystems, Foster 197 

City, CA, USA). Primers (Sigma Genosys) used are shown in Supplementary Table 2. 198 
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 199 

2.6. Statistical analysis 200 

All data are presented as mean ± S.D. For Collagen I quantification and RT-qPCR, data were 201 

normalized with the mean of the reference condition set at 1. Statistical analyses were performed 202 

using GraphPad Prism 6. For pooled data, sample sizes are indicated in the figure legend. For 203 

experiments with two experimental groups, unpaired Student’s t-test was performed. For 204 

experiments with three or more experimental groups, one-way analysis of variance followed by post 205 

hoc Dunnett’s multiple comparisons test was performed unless otherwise noted. For data presented 206 

in Figure 7, Tukey’s multiple comparisons test was performed following two-way analysis of 207 

variance. For all analyses, statistical significance was set at p<0.05. In all figures: n.s.. *, **, ***, 208 

and **** denote not significant, p<0.05, p<0.01, p<0.001, p<0.0001, respectively. 209 

 210 

3. Results 211 

3.1. Median thickness of fibrotic tissue within human pancreatic cancer is between 10 to 30 μm 212 

As shown in Figure 1A-1C, pancreatic cancer cells are embedded within thick fibrotic tissue at 213 

a distance from blood vessels. We first characterized the “thickness” of fibrotic tissue, defined as the 214 

distance from a blood vessel wall to the nearest nest of tumor cells (Figure 1D and 1E). This is the 215 

least distance, we presumed, that an intravenously administered anti-tumor agent must pass through 216 

to locate a tumor target. Analysis of fibrotic tissue thickness in 26 human pancreatic cancer 217 

specimens revealed that there was a very large variation even within individual tumors, ranging from 218 

a few micrometers up to 80 µm. However, median thickness, regardless of the histological 219 

differentiation status (Figure 1D) or clinical stage (Figure 1E), was generally between 10 to 30 µm. 220 
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 221 

Figure 1: Measurement of the thickness of fibrotic tissue in human pancreatic 222 

carcinoma specimens. (A-C) Representative staining of serial sections obtained from 223 

human pancreatic adenocarcinoma by Hematoxylin and Eosin (H&E) (A), Elastica Masson 224 

(B), and for the endothelial marker CD31 (brown) (C). Scale bars = 100 µm. (D and E) For 225 

26 pancreatic adenocarcinoma patients of various histological differentiation status (D) and 226 

clinical stage (E), 50 measurements of thickness were made and shown in box-and-whisker 227 

plots (whiskers denote minimum to maximum, boxes denote interquartile range with a line 228 

drawn at the median). 229 

 230 

3.2. Construction of 3D fibrotic tissues with a clinically relevant thickness 231 

We first sought to create 3D fibrotic tissues within this range of thickness using PSCs or normal 232 

fibroblasts as a control. By seeding increasing numbers of the normal fibroblast cell line MRC5 or 233 

two immortalized PSC cell lines derived from different patients, we obtained 3D fibrotic tissues with 234 

thicknesses successfully surpassing 10 µm (Figure 2A-2C). Use of primary PSCs without 235 
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immortalization resulted in 3D tissues of greater thickness for the same number of cells seeded 236 

(Supplementary Figure 1A). Furthermore, the thickness of the obtained 3D fibrotic tissues 237 

generally correlated well linearly with the number of cells seeded (Figure 2D-2F, Supplementary 238 

Figure 1B).  239 

 240 

Figure 2: Recapitulation of the thickness of human pancreatic fibrotic tissue via 3-241 

dimensional (3D) culture of pancreatic stellate cells (PSCs). (A-C) Seeding of 1×, 5×, or 242 

10×105 PSC #1 cells (A), PSC #2 cells (B), and control MRC5 fibroblasts cells (C) in 3D 243 

culture. Obtained 3D tissues were stained with SYTOX green (green), observed under a 244 

confocal laser microscope, and 3D-reconstituted. Representative vertical sectional images 245 

of the 3D tissues are shown. Scale bars = 10 µm. (D-F) Quantification of the thickness of the 246 

3D tissues obtained in (A), (B), and (C) (n = 4 for all experimental groups). 247 



14 

 

 248 

3.3. PSCs demonstrate aberrant remodeling of Collagen I and Fibronectin 249 

ECM architecture is known to be altered in cancer with increased deposition of Collagen fibers 250 

and coherence of Fibronectin fibril orientation [10–12,26], a change which in pancreatic cancer is 251 

actively induced by PSCs [7,8]. Such aberrant ECM architecture in pancreatic cancer is generally 252 

believed to affect therapeutic efficacy in various ways, such as through regulation of invasion and 253 

effects on drug delivery [2,3,47,5,6,13,15,28,31,45,46]. We thus wondered whether our 3D fibrotic 254 

tissue model recapitulates these cancer-specific ECM changes in Collagen deposition and 255 

Fibronectin orientation. Indeed, we observed a dynamic change in ECM organization from day 2 to 256 

day 3 of culture in PSCs but not control MRC5 fibroblasts. Collagen fibers were more clearly seen 257 

on day 3 of culture in PSCs compared to day 2, whereas MRC5 fibroblasts demonstrated little 258 

change during this period (Figure 3A-3C). Indeed, quantification of Collagen I fluorescence 259 

revealed increased intensity on day 3 compared to day 2 in PSCs, but not MRC5 fibroblasts (Figure 260 

3D-3F). Furthermore, the orientation of Fibronectin fibrils was more coherent in PSCs on day 3 261 

compared to day 2 (Figure 3G-J), while MRC5 fibroblasts showed little change (Figure 3K and 262 

3L). Use of primary PSCs without immortalization demonstrated consistent results (Supplementary 263 

Figure 2A-2D). This was not necessarily accompanied by an increase in mRNA expression levels of 264 

these ECM components within PSCs (Supplementary Figure 3A-3D), suggesting that PSCs indeed 265 

actively remodel the ECM more than do MRC5 fibroblasts. 266 
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 267 

Figure 3: Extracellular matrix (ECM) remodeling in 3D tissue generated from PSCs but 268 

not normal fibroblasts. (A-C) Representative staining images of Collagen I (1st column, red) 269 

and Fibronectin (2nd column, red) in 3D tissues generated from seeding 5×105 PSC#1 cells 270 

(A), PSC #2 cells (B), or control MRC5 fibroblasts (C) after two or three days of culture. Scale 271 

bars = 50 µm. (D-F) Quantification of the fluorescence intensity of Collagen I (n = 3 for all 272 

experimental groups) to compare between Day 2 (white bars) and Day 3 (black bars) of 3D 273 

culture. (G, H, and K) Representative curves demonstrating the distribution of FN orientation, 274 

corresponding to the images shown in the 2nd column of (A), (B), and (C) are shown. Broken 275 

lines depict distribution after two days of culture, solid lines after three days. (I, J, and L) 276 

Orientation index, the area under the curve between -5 and 5 degrees divided by the area 277 

under the curve for the whole orientation curve, was quantified from the orientation curves 278 

such as shown in (G), (H), and (K) to compare Day 2 (white bars) and Day 3 (black bars) of 279 

3D culture (n = 3 for all experimental groups). 280 

 281 
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3.4. Normal fibroblasts can be induced to demonstrate PSC-like ECM remodeling via a TGF-282 

β/ROCK axis-dependent mechanism 283 

We then sought to analyze the molecular mechanisms underlying this process. To this end, we 284 

first wondered whether we could induce the normal MRC5 fibroblasts, which demonstrated a 285 

minimal change in Collagen fiber amount and Fibronectin fibril orientation from day 2 to day 3, to a 286 

“PSC-like” state by applying CM obtained from the pancreatic adenocarcinoma cell line, CAPAN-2. 287 

Indeed, we found that 3D fibrotic tissue generated from MRC5 cells demonstrated increased 288 

Collagen fiber deposition and coherence of Fibronectin fibril orientation when treated with CAPAN-289 

2 CM (Figure 4A-4D). Interestingly, treatment of MRC5 cells with the TGF-β inhibitor LY364947 290 

annulled this CM-mediated induction of ECM remodeling (Figure 4B and 4D), suggesting that this 291 

process was dependent on TGF-β signaling. Consistently, treating MRC5 fibroblasts with TGF-β3 292 

alone recapitulated the changes seen in Collagen fiber deposition and Fibronectin fibril alignment 293 

with exposure to CAPAN-2 CM (Figure 4E-4H). Because ROCK, a downstream effector of TGF-294 

β[48], has previously been shown to be involved in Collagen I deposition in pancreatic cancer 295 

stroma [49,50], we wondered whether ECM remodeling induced by TGF-β3 in our model functions 296 

through ROCK. Indeed, treatment with the ROCK inhibitor Y27632 reversed the changes induced 297 

by TGF-β3 not only in Collagen I deposition but also Fibronectin fibril orientation (Figure 4F and 298 

4H). 299 
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 300 

Figure 4: Transforming Growth Factor (TGF)-β signaling induced ECM remodeling in 301 

3D fibrotic tissue generated from normal fibroblasts via Rho-associated Kinase 302 

(ROCK). (A) Representative staining images of Collagen I (1st column, red) and Fibronectin 303 

(2nd column, red) in 3D tissues generated from seeding 5×105 MRC5 fibroblasts cultured in 304 

unconditioned medium (first row), conditioned medium (CM) derived from the pancreatic 305 

ductal adenocarcinoma cell line CAPAN-2 (second row), or CAPAN-2 CM with the TGF-β 306 

receptor inhibitor LY364947 (third row). (B) Quantification of the fluorescence intensity of 307 

Collagen I (n = 3 for all experimental groups) to compare between control un-conditioned 308 

medium (white bar), CAPAN-2 CM (black bar), and CAPAN-2 CM in the presence of 309 

LY364947 (gray bar). (C) Representative curves demonstrating the distribution of FN 310 

orientation, corresponding to the images shown in the 2nd column of (A) are shown. Long 311 

dashed lines depict distribution for MRC5 cells cultured with unconditioned medium, solid 312 

lines with CAPAN-2 CM, and short dashed lines with CAPAN-2 CM in the presence of 313 

LY364947. (D) Orientation index was quantified from the orientation curves such as shown 314 

in (C) to compare between control un-conditioned medium (white bar), CAPAN-2 CM (black 315 
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bar), and CAPAN-2 CM in the presence of LY364947 (gray bar) (n = 3 for all experimental 316 

groups). (E) Representative staining images of Collagen I (1st column, red) and Fibronectin 317 

(2nd column, red) in 3D tissues generated from seeding 5×105 MRC5 fibroblasts cultured in 318 

control medium (first row), with TGF-β3 (second row), or with TGF-β3 in the presence of 319 

ROCK inhibitor Y27632 (third row). (F) Quantification of the fluorescence intensity of 320 

Collagen I to compare between control (white bar), TGF-β3 (black bar), and TGF-β3 in the 321 

presence of Y27632 (gray bar) (n = 3 for all experimental groups). (G) Representative curves 322 

demonstrating the distribution of FN orientation, corresponding to the images shown in the 323 

2nd column of (E) are shown. Long dashed lines depict distribution for MRC5 cells cultured 324 

without TGF-β3, solid lines with TGF-β3, and short dashed lines with TGF-β3 in the presence 325 

of Y27632. (H) Orientation index was quantified from the orientation curves such as shown 326 

in (G) to compare between control (white bar), TGF-β3 (black bar), and TGF-β3 in the 327 

presence of Y27632 (gray bar) (n = 3 for all experimental groups). Scale bars = 50 µm. 328 

 329 

3.5. Aberrant ECM remodeling by PSCs is dependent on TGF-β/ROCK axis 330 

Next, we investigated the involvement of TGF-β and its downstream effector ROCK in the 331 

remodeling of ECM seen in 3D fibrotic tissues generated from PSCs. Consistent with the results 332 

obtained from MRC5 cells, treatment of 3D PSC fibrotic tissues with LY364947 (Figure 5A-5H) or 333 

Y27632 (Figure 5I-5P) reduced the deposition of Collagen fibers (Figure 5C, 5D, 5G, and 5H) and 334 

largely randomized Fibronectin fibril orientation (Figure 5K, 5L, 5O, and 5P) on day 3 of culture.  335 
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 336 

Figure 5: Inhibition of TGF-β or ROCK abrogated ECM remodeling seen in 3D fibrotic 337 

tissue generated from PSCs. (A and B) Representative staining images of Collagen I (1st 338 

column, red) and Fibronectin (2nd column, red) in 3D tissues generated from seeding 5×105 339 

PSC #1 cells (A) or PSC #2 cells (B) without (top row) or in the presence of LY364947 (bottom 340 

row). (C and D) Quantification of the fluorescence intensity of Collagen I (n = 3 for all 341 

experimental groups) to compare between DMSO control (black bars) and LY364947 (gray 342 

bars). (E and F) Representative curves demonstrating the distribution of FN orientation, 343 

corresponding to the images shown in the 2nd column of (A) and (B) are shown. Solid lines 344 
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depict distribution without LY364947, and broken lines with. (G and H) Orientation index was 345 

quantified from the orientation curves such as shown in (E) and (F) to compare between 346 

DMSO control (black bars) and LY364947 (gray bars) (n = 3 for all experimental groups). (I 347 

and J) Representative staining images of Collagen I (1st column, red) and Fibronectin (2nd 348 

column, red) in 3D tissues generated from seeding 5×105 PSC #1 cells (C) or PSC #2 cells 349 

(D) without (top row) or in the presence of Y27632 (bottom row). (K and L) Quantification of 350 

the fluorescence intensity of Collagen I to compare between DMSO control (black bars) and 351 

Y27632 (gray bars) (n = 3 for all experimental groups). (M and N) Representative curves 352 

demonstrating the distribution of FN orientation, corresponding to the images shown in the 353 

2nd column of (I) and (J) are shown. Solid lines depict distribution without Y27632, and broken 354 

lines with. (O and P) Orientation index was quantified from the orientation curves such as 355 

shown in (M) and (N) to compare between DMSO control (black bars) and Y27632 (gray 356 

bars) (n = 3 for all experimental groups). Scale bars = 50 µm. 357 

 358 

3.6. Aberrant ECM remodeling by PSCs is dependent on MMP activity 359 

Because MMPs are well-known players in ECM remodeling within the tumor microenvironment 360 

[51], expressed by PSCs downstream of TGF-β [52,53], and furthermore regulated downstream of 361 

Rho/ROCK [54–57], we assessed whether MMPs are involved in the ECM remodeling observed in 362 

our 3D fibrotic tissue model. Broad inhibition of MMP activity using the inhibitor GM6001 363 

attenuated the increase of Collagen fiber amount and coherence of Fibronectin fibril orientation in 364 

PSCs (Figure 6A-6H) and MRC5 fibroblasts activated with TGF-β3 (Figure 6I-6L). This suggests 365 

that MMP activity is requisite for the ECM remodeling observed in our 3D fibrosis model of 366 

pancreatic cancer. 367 
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 368 

Figure 6: Matrix Metalloprotease (MMP) activity was indispensable for ECM 369 

remodeling seen in 3D fibrotic tissue. (A and B) Representative staining images of 370 

Collagen I (1st column, red) and Fibronectin (2nd column, red) in 3D tissues generated from 371 

seeding 5×105 PSC #1 cells (A) or PSC #2 cells (B) without (top row) or in the presence of 372 

the MMP inhibitor GM6001 (bottom row). (C and D) Quantification of the fluorescence 373 

intensity of Collagen I to compare between DMSO control (black bars) and GM6001 (gray 374 

bars) (n = 4 for PSC #1 cells, n = 3 for PSC #2 cells). (E and F) Representative curves 375 

demonstrating the distribution of FN orientation, corresponding to the images shown in the 376 

2nd column of (A) and (B) are shown. Solid lines depict distribution without GM6001, and 377 

broken lines with. (G and H) Orientation index was quantified from the orientation curves 378 

such as shown in (E) and (F) to compare between DMSO control (black bars) and GM6001 379 

(gray bars) (n = 3 for all experimental groups). (I) Representative staining images of Collagen 380 

I (1st column, red) and Fibronectin (2nd column, red) in 3D tissues generated from seeding 381 
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5×105 MRC5 cells with TGF-β alone (top row) or together with GM6001 (bottom row). (J) 382 

Quantification of the fluorescence intensity of Collagen I to compare between TGF-β3 (black 383 

bar) and TGF-β3 in the presence of GM6001 (gray bar) (n = 4 for both experimental groups). 384 

(K) Representative curves demonstrating the distribution of FN orientation, corresponding to 385 

the images shown in the 2nd column of (I) are shown. Solid lines depict distribution without 386 

GM6001, and broken lines with. (L) Orientation index was quantified from the orientation 387 

curves such as shown in (K) to compare between TGF-β3 (black bar) and TGF-β3 in the 388 

presence of GM6001 (gray bar) (n = 3 for both experimental groups). Scale bars = 50 µm. 389 

 390 

3.7. Aberrant ECM remodeling by PSCs is dependent on SPARC 391 

We then sought to utilize our 3D fibrotic tissue model to assess whether SPARC, a multi-392 

functional glycoprotein which is an important player in ECM homeostasis [35] and the pathogenesis 393 

of pancreatic cancer [36,37], is involved in the observed ECM remodeling process. We compared 394 

Collagen fiber deposition and Fibronectin fibril orientation of 3D fibrotic tissue generated from 395 

PSCs treated with either control siRNA or siRNA targeting SPARC (Supplementary Figure 4A and 396 

4B). Though 3D tissues made of PSCs treated with control siRNA demonstrated increased Collagen 397 

fiber deposition and coherence of Fibronectin fibril orientation, knockdown of SPARC in PSCs 398 

largely blunted or completely abolished these changes (Figure 7A-7F). These results suggest that the 399 

ECM remodeling demonstrated by PSCs is dependent on SPARC expression.  400 
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 401 

Figure 7: SPARC expression was indispensable for ECM remodeling seen in 3D fibrotic 402 

tissue generated from PSCs. (A and B) Representative staining images of Collagen I (1st 403 

row, red) and Fibronectin (2nd row, red) in 3D tissues generated from seeding 5×105 PSC #1 404 

cells (A) or PSC #2 cells (B) treated with control siRNA (siCTRL, first and second columns) 405 

or an siRNA against SPARC (siSPARC, third and fourth columns). The first and third columns 406 

are samples harvested on day 2, and the second and fourth columns on day 3 of 3D culture. 407 

(C and D) Quantification of the fluorescence intensity of Collagen I (n = 4 for each 408 

experimental group). (E and F) Orientation index of Fibronectin fibrils (n = 4 for each 409 

experimental group). In (C-F), light bars denote samples harvested on day 2, while the dark 410 

bars denote samples harvested on day 3. Simple bars denote samples treated with siCTRL 411 

and hashed bars with siSPARC. Scale bars = 50 µm. 412 

 413 

3.8. SPARC regulates Collagen I and Fibronectin remodeling by distinct mechanisms 414 

Finally, because Sparc knockout in murine mesangial cells has previously been reported to result 415 

in decreased TGF-β ligand and Collagen expression [58], we wondered whether the failure of PSCs 416 

to remodel the ECM after SPARC knockdown was due to altered TGF-β signaling and defective 417 
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ECM expression. We first quantified COL1A1 and FN1 mRNA expression observed no significant 418 

changes (Supplementary Figure 4C-4F). Furthermore, of the three TGF-β isoforms, we found that 419 

the mRNA expression level of TGFB2 was significantly decreased upon SPARC knockdown in 420 

PSCs, while the expression of TGFB1 and TGFB3 were unchanged (Supplementary Figure 4G-421 

4L). We then surmised that if decreased production of TGF-β ligand was the cause of the failure to 422 

remodel the ECM, supplementation of TGF-β2 ligand to PSCs treated with siRNA against SPARC 423 

would rescue the remodeling defect seen upon SPARC knockdown. Indeed, administration of TGF-424 

β2 ligand to PSCs induced an increase in Collagen I amount despite SPARC knockdown (Figure 8A-425 

8D). Interestingly, however, TGF-β2 could not rescue the inability of PSCs to coherently align 426 

Fibronectin fibrils upon SPARC knockdown (Figure 8A, 8B, 8E, and 8F). In line with these 427 

findings, SPARC knockdown in MRC5 cells treated with TGF-β2 could not inhibit the increase in 428 

Collagen I amount (Supplementary Figure 5A and 5B), but did abrogate the alignment of 429 

Fibronectin fibrils induced by TGF-β2 (Supplementary Figure 5A and 5C). These results 430 

altogether suggest that SPARC is necessary for ECM remodeling by PSCs, but regulates Collagen I 431 

fiber deposition and alignment of Fibronectin fibril orientation via different mechanisms: the former 432 

can at least partly be substituted by TGF-β2 administration, but not the latter. 433 
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 434 

Figure 8: TGF-β2 rescued Collagen I amount but not Fibronectin alignment in 3D 435 

fibrotic tissue made of SPARC knockdown PSCs. (A and B) Representative staining 436 

images of Collagen I (top row, red) and Fibronectin (bottom row, red) in 3D tissues generated 437 

from seeding 5×105 PSC #1 cells (A) or PSC #2 cells (B) treated with siSPARC with or without 438 

the administration of TGF-β2, harvested on day 3. (C and D) Quantification of the 439 

fluorescence intensity of Collagen I (n = 4 for each experimental group). (E and F) Orientation 440 

index of Fibronectin fibrils (n = 4 for each experimental group). In (C-F), white bars denote 441 

samples without TGF-β treatment, while the black bars denote samples with. Scale bars = 442 

50 µm. 443 

 444 

4. Discussion 445 

The use of 3D culture methods in modeling disease states such as fibrosis has gained much 446 

interest recently [59,60]. We have adopted the distance from the blood vessel wall to the most nearby 447 

tumor nest as the definition of “thickness” in light of the use of these engineered fibrotic tissues as 448 

an in vitro model to assess drug delivery [23,28,31,32]. This is the length an intravenously 449 
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administered therapeutic agent must travel to locate a tumor target and exert its cytotoxic effects. We 450 

found that a median thickness of 10 to 30 µm is seen across tumors from 26 patients, a range 451 

comparable to a previous report for 8 patients [16]. By including patients of various histological 452 

differentiation status or clinical stage, we furthermore assessed whether these factors may affect the 453 

thickness of fibrotic tissue. However, the median thickness demonstrated no clear trend (Figure 1).  454 

We then used immortalized human PSCs, or a normal fibroblast cell-line as control, to fabricate 455 

3D fibrotic tissue models with this thickness (Figure 2). Use of non-immortalized primary PSCs 456 

resulted in 3D tissues of greater thickness for the same number of cells seeded, presumably due to 457 

the larger cell size compared to their immortalized counterpart. This facilitated the generation of 3D 458 

tissues surpassing 20 µm (Supplementary Figure 1). We however mainly used immortalized human 459 

PSCs for the mechanistic analyses in this study because a comparable thickness was obtained for the 460 

same number of PSCs seeded compared to normal fibroblasts. While we in this study observed 461 

similar remodeling of ECM in both primary and immortalized PSCs, immortalization is known in 462 

certain cases to alter cellular phenotype. It thus seems necessary in future studies aimed at 463 

elucidating the effect of thickness on the fibrotic phenotype of PSCs to be done or be confirmed also 464 

using primary PSCs. 465 

Using these 3D fibrotic tissues with a clinically relevant thickness, we then characterized and 466 

compared the architecture of two major ECM components, Collagen I and Fibronectin, between 467 

PSCs and normal fibroblasts (Figure 3). We found that PSCs demonstrate an increase in Collagen I 468 

fiber content and coherence of Fibronectin fibril orientation between days 2 and 3 of culture, while 469 

normal fibroblasts do not. This largely confirms previous studies reporting aberrant ECM 470 

remodeling by cancer-associated fibroblasts [10,11,24]. Though we could discern the conspicuous 471 

differences between PSCs and normal fibroblasts already on day 3 of culture, future studies aimed at 472 

observing the remodeling of ECM structure over longer time-periods may yield additional 473 
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information. For Collagen I, such observation may be facilitated by the use of second harmonic 474 

generation microscopy, a non-linear optical technique which enables Collagen fiber visualization 475 

without staining even in live tissue [61–63]: an approach which warrants future investigation. Such 476 

an approach, together with transmission electron microscopy experiments to analyze both the density 477 

and ultrafine structure of the ECM, may yield an integrated understanding of pathological ECM 478 

remodeling. 479 

Furthermore, we showed that normal fibroblasts could be induced to demonstrate aberrant ECM 480 

remodeling via treatment with CM derived from a pancreatic cancer cell line in a TGF-β signaling-481 

dependent manner, and furthermore simply by the administration of TGF-β via a ROCK and MMP-482 

dependent mechanism (Figure 4 and 6). Consistently, ECM remodeling demonstrated by PSCs was 483 

also found to be dependent on TGF-β, ROCK, and MMP activity (Figure 5 and 6). The involvement 484 

of TGF-β was predictable especially given its paramount importance in the pathogenesis of fibrotic 485 

disorders [64]. Our findings add to gradually accumulating evidence that ROCK is an important 486 

mediator in PSCs [49,50], and also perhaps cancer-associated fibroblasts in general [65–67]. 487 

Because MMPs constitute a large family [51], further detailed studies assessing the expression 488 

profile of various MMPs in PSCs and the relative importance of each in ECM remodeling are 489 

warranted. In future studies, we intend to utilize this 3D fibrosis model to study other ECM 490 

components in addition to Collagen I and Fibronectin studied here. 491 

We also used the 3D fibrotic tissue model to study the role of SPARC, a glycoprotein with a 492 

myriad of reported functions and expressed by PSCs in pancreatic cancer [68]. Though there are now 493 

conflicting reports [69,70], it had initially been suggested to affect the therapeutic efficacy of 494 

pancreatic cancer patients treated with nab-paclitaxel [71]. It has also been demonstrated that 495 

SPARC expression in peritumoral stroma portends a poor prognosis [38] and that it is highly 496 

expressed in a subgroup of pancreatic patients who demonstrate an unfavorable “activated” stromal 497 
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gene signature [39]. The role of SPARC in ECM assembly was first suggested by the dermal 498 

phenotype of Sparc-null mice which demonstrate decreased Collagen fiber diameter [72]. Since 499 

then, numerous mechanisms by which SPARC affects and regulates ECM homeostasis have been 500 

reported [35]. However, this is to the best of our knowledge the first report to address the role of 501 

SPARC in Collagen I fiber deposition by PSCs. We have also uncovered a novel role of SPARC in 502 

mediating the remodeling of Fibronectin fibers (Figure 7). Notably, though SPARC was 503 

indispensable for both Collagen I fiber deposition and alignment of Fibronectin fibrils, the 504 

mechanism by which SPARC regulates each remodeling process was different: TGF-β2, the only 505 

TGF-β isoform specifically down-regulated by SPARC knockdown, could rescue SPARC knockdown 506 

for Collagen I fiber deposition but not alignment of Fibronectin fibrils (Figure 8), which suggests a 507 

complex regulation of ECM remodeling by SPARC utilizing multiple pathways. The significance of 508 

isoform-specific regulation of TGF-β and the distinct pathways by which Collagen I deposition and 509 

Fibronectin alignment are regulated are both interesting questions we are currently investigating. 510 

The 3D culture method used in the present study allowed the visualization of changes in ECM 511 

structure as early as between days 2 and 3 of culture, compared to 6 to 10 days necessary for a 512 

previously reported, well-characterized method [25]. The shorter experimental duration may 513 

expedite mechanistic analyses or the screening for potential ECM-targeting drugs that normalize the 514 

abnormal ECM remodeling process in pancreatic cancer. Our 3D fibrotic model may be used as an 515 

alternative technique for in vitro analyses of tumor stroma in addition to previously established 3D 516 

organotypic models embedding PSCs within ECM gels [73–75], or 3D spheroidal models 517 

[8,32,76,77]. The advantage of our model is that it does not require different culture conditions to 518 

generate tissues of different thickness; the number of cells seeded is the only factor which needs to 519 

be tuned. However, whether the ECM structure observed in our 3D fibrosis model is amenable to 520 

decellularization for use as ECM scaffolds in migration studies [10–12,26] warrants future 521 
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investigation. Furthermore, we have not assessed matrix density or stiffness. Additional steps such as 522 

the administration of ascorbic acid [78] or prolongation of culture period to promote ECM 523 

crosslinking and maturation may be required to attain the clinically observed range.  524 

 525 

5. Conclusions 526 

Altogether in this study, we report the clinically observed thickness of fibrotic lesions in human 527 

pancreatic adenocarcinoma and achieve a thickness within this range with 3D fibrotic tissues 528 

comprised of human PSCs. In addition, we present data demonstrating the promise of using these 3D 529 

fibrotic tissue models in studying the mechanisms leading to pancreatic cancer-derived PSC-specific 530 

alterations in ECM architecture, elucidating a previously unreported role of SPARC in ECM 531 

remodeling by PSCs. Analysis of 3D fibrotic models together with the co-culture or incorporation of 532 

pancreatic cancer cells, especially of differing mutational status [45], is a promising line of 533 

investigation for the future and may be useful in modeling tumor-stroma interaction and its 534 

consequences on ECM structure. 535 
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