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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a complex, heterogeneous, and genetically unstable 

disease. Its tumor microenvironment (TME) is complicated by heterogeneous cancer cell 

populations, and strong desmoplastic stroma. This complex and heterogeneous environment makes 

it challenging to discover and validate unique therapeutic targets. Reliable and relevant in vitro 
PDAC tumor models can significantly advance our understanding of the PDAC TME and may 

enable the discovery and validation of novel drug targets. In this study, an engineered tumor model 

is developed to mimic the PDAC TME. This biomimetic model, named ductal tumor-

microenvironment-on-chip (dT-MOC), permits analysis and experimentation on epithelial-

mesenchymal transition (EMT) and local invasion with intra-tumoral heterogeneity. This dT-MOC 

is a microfluidic platform where a duct of murine genetically engineered pancreatic cancer cells is 

embedded within a collagen matrix. The cancer cells used carry two of three mutations of KRAS, 

CDKN2A, and TP53, which are key driver mutations of human PDAC. The intra-tumoral 

heterogeneity is mimicked by co-culturing these cancer cells. Using the dT-MOC model, 

heterogeneous invasion characteristics, and response to transforming growth factor-beta1 (TGF-

β1) are studied. A mechanism of EMT and local invasion caused by the interaction between 

heterogeneous cancer cell populations is proposed.

Graphical Abstract

Heterogeneity tumor model of pancreatic cancer: A biomimetic tumor model is developed for 

pancreatic cancer research. This model recapitulates intra-tumoral heterogeneity by use of mouse 
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pancreatic cancer cells isolated from genetically engineered mouse models with distinct genetic 

mutations.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a complex, heterogeneous, and genetically 

unstable disease. PDAC is thought to arise from acinar-ductal metaplasia and develop into 

invasive carcinoma through pancreatic intraepithelial neoplasia lesions as key genetic 

mutations accumulate over a prolonged period.[1-3] These driver mutations include activation 

of the KRAS oncogene and inactivation of the tumor suppressor genes CDKN2A (encoding 

p16), TP53 (encoding p53) and SMAD4.[4-6] A strong desmoplastic stroma is associated 

with the progression of the disease. The stroma is primarily composed of carcinoma-

associated fibroblasts (CAFs) and a dense extracellular matrix (ECM), including type I 

collagen and hyaluronic acid.[5, 7] This stroma accounts for up to 90% of the tumor 

volume[8, 9] and forms the complicated tumor microenvironment (TME).[10-12] Genotypic 

and phenotypic analysis of currently established pancreatic cancer cell (PCC) lines[13] 

suggests that no clear correlation exists between key genes and either the grade of 

differentiation[14] or biological behavior,[15] although p53 is thought to be associated with 

metastasis.[16] A recent genomic analysis of PDAC identifies its molecular subtypes with 

potential relevance to therapeutic response - two epithelial types and two stromal subtypes.
[17, 18] In order to improve patient selection for current treatment options, and to develop 

new therapeutic strategies, the genotype-specific behaviors of PDAC need to be further 

studied.

In this context, current tumor models are inadequate to systematically study and compare 

different genotypes of PDAC and their TME. Although PDAC cell lines are valuable tools, 

the standard 2D-culture environment does not adequately mimic the complex nature of the 

PDAC TME.[13] The physical, chemical and mechanical microenvironments of cancer cells 

significantly affect cellular behaviors, including morphology, gene expression, and drug 

responsiveness.[19-21] Standard static in vitro 3D models, such as spheroids, are an 

improvement, but these models still fail to recapitulate the micro-structure of PDAC where 

cancer epithelial cell ducts interact with the surrounding stroma.[22-25] Small animal models, 
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including mouse xenograft and allograft (heterotopic and orthotopic) models, provide the 

TME presenting cell-cell and cell-matrix interactions. However, the genetics and 

microanatomy of the tumors are frequently not representative of human PDAC.[26, 27] 

Genetically engineered mouse models (GEMMs) can recapitulate most histologic and 

genetic features of human PDAC, including key driver mutations, the epithelial duct 

structures, and the surrounding stromal tissue. Thus, GEMMs likely better predict drug 

efficacy when compared to xenograft or orthotopic models.[28, 29] However, GEMMs are 

expensive, and usually take 4-8 months to generate tumors, limiting their usefulness for 

evaluating the highly variable complexities associated with PDAC development. Thus, new 

tumor models that are capable of providing precise control of relevant TME conditions while 

maintaining the context of the in vivo PDAC TME are highly desired to understand the 

complex tumor-stroma interactions.

In this study, a new biomimetic PDAC tumor model was developed. This model, named 

ductal tumor-microenvironment-on-chip (dT-MOC), is a microfluidic platform where the 

ductal PCC epithelium is surrounded by the collagen matrix, which is the anatomical 

hallmark of PDAC. This microfluidic PDAC model was created using murine PCCs isolated 

from PDAC tissues of two different genotypes of GEMMs. These are the KPC genotype 

with KRAS and TP53 mutations, and two KIC genotypes with KRAS and CDKN2A 
mutations. The KIC genotypes show two distinct phenotypes – one epithelial-like and the 

other mesenchymal-like. The proliferation and local invasion of PCCs were characterized 

and compared using the dT-MOC model. The intra-tumoral heterogeneity was also 

mimicked by co-culturing these KPC and KIC lines. The results were further discussed to 

illustrate the potential usage of the models for cancer biology research and treatments.

2. Results

2.1. Design of Ductal Tumor-Environment-on-Chip (dT-MOC)

The design of dT-MOC mimics the microanatomy of PDAC to recapitulate PCC-ECM 

interactions. As illustrated in Figure 1A, the PDAC tumor consists of ducts of pancreatic 

epithelial cancer cells (noted with "D") surrounded by the stroma tissue (indicated with "S"). 

The size of normal pancreatic ducts is reported to range from approximately 200 ~ 380 um 

for interlobular ones to 1.2 ~ 2 mm for main pancreatic ducts.[30] The main cellular 

component of the lumen is epithelial cancer cells, whose basal side is interfaced with the 

stromal matrix. As shown in Figure 1B, the dT-MOC reconstitutes a PCC epithelial duct 

surrounded by the stromal matrix comprised of a perfused collagen matrix. The typical duct 

diameter in the dT-MOC model ranges 500 ~ 800 um, which mimics physiologically 

relevant pancreatic ducts. The ECM components of the PDAC stroma are highly complex, 

but primary components are Type I collagen and hyaluronic acids. The collagen 

concentration of the dT-MOC is about 6 mg/ml, which aims to mimic a high level of type I 

collagen in PDAC tissue. It was reported that the collagen level of human PDAC was 0.275 

mg/g-total protein.[31] The present dT-MOC configuration resembles cancer cell growth, 

EMT, local invasion, and associated signaling pathways in the ductal shape. In addition to 

biochemical interactions, the dT-MOC model is capable of measuring biomechanical 
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interactions between PCCs differing in genotype (KPC2 and eKIC) or phenotype (eKIC and 

mKIC), thus mimicking the heterogeneity found in PDAC.

The dT-MOC platform has been microfabricated with polydimethylsiloxane (PDMS), and 

the fabricated platform is shown in Figure 2. The device consists of two layers of PDMS 

with an inlet and outlet joined by a microchannel (Figure 2A). One aspect of the dT-MOC 

model that sets it apart from current in vitro models of pancreatic cancer is the formation of 

a 3D pancreatic duct. Figure 2B show clearly the formation of a patent lumen, the epithelial 

cell layer, and the adjacent collagen matrix. The duct structure was verified using confocal 

microscopy (Figure 2C). The cells were cultured for 48 hours to ensure that a tightly packed 

epithelium had formed, after which the lumen was perfused with Hoechst and CellMask to 

stain the nuclei and cell membrane, respectively. The 3D reconstruction of confocal slices in 

Figure 2C shows a representative section of the ductal structure. After culture, the dT-MOC 

platforms can be analyzed for immunohistology (Figure 2D). In dT-MOC PCCs continued to 

proliferate (BrdU+), mimicking PCC growth in human PDAC tumors. The cellular viability 

and proliferation were also confirmed up to 7 days. Representative time-lapsed micrographs 

were provided in the Supplementary Information (Figure S4).

Molecular characteristics of all cancer cell lines (KPC2, eKIC, and mKIC) from mouse 

PDAC tumors are presented in Figure 3. The KPC2 and eKIC cells express high levels of E-

cadherin (Cdh1) and low levels of the EMT marker Snail. In contrast, mKIC cells exhibit an 

exclusive mesenchymal phenotype that is characterized by a fibroblastic morphology and 

high levels of Snail, MMP9, and fibronectin (FN1) expression. All these cancer cell lines are 

highly tumorigenic in orthotopic xenograft models.[32-34]

2.2. Local Invasion of Cancer Cells

The dT-MOC platforms of three different PCC cell lines - KPC2, eKIC, and mKIC - are 

shown in Figure 4. All three cell lines grow well in the dT-MOC platforms, but there are 

notable differences. KPC2 and mKIC cells form a more distinct epithelial lining but develop 

many "sprouting" spots as the cells spread into the ECM (Figure 4A). To quantitatively 

compare the degree of invasion, local invasion scores were defined as "frequency of 

sprouting extensions per unit length of PCC ducts" and calculated for each treatment group 

(Figure 4B) as well as the mean sprout length (Figure 4C). In the case of KPC2, many of the 

sprouting extensions result in local invasion and migration of PCCs into the surrounding 

matrix (noted with arrows), closely resembling an EMT process. Some cells are even 

completely separate from the lumen. Significantly higher invasion scores and longer sprouts 

are observed in mKIC than KPC2 or eKIC. In contrast, eKIC cells only form a ductal lumen 

with a thin PCC-collagen interface and without notable sprouts.

A representative confocal micrograph of an mKIC duct is shown in Figure 5. The 

micrograph was obtained by staining the cell membranes and nuclei of a 3-day mKIC dT-

MOC sample. The figure shows a 3D rendering of half of the duct with an enlarged view of 

the invasions. Here, long sprouts invading into the matrix from all sides of the duct are 

readily observed. These invasions show morphological changes in the cells that are very 

similar to those that occur during EMT. A closer look at one region of this duct (i.e., boxed 

area) reveals that many of the sprouts consist of multiple cells based on the number of nuclei 
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that can be identified within a sprout forming a chain of invading cells. This confirms that 

the mKIC cells were collectively invading as multicellular streams as opposed to single 

cells.

After 24 hours of pre-culture followed by 24 hours of serum starvation, both KPC2 and 

eKIC dT-MOC platforms were treated with 1.0 nM TGF-β1 for up to 48 hours. We chose to 

treat cells with TGF-β1 because TGF- β /SMAD is a well characterized signaling pathway 

that induces epithelial-mesenchymal transition (EMT) in a number of cancers, including 

PDAC, often leading to metastasis, invasion and chemoresistance.[35-37] EMT is modulated 

by complex regulatory networks involving a number of EMT-inducing transcription factors 

(SNAIL, ZEB, TWIST) as well as other transcriptional regulators through epigenetic 

modifications and microRNAs (miRNAs). The micrographs of TGF-β1 treated groups 

showed notably enhanced sprouts and local invasion for both KPC2 and eKIC cell genotypes 

(Figure 6A). Quantitatively, in both KPC2 and eKIC groups, the invasion score, which is a 

normalized number of sprouts, increases with TGF-β1 treatment compared to the untreated 

controls. It reaches to that of mKIC at Day 3 (Note that mKIC without TGF-β1 treatment 

was plotted to compare with other cell types with TGF-β1 treatment). The invasion scores of 

TGF-β1 treated groups further increase beyond that of mKIC on Day 4, and the difference 

with their untreated control groups becomes statistically significant (Figure 6B, p < 0.01).

Similar to the invasion score, the mean sprout length of both epithelial cancer cell groups 

increases with TGF-β1 treatment (Figure 6C). The statistical significance was observed in 

the eKIC groups (p < 0.01). In contrast to the invasion score, however, the mean sprout 

length of both epithelial cancer cell groups significantly shorter than that of mKIC (p < 

0.01). Interestingly, a more notable enhancement of local invasion was observed in the eKIC 

cells than KPC2 with the mean sprout length exceeding a distance of 75 μm from the lumen. 

Without treatment, the KPC2 genotype showed a higher frequency of local invasion than the 

eKIC cells. However, the trend is reversed with TGF-β1 treatment. In other words, KPC2 

cells were the more invasive cell genotype without TGF-β1, while eKIC cells became far 

more aggressive and invasive when subjected to in vivo-like conditions through TGF-β1 

treatment.

2.3. Mimicry of Intra-tumoral Heterogeneity

In order to study the effect that one cancer cell type has on another’s invasiveness, we tested 

two co-culture systems which include a mesenchymal-like cell (mKIC) and an epithelial-like 

cell (eKIC or KPC2), as shown in Figure 7. To differentiate between the two cell lines within 

the platform, we used cells specifically engineered to express either green fluorescent 

protein (GFP) or red fluorescent protein (RFP): nuclear GFP KPC2, GFP eKIC, and RFP 

mKIC. We first confirmed that mKIC cells are still invasive and no significant change was 

observed in either invasion score or sprout length as compared to the monoculture case. 

Although it is not statistically significant, compared to the monoculture, invasion measures 

of mKCI cells slightly decrease in co-culture groups. This decrease is thought to be caused 

by the competition between cancer cell subgroups for adhesion sites, which remain the same 

as the monoculture. However, when KPC-2 or eKIC were added to the mKIC culture, their 

invasion behaviors were altered. Specifically, both cell lines showed a significantly enhanced 
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frequency of invasion as well as increased sprout lengths. The eKIC cells exhibited a more 

drastically increased invasion score as well as sprout length as compared to KPC2, which 

was similar to the results seen above when adding TGF-β1. These results suggest that the 

mKIC cancer cells can enhance the invasion characteristics of both epithelial-like cancer 

cells (Supplementary Video).

In order to understand the molecular mechanisms associated with changes in the 

invasiveness of the PCCs during co-culture, immunofluorescence microscopy was 

performed. The changes in E-cadherin expression were examined, whose decrease is an 

indicator of EMT of epithelial cancer cells.[38] Representative results are presented in Figure 

8. As shown in Figure 8A, when mono-cultured, KPC2, and eKIC cells show a notably high 

expression of E-cadherin, but mKIC cells exhibit a very low level. This observation is well 

correlated with the transcript levels of Cdh1 in Figure 3A. It also concurs with the high 

invasiveness of mKIC cells compared to the other two epithelial type cancer cells. However, 

when the cells were co-cultured, the E-cadherin expression of KPC2 and eKIC are 

suppressed. For example, in the eKIC + mKIC co-culture, E-cadherin expression is almost 

completely suppressed (Figure 8B). This E-cadherin suppression suggests that mesenchymal 

subtypes of cancer cells may affect other epithelial subtypes and enhance the EMT of 

epithelial subtypes of cancer cells. Quantification of the E-cadherin fluorescence intensity 

strongly supports the observation of E-cadherin expression decrease (Figure 8C). These 

changes are also heterogeneous and more prominent at the eKIC-mKIC co-culture than 

KPC2-mKIC co-culture. The decrease of E-cadherin and associated EMT in the co-culture 

of cancer cell subtypes is a new observation. Previously, the EMT of epithelial cancer cells 

has been thought to be caused by TGF-β1 and other growth factors secreted by CAF. 

However, the present results suggest that there are additional EMT-inducing mechanisms by 

interaction among cancer cells.

3. Discussion

Intra-tumoral heterogeneity is one of the most puzzling challenges in cancer research and 

treatment. The term of heterogeneity has multiple implications – heterogeneous 

subpopulations of cancer cells with distinct mutations within a given tumor (i.e., spatial 

heterogeneity) and/or temporal variations of these genetic and molecular characteristics (i.e., 

temporal heterogeneity).[39] It has been reported that PCCs carry an average of 63 genetic 

alterations per cancer, which can be grouped into 12 core signaling pathways.[1] Among 

these mutations, key driver mutations of human PDAC have been identified. Notably, KRAS 
and CDKN2A mutations occur in 90 to 95% of PDACs, and TP53 mutations occur in 75% 

of PDAC.[17, 18, 40] Thus, the cell lines studied here, which were isolated from GEMM with 

mutations of KRAS and TP53 (KPC2) or KRAS and CDKN2A (eKIC and mKIC), represent 

key mutational characteristics of human PDAC. These genetically engineered cells will 

allow us to elucidate interaction mechanisms among heterogeneous cancer cells, which are 

extremely difficult to study using established human PCC lines.

Creating tumor models that mimic this heterogeneity in a reliable manner is extremely 

challenging. Recent developments of engineered tumor models [41-48] show a great promise 

to recapitulate a 3D microenvironment to study the TME. However, many of these in vitro 
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models have used isogenic cancer cells, which significantly hamper the capability of 

mimicking true heterogeneity found in the disease. Several recent studies have addressed 

this issue by mixing established cancer cell lines.[49] However, careful consideration and 

characterization of the genetic and molecular properties of cancer cells used are necessary. 

Patient-derived organoids[50, 51] may carry the heterogeneity, but it is difficult to control and 

maintain both the spatial and temporal nature of heterogeneity from patients. The present 

dT-MOC model suggests that this challenge can be addressed by integrating cancer cells 

whose genetics and molecular characteristics are carefully engineered. Recent developments 

of CRISPR and other gene-editing technologies will significantly advance engineered tumor 

models with precisely controlled intra-tumoral heterogeneity.

In addition to the anatomical resemblance, the present model recreates the biomechanical 

microenvironment of PDAC precisely. During the initiation and progression of PDAC, 

epithelial cancer cells interact with the stroma surrounding only at the basal side of the duct, 

but not at the luminal side. Interactions with neighboring cells are limited to lateral 

directions. These features are crucial aspects to regulate the biomechanical interactions 

between the cancer cells, and between the PCC epithelium and the stromal tissue. Other 

models without duct structure, including spheroids, organoids, and xenografts, do not 

provide this biomechanical microenvironment and are more suitable to represent the very 

late stage of the disease. The present dT-MOC model can also be used to decipher the 

mechanisms of EMT and local invasion in PDAC. EMT and local invasion of epithelial 

cancer cells have been thought of as a consequence of interactions between CAFs and cancer 

cells.[52-54] Stromal cells, including CAFs, inflammatory cells and macrophages, produce 

chemokines and cytokines that include fibroblast growth factors (FGFs), epidermal growth 

factor (EGF) receptor ligands, TGF-β isoforms, and connective tissue growth factor (CTGF).
[55, 56] Among these growth factors, TGF-β signaling has been implicated in EMT, local 

invasion, and metastasis of PDAC.[55] After treatments of TGF-β, both genotypes of PCC 

showed significantly increased, and longer sprouts, which suggests a TGF-β induced EMT 

and local invasion event. In addition to CAF-induced EMT and local invasion, the present 

results strongly suggest that cancer cells with a mesenchymal phenotypic characteristic can 

induce EMT and enhance local invasion of other PCCs as illustrated in Figures 7 and 8. 

Future studies will focus on interrogating these complex pathways and molecular 

interactions using the dT-MOC platform.

Although the present dT-MOC model recapitulates intra-tumoral heterogeneity of the PDAC, 

it still warrants further research to better mimic other aspects of the PDAC TME. One of the 

limitations is the lack of CAF. The CAFs are the main cellular component of the 

desmoplastic stroma, which either directly interface with PCC at the duct periphery or 

distribute throughout the inter-ductal spaces. CAFs synthesize the matrix proteins and 

induce fibrosis. CAFs also regulate ECM degradation by expressing matrix 

metalloproteinases (MMPs), and by facilitating tumor growth, invasion and metastasis.[57] 

Also, the present dT-MOC primarily employed collagen, but other ECM components are 

noted in human PDAC. These are hyaluronic acid, fibronectin, and fibrin. HA accounts for 

approximately 30% of the ECM proteins of human PDAC tissues.[31, 58] In healthy 

pancreatic tissue, HA content is significantly low at 3% of the total proteins, as summarized 
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previously.[44] Besides, fibrin is also reported in the PDAC tissue, which is associated with 

thrombin-mediated proteolysis of fibrinogen.[59]

Secondly, although only TGF-β1 was tested in the present study, the present model can be 

used to test the effects of various growth factors and their combinations on the EMT and 

local invasion of cancer cells including IL-6[60]and EGF.[61] In addition, for broader 

applications, it would be desired to have an in vitro model of normal epithelial duct. 

However, contrast to MCF10A cell lines for breast cancers, murine normal pancreatic duct 

epithelial or acinar cells are rarely available for in vitro culture. Cellular engineering of these 

cells for in vitro culture may enable normal pancreatic duct models.

4. Conclusion

We developed a new biomimetic tumor model of PDAC to mimic EMT and local invasion 

with intra-tumoral heterogeneity. This model was designed to recapitulate the microanatomy 

of PDAC, which a duct of epithelial cancer cells surrounded by the stromal matrix. In order 

to reconstitute the intra-tumoral heterogeneity, the model used murine PCC from genetically 

engineered mouse models, which carries key driver mutations of human PDAC including 

KRAS, CDKN2A, and TP53 mutations. The model showed that there are complex 

interactions even between cancer cells, and the interactions cause cancer cells more 

aggressive and invasive. The present study demonstrates the feasibility of constructing a 

PDAC model with controlled intra-tumoral heterogeneity. It is envisioned that the model can 

be further developed by incorporating patient-derived cancer and stromal cells.

5. Experimental Section

Cells and Reagents:

Three murine pancreatic cancer cell lines were isolated from PDAC tissues from GEMMs. 

KPC mice, containing LSL-KrasG12D/+, LSL-Trp53R172H, pdx1Cre alleles gave rise to the 

KPC2 tumor cell line.[34] Two KIC cell lines (eKIC and mKIC) were obtained from Dr. 

Murray Korc's laboratory at the Indiana University, which were established from mouse 

tumors derived from pancreata containing KrasG12D, Ink4a/Arffl/fl, and pdx1Cre alleles.[33] 

All cell lines were initially grown on polystyrene tissue culture treated flasks (Fisher 

Scientific, Hampton, NH) in HyClone RPMI 1640 medium with L-glutamine (GE 

Healthcare Life Sciences, Pittsburgh, PA) supplemented with 5% fetal bovine serum (FBS, 

Gibco, Carlsbad, CA) and 10,000 U/mL Penicillin-Streptomycin (Invitrogen, Carlsbad, CA). 

For use in experiments, cells were harvested at 70-80% confluence using 0.05% Trypsin-

EDTA (Invitrogen, Carlsbad, CA). All cells were kept under passage 15.

Microfabrication of Ductal Tumor Microenvironment on Chip (dT-MOC):

A two-part polydimethylsiloxane (PDMS, Dow Corning, Midland, MI) solution was poured 

into a brass, micro-machined mold with a microchannel configuration and allowed to cure 

overnight. After removal from the mold, inlet and outlet ports of PDMS chips were cut using 

biopsy punches. The PDMS chips were bonded using a corona discharger and sterilized with 

UV. A solution of 6.0 mg/mL type I collagen (High Concentration Rat Tail Collagen, 

Corning, Corning, NY) was then prepared. Approximately 20 μL of collagen solution was 
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added to the inlet port of the device. A single droplet of 20 μL of culture medium was placed 

at the inlet, forming a patent lumen through the collagen via viscous fingering.[62] The 

details of dT-MOC fabrication are provided in Supplement Information. The devices were 

then incubated at 37°C for 15-20 minutes. Pancreatic cancer cell suspensions were prepared 

at concentrations of 20,000 cells/μL. 10 μL of cell suspension was added to the inlet of the 

device, which was subsequently incubated at 37°C and 5% CO2 for 15 minutes. This process 

was repeated three times, rotating the device 90 degrees with each 10 μL added, until 40 μL 

of cell suspension had been added and a cell monolayer had formed. In co-culture groups, 

mixture of two types of cancer cells were seeded at once, or this loading procedure was 

repeated with the second cell line to create a bilayer duct composed of distinct monolayers 

of each cell type. Culture medium reservoirs were then placed at the inlet and outlet, and 750 

μL of culture medium was perfused through the lumen. The device was placed in the 

incubator at 37°C and 5% CO2 and medium was changed every 24 hours for the duration of 

the experiment.

RT-qPCR:

Gene expression of cell lines were characterized by RT-qPCR before they were seeded. In 

addition, gene expression of each cell line cultured in dT-MOC was characterized. Cells 

from dT-MOC devices were extracted and total RNA was harvested using a miRNeasy Mini 

kit (Qiagen, Cat.217004, Hilden, Germany). Total RNA was then quantified and converted 

into cDNA using the iScript cDNA synthesis kit (Bio-Red, Cat 1708891, Hercules, CA). 

Quantitative RT-PCR was subsequently performed using SYBR green (Roche, cat. 

04913850001, Indianapolis, IN) to assess the relative transcript levels of each gene. All 

genes were normalized to internal control 18S expression and each group represents a 

minimum of three biological replicates. Data were analyzed using the standard ΔΔCt method 

to determine the relative fold changes in each gene.

Immunoblotting:

WT mouse pancreas was cut and homogenized in standard RIPA buffer. Murine PDAC cells 

were isolated from their respective mouse PDAC tumors and cultured in RPMI 1640 

medium with 10% FBS, 1% penicillin/streptomycin at 5% CO2 37°C. The cells were then 

lysed in standard RIPA buffer containing sodium vanadate (Cat. 450253, Sigma), protease 

inhibitor and phosphatase inhibitor (Cat P5726 and P0044, Roche). Proteins were separated 

using SDS gel electrophoresis and then transferred to PVDF membranes (Bio-Red, Cat 

1620177) overnight at 4°C, followed by immunoblotting for Fibronectin (Santa Cruz, 

sc-9068, 1:100) and Hsp90 (Santa Cruz, SC-7947, 1:1000). Blots were developed using ECL 

(Thermo Scientific, Cat 32106).

Histology and Immunohistochemisty:

After culturing in dT-MOC devices for 48 hours, the samples were incubated with media 

containing 10 μM BrdU (5-bromo-2’-deoxyuridine) for 1.5 hours and subsequently 

subjected to fixation in 10% neutral buffered formalin at 4°C overnight. The dT-MOC 

samples were then filled with 15% native PAGE acrylamide gel for maintaining the dT-MOC 

structure. A scalpel was used to cut open the dT-MOC and expose the luminal collagen 

tissue. The dT-MOC tissues were then processed, embedded in paraffin, and sectioned using 
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standard histological techniques. Sections were deparaffinized and retrieved using the 2100-

retriever (Electron Microscopy Sciences, Hatfield, PA) with antigen unmasking solution 

(Vector Laboratories, Burlingame, CA). For BrdU IHC staining, dT-MOC sections were 

treated with 3% H2O2 for 5 mins to block endogenous peroxidase activity. The immunogen 

blocking step was subsequently performed using M.O.M blocking reagent (Vector 

Laboratories, Burlingame, CA) for 1 hour at room temperature followed by incubation with 

1:250 BrdU antibody (Oncogene, NA20-100) and 1:200 Type IV collagen antibody (Abcam. 

Ab6586), or 1:100 E-cadherin antibody (Abcam, ab76055) for 1 hour at room temperature. 

Biotinylated secondary antibody was applied to the dT-MOC section at 1:200 dilution for 10 

minutes at room temperature. Vector developing reagents and DAB (diamonibenzidine) 

peroxidase substrate (Vector Laboratories, Burlingame, CA) were used for IHC 

development. For E-cadherin, samples were incubated for 20 minutes with 1:200 Avidin–

Alexa Fluor 488 (Cat. S11223, Invitrogen, Carlsbad, CA, USA) and 1:1000 DAPI.

Invasion Assay:

The extent of local invasion of cancer cells on the dT-MOC platform was characterized with 

and without TGF-β1 treatment. At 24 hours prior to the experiment, dT-MOC devices with 

KPC2 and eKIC mono-cultures were incubated in serum-starved medium (1% FBS). Then, a 

solution of 1.0 nM TGF-β1 (Fisher Scientific, Hampton, NH) was added and cells were 

cultured for 48 hours with images taken daily. Local invasion of cancer cells was 

characterized into two parameters - "local invasion score" and "mean sprout length." The 

invasion score is the number of sprouting sites per unit length of duct, which are further 

normalized across all samples. Mean sprout length was determined as the straight-line 

distance between the base and tip of the local invasion site. The details of image analysis are 

provided in Supplement Information. Briefly, image processing macros were developed 

using ImageJ (NIH, Bethesda, MD). Each image was binarized to delineate the lumen 

boundary and locally invading cells. After filtering for noise, the ImageJ "Skeletonize" 

function and "Analyze Skeleton" plugin was used to determine the number and length of 

sprouting from the lumen. The number of sprouting sites was normalized per unit length of 

duct across all samples, yielding a "local invasion score" between 0 and 1. Mean sprout 

length was determined as the straight-line distance between the base and tip of the local 

invasion site. The details of image analysis are provided in Supplement Information.

Statistical Analysis:

Relevant study groups in each experiment were compared by Student's t-test. A minimum of 

three samples were analyzed for each group. The minimum level for statistical significance 

was p-value < 0.05. Data is reported in the form of mean ± standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design of ductal T-MOC platform. (A) The murine PDAC micrograph shows a cross section 

H&E staining of PCC ducts (noted with arrowheads and "D") and stroma tissue (noted with 

"S"). (B) The dT-MOC model is designed to mimic the microanatomy of PDAC tumors 

where PCC ducts are surrounded by stromal matrix.
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Figure 2. 
Fabricated ductal T-MOC platform. (A) Photograph of a fabricated dT-MOC. (B) Brightfield 

micrographs showing the formation of the lumen structure with a distinct epithelial lining at 

Day 4. Scale bar is 250 μm. Zoom-in image of boxed area in (B) showing distinct epithelial 

lining of PCCs. Scale bar is 20 μm. (C) Confocal micrograph of a cancer cell duct on a 

typical dT-MOC. (D) Immunohistology micrograph showing H&E and BrdU stainings.
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Figure 3. 
Molecular analysis of cells used in dT-MOC platform. (A) RT-qPCR results. Transcript 

levels of E-cadherin (Cdh1) (epithelial marker), and Snail and MMP9 (EMT and 

mesenchymal markers) show heterogeneous expression of these genes in the cancer cell 

lines studied. (*, p < 0.05 and **, p < 0.01). (B) Immnoblot analysis. Fibronectin (FN1) 

levels are confirmed in mKIC cells. The WT pancreas, acinar cell line (266-6), eKIC and 

KPC2 samples have neglectable levels of Fibronectin whereas mKIC exhibit high levels of 

Fibronectin protein. Note that pure Fibronectin protein (Fib) was used as a positive control.
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Figure 4. 
Local Invasion of cancer cells in the dT-MOC platforms. (A) Micrographs of growth and 

invasion of KPC2, eKIC, and mKIC cells. Zoomed-in images of boxed areas are shown at 

the right side. (B) Invasion score at Days 3 and 4. The mKIC line shows higher invasion 

score than other cell lines (**, p < 0.01). (C) Mean sprout length at Days 3 and 4. Again, the 

mKIC line shows longer sprouts than other cell lines (**, p < 0.01)
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Figure 5. 
Confocal micrographs of collective migration of cancer cells. (A) Confocal micrograph of 

an mKIC duct after 3 days culture stained for cell membranes (magenta) and nuclei (blue). 

(B) Confocal micrograph of the enlarged white boxed area. Arrows indicate individual cells 

which make up invading cell chains. Scale bars represent 100 μm.
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Figure 6. 
Enhancement of cancer cell invasion by TGF-β1. (A) Micrographs of invasion of KPC2 and 

eKIC cells with TGF-β1 treatment. Zoomed-in images of boxed areas are shown at the right 

side. Scale bars represent 100 μm. (B) Invasion score at Days 3 and 4. The invasion score of 

both KPC2 and eKIC increase with TGF-β1 treatment (**, p < 0.01). (C) Mean sprout 

length at Days 3 and 4. The mean sprout length also increases with TGF-β1 treatment. (**, p 

< 0.01).
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Figure 7. 
Enhancement of cancer cell invasion by interactions between heterogenous cancer cells. (A) 

Micrographs of invasion of co-culture models. Scale bars represent 100 μm (B) Invasion 

score at Days 3 and 4. Both KPC2 and eKIC become more invasive after co-culture (**, p < 

0.01). However, the invasiveness of mKIC line remain the same regardless of mono- or co-

cultures. (C) Mean sprout length (**, p < 0.01).
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Figure 8. 
Immunostaining of E-cadherin in mono- and co-culture. (A) Immunofluroescence analysis 

of KPC2, eKIC, mKIC monocultures. (B) Immunofluorescence analysis of KPC2 + mKIC, 

and eKIC + mKIC co-cultures. DAPI (i.e., nuclei), E-cad, RFP (i.e., mKIC), and merged 

images are shown. Scale bar represents 50 μm. (C) Fold change of E-cadherin expression. 

(*, p < 0.05 and **, p < 0.01)
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