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SUMMARY

Colorectal cancer (CRC) progression is a complex process that is not well under-
stood. We describe an in vitro organ-on-chip model that emulates in vivo tissue
structure and the tumor microenvironment (TME) to better understand intravasa-
tion, an early step inmetastasis. The CRC-on-chip incorporates fluid flow and peri-
stalsis-like cyclic stretching and consists of endothelial and epithelial compart-
ments, separated by a porous membrane. On-chip imaging and effluent
analyses are used to interrogate CRC progression and the resulting cellular het-
erogeneity. Mass spectrometry-based metabolite profiles are indicative of a
CRC disease state. Tumor cells intravasate from the epithelial channel to the
endothelial channel, revealing differences in invasion between aggressive and
non-aggressive tumor cells. Tuning the TME by peristalsis-like mechanical forces,
the epithelial:endothelial interface, and the addition of fibroblasts influences the
invasive capabilities of tumor cells. The CRC-on-chip is a tunable human-relevant
model system and a valuable tool to study early invasive events in cancer.

INTRODUCTION

Colorectal cancer (CRC) is one of the deadliest cancers worldwide with over 900,000 people dying from the

disease each year (Siegel et al., 2021). In the United States, the 5-year survival rate for patients with meta-

static CRC is less than 15% (Siegel et al., 2020). To address this dismal outcome, there is an urgent need to

better understand and ultimately control aspects of cancer progression. Tumor metastasis is an elaborate

cascade of events whereby cells from the primary tumor invade the surrounding tissue and intravasate into

the blood or lymphatic vessels, extravasate into a distant organ, evade the immune system, and grow into

secondary, metastatic tumors (Batista et al., 2019). Genetically engineered mouse models and patient-

derived xenografts have been critical in advancing the tumormetastasis field by providing an in vivo system

that can model tumor spread from primary to distant organ sites through the vascular network (Bürtin et al.,

2020; Walrath et al., 2010). However, limitations remain with traditional preclinical cancer models including

a lack of in vitro model systems that imitate human physiology and the inability of in vivo animal experi-

ments to recapitulate and tune human organ microenvironments (Gould et al., 2015; Ledford, 2011; Mak

et al., 2014). Recent advances in in vitro culture systems have overcome some of these limitations. In partic-

ular, 3D microfluidic organ-on-chip (Organ Chip) systems incorporate unique features to better model

in vivo cell-cell and cell-extracellular matrix (ECM) interactions (Bhatia and Ingber, 2014; Sarvestani

et al., 2020), which can support novel interrogations of cancer progression.

Organ chips are designed tomodel normal or diseased organ-level structure and function by incorporating

tissue compartments and physical forces that mimic in vivo cyclic strain (i.e., peristalsis-like motions) and

fluid shear stress (Basson, 2007; Gayer and Basson, 2009). The microfluidic nature of these systems sustains

longer-term experiments and allows for continuous effluent collection to monitor byproducts as an indirect

measure of tissue function and viability (Bai et al., 2015; Jang et al., 2019; McAleer et al., 2019; Pavesi et al.,

2017). When combined with imaging-based approaches (Lee et al., 2018; Pavesi et al., 2017; Ying et al.,

2015), organ chips support dynamic cell phenotyping in a noninvasive manner. Organ chip models across

a variety of cancer types (e.g., breast, lung, colon, and pancreatic cancers) have been engineered to inter-

rogate important biological processes in cancer, such as angiogenesis, epithelial-mesenchymal transition,

cancer cell metastasis, and therapeutic response (Caballero et al., 2017; Sontheimer-Phelps et al., 2019).
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Our goal was to develop a CRC-on-chip, integrating multiple in vivo-relevant cell types and physical forces,

to reveal how diverse tumor microenvironment (TME) cues work in concert to influence the spread of a pri-

mary colon tumor. We introduced aspects of the TME in a stepwise fashion to support the study of tumor-

TME interactions in a tunable, physiologically relevant system. Specifically, we expanded upon previous or-

gan-on-chip models by incorporating physical forces to mimic peristalsis, an important factor in colon

physiology (Gayer and Basson, 2009) and host-microbe interactions in the healthy intestine (Grassart

et al., 2019; Kim et al., 2016). In addition, we integrated aspects of the stromal TME, such as cancer-asso-

ciated fibroblasts (CAFs), which have been implicated in metastatic spread (Quail and Joyce, 2013). This

resulted in a heterocellular tumor compartment interfaced with a blood vessel compartment to study

CRC as a diseased organ. We demonstrate that this model is suitable to investigate early stages of the

CRCmetastatic process, mimicking the intravasation of tumor cells into a blood vessel, which can be moni-

tored via on-chip imaging and mass spectrometry-based metabolomics. As depicted in the graphical ab-

stract, the CRC-on-Chip model can be used to interrogate tumor cell behavior in a ‘‘multiplexed’’ fashion.

From a single chip, tumor cell morphology, growth rate, and invasion dynamics can be monitored via

confocal microscopy and frequent analyses of the effluent, such as metabolomics or cell shedding, can

be performed.
RESULTS

Development and characterization of CRC-on-chip

An Intestine Chip, consisting of intestinal epithelial cells (Caco2 C2BBe1) and endothelial cells (human um-

bilical vein endothelial cells; HUVECs) seeded in an ECM-coated chip, has been previously developed to

model the intestine (Jalili-Firoozinezhad et al., 2018; Kim et al., 2012, 2016). On chip, the Caco2 C2bbe1

clone more closely resembles the normal human colon due to the formation of a polarized monolayer of

epithelial cells displaying an apical brush border (Peterson and Mooseker, 1992). With fluid flow and cyclic

strain, the Caco2 C2BBe1 cells form 3D-like architecture and differentiate into the four main intestinal cell

lineages (goblet, enteroendocrine, Paneth, and enterocytes) (Figure S1). The Intestine Chip emulates tissue

function by displaying an intact intestinal barrier with the endothelial cells forming vessel-like structures

along the bottom channel (Jalili-Firoozinezhad et al., 2018; Kim et al., 2012, 2016). We modified the

Caco2 Intestine Chip to model CRC by introducing epithelial and stromal cells (tumor cell lines or pa-

tient-derived tumor organoids and patient-derived CAFs) into the top channel (Figure 1A) and endothelial

cells (HUVEC) into the bottom channel. ECM composition, cell types, on-chip locations, and fluorescent

labels used to distinguish cell types are outlined in Table 1. Fluid flow and cyclic, peristalsis-like mechanical

deformations were introduced to complete the physiologically relevant epithelial:endothelial tissue:tissue

interface and create a CRC-on-Chip system.

To generate the CRC-on-Chip, we first allowed the epithelium to form a monolayer, develop villi-like struc-

tures, and establish a complete, functional barrier (approximately 2-3 days (Kim et al., 2012; Kim et al.,

2016)) before seeding CRC tumor cells. CRC tumor cells were seeded at a low density relative to the

Caco2 C2BBe1 epithelial cells (1:5 tumor:epithelial cell seeding) in order to mimic cancer development

within the colon epithelium. After the addition of tumor cells, the chips were placed under constant flow

(30 mL hr �1) and stretch conditions (10% deformation; 0.2 Hz) for up to two weeks. The epithelial:endothe-

lial tissue layers were visualized by immunofluorescence staining of the endothelial cells (VE-cadherin) in

the bottom compartment and the Caco2 C2BBe1 (E-cadherin) and cancerous (H2B-GFP) epithelial cells

in the top compartment (Figure 1B). Clusters of HCT116 tumor cells were observed on top of the 3D struc-

tures formed by the Caco2 C2BBe1 cells. We found the addition of CRC tumor cell lines did not noticeably

impact the formation of tight junctions, as shown by immunofluorescence staining of ZO-1 in the epithelial

and endothelial channel (Figure 1C). Large-scale images show strong ZO-1 expression across the length of

the epithelial channel in both the Caco2 Intestine Chips and the CRC-on-Chips seeded with HCT116 tumor

cells (HCT116-CRC-on-Chip) (Figures S2A and S2B). In addition, the presence of the HCT116 tumor cells

did not significantly change the ability of the Caco2 C2BBe1 cells to form a stable intestinal barrier over

the course of the experiments (Figure 1D). We modeled the development of CRC ‘‘hot spots’’ along the

length of the colon. On chips, the tumor cells grew in 3D clusters extending into the lumen rather than

the monolayer morphology seen on plastic (Figures S2C and S2D), suggesting the chip structure can be

used tomimic the progression of colon cancer in which a polyp forms in the colonic crypts before eventually

evolving into a cancerous lesion that grows into the intestinal lumen (Dekker et al., 2019; Humphries and

Wright, 2008).
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Figure 1. CRC-on-Chip tissue structure

(A) The organ-on-chip platform (schematic courtesy of Emulate, Inc.) consists of an epithelial channel (1) comprising

epithelial and cancerous cells (3) and an endothelial channel (2) comprising HUVEC cells (4) separated by a porous

membrane (5). To model cell-cell interactions in the TME, the CRC-on-Chip was modified to include layers of different cell

types in the epithelial channel. CRC tumor cells were seeded on top of the epithelial cells. A stromal layer, comprised of

CAFs, can be incorporated into the epithelial channel.

(B) Confocal fluorescence images of a chip cross-section spanning 106 mm from the top of the endothelial channel into the

epithelial channel, highlighting the endothelial:epithelial tissue:tissue interface. HUVEC cells are labeled with anti-VE

cadherin (red). Caco2 C2BBe1 cells labeled with anti-E-Cadherin (purple) form 3D-like structures in the top epithelial

channel. HCT116 H2B-GFP cells grow in clusters on top of the Caco2 cells. Nuclei are labeled with DAPI (blue). Scale bar is

100 mm.

(C) Representative confocal immunofluorescent images of the epithelial (top) and endothelial (bottom) channels of an

Intestine Chip (left) and CRC-on-Chip (right) stained for ZO-1 (gold) on day 6. DAPI (blue) labels the nuclei of the Caco2

C2BBe1 cells in the epithelial channel and HUVECs in the endothelial channel. White arrows designate HCT116 (green) in

the epithelial channel of the CRC-on-Chip. Scale bars represent 200 mm. Images are maximum projections that span a

15 mm Z-height in the epithelial channel and a 10 mm Z-height in the endothelial channel with a 5 mm step size.

(D) The apparent permeability (Papp) of the intestinal epithelial cells in the top channel was not changed when HCT116

tumor cells were added to the CRC Chips. The concentration of inulin-FITC that diffused from the epithelial channel to the

endothelial channel was used to calculate Papp (N = 3 Chips). Data are represented as mean G SEM and analyzed using a

two-way ANOVA; p > 0.05.
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Metabolic comparison of Intestine Chips versus CRC chips

The microfluidic nature of the CRC-on-Chip system supports dynamic measurements of the effluent. To deter-

mine whether our CRC-on-Chip model mimics important aspects of CRC biology, we performed mass spec-

trometry-based metabolomics. Metabolite extracts of inlet and outlet media from the top epithelial channel
iScience 24, 102509, May 21, 2021 3



Table 1. Chip locations specified for cell types and ECM composition used in the CRC-on-Chip

Channel Cell type Cell Fluorescent tag ECM

Bottom Endothelial HUVEC RFP Matrigel and Collagen I

Top Epithelial Caco2 C2BBe1 Unlabeled Matrigel and Collagen I

Top Stroma (CAF) 000UE, 000UK,

000U8, 000US

Cell Tracker

Deep Red

Collagen IV, Matrigel and

Collagen I overlay

Top Cancer Cell Line HCT116 or HT29 H2B-GFP Matrigel and Collagen I

Top CRC Organoid ORG000US H2B-GFP Matrigel
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and the bottom endothelial channel were analyzed from Intestine Chips and diseased CRC-on-Chips on days

0 (D0) and 6 (D6). In order to better understand themetabolomic profiles across different stages of CRC aggres-

siveness, we performed experiments with diseased CRC-on-Chips seededwith HCT116 (HCT116-CRC-on-Chip)

and HT29 (HT29-CRC-on-Chip) cell lines (Tables S1, S2, S3, and S4). A principal component analysis (PCA) of the

metabolite intensities shows clear separation between the epithelial and the endothelial channel effluents for

both the Intestine Chips and the CRC-on-Chips (Figure 2A). When evaluating the metabolites in the epithelial

channel, there was significant overlap in the IntestineChipbetweenD0andD6, resulting in only a fewdifferential

metabolites, while there were several differential metabolites detected in the HT29-CRC-on-Chip, and a much

larger number of differential metabolites detected in the HCT116-CRC-on-Chip between days (Figure 2B).

Furthermore, metabolic profiles between the Intestine Chips and the HCT116-CRC-on-Chip on D6 yielded

differentially expressed metabolites (Table S5). The differential metabolites that were identified using our in-

house library between the Intestine Chip and the HCT116-CRC-on-Chip were mapped to pathways using Inge-

nuity Pathway Analysis (IPA) to identify themost affected pathways in the HCT116-CRC-on-Chips (Table S6). The

TCA cycle and several amino acid metabolism pathways were the most significantly altered pathways, as high-

lighted in Figure 2C.

Separate clusters were observed between the time points in the HCT116-CRC-on-Chip data set (Figure 2B),

with the identification of 50 significantly differentially expressed metabolites in the epithelial effluent indi-

cating CRC tumor cell growth. Differential metabolites (p < 0.05 and with a fold change greater than 2) in

the epithelial effluent of the HCT116-CRC-on-Chip mapped to ‘CRC’ disease state with the highest signif-

icance using IPA (p = 7.19 3 10�12), while those from the HT29-CRC-on-Chip (p < 0.05 and with a fold

change greater than 1) mapped to CRC to a less significant degree (p = 2.31 3 10�9). To confirm the spec-

ificity of this finding, we performed 20 permutations in which we selected 50 random metabolites from our

library of identified compounds from the HCT116-CRC-on-Chip experiments and these ‘‘random sets’’

were evaluated with the same pathway analysis. The mapping of our HCT116-CRC-on-Chip data to

‘CRC’ and other related disease states is not based on chance, suggesting that our CRC-on-Chip is a

good model system to further study CRC progression (Figure 2D).
Examination of tumor cell intravasation

When we examined the PCA for the endothelial channel effluent (Figure 2A), we observed a similar pattern

to what was detected in the epithelial channel. Separate clusters of metabolites between D0 and D6 were

identified in the HCT116-CRC-on-Chip, minimal separation was seen in the HT29-CRC-on-Chip, and no

separation was found in the Intestine Chip. We detected over 20 differential metabolites in the HCT116-

CRC-on-Chip endothelial effluent and only 5 differential metabolites in the HT29-CRC-on-Chip (Figure 3A),

suggesting metabolic changes within the endothelial channel occur over time only when CRC tumor cells

are present in the model. When we analyzed the differentially expressed metabolites from the endothelial

compartment in the HCT116-and HT29-CRC-on-Chips using IPA, we found that several pathways were

significantly altered in the HCT116-CRC-on-Chips (glycine betaine degradation, alanine metabolism,

HIF1a signaling, and adenine and adenosine salvage pathways) (Table S7) while no pathways were identi-

fied as significantly altered in the HT29-CRC-on-Chips.

Based on the metabolic changes we observed within the endothelial compartment when CRC tumor cells

of various aggressiveness were present on-chip, we hypothesized that the CRC Chip could help address

important questions related to tumor metastasis, in particular early tumor cell dissemination. Specifically,

tumor cells were monitored via confocal microscopy to visualize and quantify the invasion of cells from the

top epithelial channel into the bottom endothelial channel through an ECM coating and a porous
4 iScience 24, 102509, May 21, 2021



A

B

C D

Figure 2. Metabolic analyses validate use of CRC-on-Chip to model CRC progression

(A) Epithelial and endothelial effluent was collected from the Intestine Chip and the HT29-and HCT116-CRC-on-Chips on

days 0 and 6 of the experiment and mass spectrometry-based metabolomics was performed. The principal component

analysis (PCA) on the differential metabolites demonstrates the clustering of samples corresponding to the effluent

compartment (epithelium or endothelium) and the different time points.

(B) Volcano plots comparing the metabolites from the top epithelial channel on day 0 and day 6 for the Intestine Chip and

the HT29-and HCT116-CRC-on-Chips. Each point represents a metabolite. Analytes with p values <0.05 and fold change

>2 were regarded as statistically significant (colored red and blue upregulated and downregulated, respectively).

(C) Differential metabolites between the Intestine Chip and the HCT116-CRC-on-Chip from the epithelial effluent showed

altered TCA cycle and amino acid metabolism via Ingenuity Pathway Analysis (IPA).

(D) The 50 differential metabolites that matched to our internal database from the epithelial channel of the HCT116-CRC-

on-Chip mapped to colorectal cancer with the highest significance (highest –Log10p value) using IPA. Each group is

ranked by p value and colored based on the 50 differentially expressedmetabolites from our dataset, termed ‘‘CRC Chip’’

(red; asterisk denotes significant outliers) or 20 permutations of 50 randomly selected metabolites, termed ‘‘random set’’

(black box plots).Wilcoxon signed rank test compared the CRC Chips to the random selection sets for the ‘‘colorectal

cancer’’ disease state, p = 0.0005.

ll
OPEN ACCESS

iScience
Article
membrane. Given that the tumor cells traversed the epithelium and ECM to invade through the porous

membrane and into the endothelium channel, we termed this an ‘‘invasion assay’’. We calculated a ratio

of the number of invaded cells (tumor cells in the bottom channel) to the number of non-invaded cells (tu-

mor cells in the top channel) over time to determine an invasion rate (Figure 3B). Data were normalized to
iScience 24, 102509, May 21, 2021 5
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Figure 3. Validation of CRC tumor cell invasion from an epithelial to endothelial compartment, mimicking

intravasation

(A) Volcano plots comparing the metabolites from the bottom endothelial channel on day 0 and day 6 for the Intestine

Chip and the HT29-and HCT116-CRC-on-Chips. Each point represents a metabolite. Analytes with p values < 0.05 and

fold change >2 were regarded as statistically significant (colored red and blue).

(B) 6 regions of the chip were imaged via confocal microscopy and input into 3-D reconstruction software for GFP + cell

quantification. An invasion ratio was calculated based on the number of GFP + cells in the bottom channel compared to

the top channel and normalized by the day 0 counts. Scale bars represent 100 mm.

(C and D) Tumor cell (HCT116 or HT29) invasion was monitored over time by imaging the same chip regions at various

time points, days 0, 2, 6. Representative images show different invasion behavior for each tumor cell (C) and quantification

is also depicted (D). N = 6 Chips. Data are represented as meanG SEM and analyzed using a two-way ANOVA; *p < 0.05;

**p < 0.01). Scale bars represent 100 mm.

(E) CRC organoids (H2B GFP labeled) from patient 000US were dissociated and fragments were seeded onto the ECM-

coated epithelial channel. Brightfield image of the 000US organoids seeded in the epithelial channel of the chip showing

the CRC tissue architecture on day 6 (D6). Scale bars represent 100 mm. Chip schematic courtesy of Emulate, Inc.

(F) Invasion of ORG000US was measured on D6 of the experiment (N = 6 Chips). An invasion ratio was calculated based on

the number of GFP + cells in the bottom channel compared to the top channel and normalized by the day 0 counts. Data

are represented using a boxplot.
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D0 to account for any initial cell seeding variability between chips (Figure S3A). While the epithelial Caco2

C2BBe1 cells showed minimal invasion (Figure S3A), the invasion rate differed between CRC tumor cell

lines, with the HT29 H2B-GFP cells having a significantly lower invasion rate as compared with the

HCT116 H2B-GFP (Figures 3C and 3D). Specifically, the average day 6 invasion ratio for all three cell lines

was: HCT116 = 4.97; HT29 = 1.15; Caco2 C2BBe1 = 0.37. This finding mimics the aggressiveness of the tu-

mors from which these cells were derived and is supported by extensive in vitro and in vivo data in which
6 iScience 24, 102509, May 21, 2021
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HCT116 cells are highly aggressive and known to develop liver metastases in vivo, while the HT29 cells

possess less efficient metastatic capabilities (Olejniczak et al., 2018). This trend of the HCT116 cells

invading more than the HT29 cells corroborates the metabolic changes seen in the endothelial compart-

ment in the CRC-on-Chips (discussed above), suggesting the differential metabolites and altered meta-

bolic pathways may be a result of CRC tumor cells invading into the endothelium.

Traditionally, in vitro tumor cell invasion has been studied using transwell assays. We performed modified

transwell experiments by culturing HUVEC cells on the bottom of the transwell membrane and co-culturing

Caco2 C2BBe1 and CRC tumor cells on top of the membrane to mimic the culturing of multiple cell types in

the chip system. HT29 cells were less invasive than HCT116 cells in the transwell system; however, when the

number of invaded cells is compared between transwell and on-chip experiments at a similar time point

(day 2 for both experiments), the on-chip invasion assay indicated less invasion (Figure S3B). While the

pore size and the cells seeded per culture area were the same between the two different model systems,

the presence of mechanical cyclic stretching and fluid flow in the chip could explain these differences. This

suggests that the chip system more closely models in vivo intravasation as a rare event compared to tradi-

tional in vitro assays (Deryugina and Kiosses, 2017; Hapach et al., 2019; Wyckoff et al., 2000).

Previous studies have combined the organ-on-chip system with organoids derived from healthy small and

large intestine tissues and demonstrated more in vivo-like composition of intestinal cell types (Kasendra

et al., 2018), mucus physiology (Sontheimer-Phelps et al., 2020) and drug response (Kasendra et al.,

2020). We adapted these published methods to seed organoids derived from human colon tumors in

the top channel of the chips (without the presence of the Caco2 C2BBe1 cells) (Figure 3E). We confirmed

that tumor organoid cells were capable of invading into the endothelial channel under the same fluid and

mechanical forces as applied in the Intestine Chip (Figure 3F).
CRC cells exhibit phenotypic heterogeneity during intravasation

Given the differential invasive phenotypes of HT29 or HCT116 cells, we sought to identify changes occur-

ring during intravasation in our CRC Chips. First, we investigated the expression of epithelial or mesen-

chymal markers in CRC Chips cultured with HT29 or HCT116 tumor cells, which differ in their EMT program-

ming (Pino et al., 2010). HT29 tumor cells in the top, epithelial channel formed tight clusters that stained

strongly for the adhesion molecule E-cadherin and weakly for vimentin, suggesting these cells are epithe-

lial-like (Figure S4, left panels). In contrast, staining of HCT116 tumor cells showed decreased E-cadherin

expression toward the center of the tumor clusters and stronger vimentin expression at the edges of these

clusters (Figure S4, right panels), suggesting that the HCT116 tumor cells are losing epithelial features and

gaining a more mesenchymal-like phenotype.

We further investigated HCT116 cells that invaded and adhered to the bottom, endothelial channel and discov-

ered heterogeneity in the expression of epithelial or mesenchymal markers. Some tumor cells stained strongly

for E-cadherin and were negative for vimentin, forming large clusters bordered by HUVECs (Figure 4A, top

panels). While in other regions of the same chip, there were invaded HCT116 cells that did not express E-cad-

herin, but stainedpositive for vimentin and showed amesenchymal-likemorphology (Figure 4A, bottompanels).

When we examinedHCT116 cells cultured in traditional cell culture conditions (plastic, 2D), we found less E-cad-

herin-positive and vimentin-positive cells (Figure 4B). When we quantitated the percentage of cells identified as

positive or negative for E-cadherin or vimentin expression, we discovered that there was greater heterogeneity

in the invaded HCT116 cells on-chip compared to plastic (Figure 4C). The percentage of E-cadherin+, E-

cadherin+ and vimentin+, and vimentin + HCT116 cells increased on-chip, while the percentage of cells that

were negative for both E-cadherin and vimentin decreased on-chip as compared to HCT116 cultured on plastic.

Taken together, these results suggest that HCT116 tumor cells are more heterogeneous on-chip, recently

corroborated by another tumor-on-a-chip model system (Hachey et al., 2021).

Moreover, the microfluidic design of the chips allows for interrogation of any viable, circulating cells that

have perfused through the channel and accumulate in the outlet reservoir (Figure 4D). We collected media

from the outflow of the bottom channel every two days. HT29 cells did not appear in the bottom channel

effluent, however we were able to isolate, quantify, and relate the number of circulating HCT116 cells in the

bottom channel outflow to the number of invaded HCT116 cells still adhered to the endothelial channel

(Figure 4E). These invaded, circulating cells had lower E-cadherin and higher vimentin expression than

HCT116s on plastic, indicating these cells had acquired mesenchymal-like phenotypes (Figure 4F).
iScience 24, 102509, May 21, 2021 7



A

D

E F

B C

Figure 4. CRC cell heterogeneity during intravasation on-chip

(A) Representative images depict the phenotypic heterogeneity of invaded HCT116 cells adhered to endothelial cells in

the bottom chip channel. HUVECs uniformly express vimentin (purple), while clusters of HCT116 cells (green) grow in tight

aggregates and highly express E-Cadherin (red) (top panels) or grow in more disperse colonies with higher vimentin

(purple) expression (bottom panels). Scale bar represents 200 mm and images are from day 6 of the experiment.

(B) Representative images depict the heterogeneity of HCT116 cells cultured on plastic. HCT116 cells (green) show

moderate expression of E-Cadherin (red), with relatively few vimentin-positive cells (purple) (white arrow). Cells were

grown to 70% confluency before fixation, immunofluorescent staining, and imaging. Scale bar represents 200 mm.

(C) HCT116 heterogeneity from (A) and (B) was quantitated using PerkinElmer Harmony software. GFP + tumor cells were

segmented and classified as E-Cadherin + or vimentin + based on intensity thresholds (N = 5 Chips for chip experiments,

N = 4 replicates for 2D plastic experiments). Data are represented as mean G SEM.

(D) Invaded CTCs are found in the endothelial effluent where they are collected and cultured for down-stream analyses.

Scale bar represents 200 mm.

(E) Viable tumor cells were collected from the effluent of the bottom endothelial channel reservoir on day 6. Cells were

plated and counted via HCS imaging system once the cells had attached to the plate (6-10 hr later) (N = 6 Chips for HT29

experiments, N = 9 Chips for HCT116 experiments; ****p < 0.0001).

(F) RT-qPCR results show invaded HCT116 cells have reduced E-Cadherin and increased vimentin expression compared

to HCT116 cells grown on plastic tissue culture dishes (N = 6 replicates). Data are represented as mean G SEM and

analyzed using multiple unpaired t-tests; ****p < 0.0001, *p < 0.05).
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Mechanical and biochemical cues from the TME impact CRC invasion

It is understood that cancer cells respond to mechanical cues present in the body (e.g., shear force from

fluid flow) (Follain et al., 2020), however many of themechanistic details remain unknown as these processes

are difficult to study. A major advantage of the CRC-on-Chip model over other organs-on-chip technolo-

gies is the ability to mimic peristalsis, a physiological process of muscle contraction and relaxation that

naturally occurs in the colon. We showed that in the presence of peristalsis (10% strain; 0.2 Hz), HCT116

tumor cell invasion increased dramatically compared to static conditions (>3-fold) (Figure 5A). In addition,

CRC-on-Chips with HT29 tumor cells showed increased invasion in the presence of peristalsis (2-fold) (Fig-

ure S5). Tight junction formation between epithelial or endothelial cells was not noticeably affected by the

presence of cyclic stretching, as measured by immunofluorescent staining for ZO-1 on stretched and not

stretched CRC-on-Chips (Figures 5B and S6). The increased invasive phenotype in response to mechanical

forces requires further study, including alternative mechanisms beyond epithelial barrier disfunction.

In addition to the physical forces present in the TME, heterocellular interactions can also be examined us-

ing this model. We showed that cancer-endothelial cross talk is important for driving an invasive pheno-

type. In the presence of HUVECs, the HCT116 invasion rate was significantly higher than when HUVECs

were not seeded in the CRC-on-Chip (Figure 5A). There was no difference in HCT116 invasion ratio in

the presence or absence of cyclic strain when the HUVECs were absent, suggesting an important role of

the endothelial cells in the invasive phenotype in the presence of peristalsis. Our data support published

evidence that the tumor:blood vessel tissue:tissue interface is a critical modulator of cancer progression

(Amos and Choi, 2021; Choi and Moon, 2018; Nguyen et al., 2019).

Furthermore, CAFs, the most abundant cell type in the cancer stroma, have been implicated in promoting inva-

sion (Karnoubet al., 2007;Orimoet al., 2005) and cancermetastasis (Sahai et al., 2020). In order to interrogate the

role of CAFs in CRC invasion in our system, we examined the effects of CAF-derived secreted factors using

conditioned media (CM), as well as the physical presence of CAFs seeded on the chips. For the secreted factor

analysis, we perfused CAF CM through the epithelial channel of the chip for the duration of the experiment

(6 days). CM from four different patient-derived CAF lines significantly increased HCT116 invasion (Figure 5C).

Wemeasured the cytokines secreted in the CMand, while some cytokines overlapped between the CAFs, there

was significant patient heterogeneity in the cytokine profiles (Figure S7 and Tables S8 and S9). While the

continual exposure of tumor cells to CAF secreted factors through microfluidics is an exciting advancement

over current methods, the physical interaction between CAFs and tumor cells has been shown to be important

for invasion (Gaggioli et al., 2007).We introduced a layer of CAFs to the CRCChip aftermodification of the ECM

in the top channel to ensure CAF attachment and viability (set-up ii of Figure 1A, Table 1), leaving the endothelial

channel unchanged. TheCAFswere initially seeded as amonolayer on the chipmembrane coatedwith collagen

IV but transitioned to form extended networks after seeding the Caco2 C2BBe1 layer and the HCT116 tumor

cells two days later. Similar to the CM results, the presence of the CAF000UE and CAF000W8 significantly

increased invasion (Figure 5D). Notably, confocal microscopy revealed that the physical presence of the CAFs

influenced how the HCT116 cells seeded onto the epithelium. The HCT116 cells clustered around and on top

of the CAF networks (Figure 5E). While the invasion rates were increased approximately 2-fold in the presence

of CAF CM or the physical CAFs (CAF000W8 and CAF000UE), the HCT116 seeding morphology suggests the

physical interaction between CAFs and tumor cells is important and requires further study.
DISCUSSION

We expanded upon a previously characterized Intestine Chip (Kim et al., 2012) to generate a CRC-on-Chip

that encapsulates cancer-specific biomimetic microenvironments to advance our knowledge in the CRC

research domain. Some of the results presented here corroborate findings from previous cancer progres-

sion studies as a metric to validate our model system. However, we also demonstrate for the first-time a

CRC-on-Chip that recapitulates many aspects of the complex TME that are difficult to reconstruct in other

model systems. This has led to the discovery of novel preliminary findings, including the impact of peri-

stalsis and the epithelial:endothelial tissue:tissue interface on tumor cell intravasation. While further mech-

anistic studies are needed to explore the impact of these findings, we demonstrate the utility of the micro-

fluidics-based CRC-on-Chip for the study of CRC progression.

The current chip design can be used to mimic the progression of colon cancer in which a polyp forms in the

colonic crypts before eventually evolving into a cancerous lesion that grows into the intestinal lumen (Dekker

et al., 2019; Humphries and Wright, 2008). When we introduced CRC tumor cells into the model, the presence
iScience 24, 102509, May 21, 2021 9
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Figure 5. The TME influences tumor cell invasion

(A) CRC-on-Chips were cultured in the presence of cyclic peristalsis-like mechanical strain and HUVECs (N = 12 Chips),

without cyclic strain and with HUVECs (N = 12 Chips), with cyclic strain and without HUVEC cells (N = 12 Chips) or without

cyclic strain or HUVECs (N = 9 Chips). The invasion ratio of the HCT116 cells was determined via microscopy. Data are

represented as boxplots and analyzed using a 1-way ANOVA with multiple comparisons; **p < 0.01, ***p < 0.001.

(B) Representative confocal immunofluorescent images of the epithelial (top) and endothelial (bottom) channels of the

CRC-on-Chips in the presence (left) or absence (right) of peristalsis stained for ZO-1 (gold) on day 6. DAPI (blue) labels the

nuclei of Caco2 C2BBe1 cells in the epithelial channel and HUVECs in the endothelial channel. White arrows indicate

HCT116 cells. Scale bars represent 200 mm. Images are maximum projections that span a 15 mm Z-height in the epithelial

channel and a 10 mm Z-height in the endothelial channel with a 5 mm step size.

(C) Conditioned media from CAFs derived from four patients (N = 4 Chips for each patient-derived CAF) was flowed

through the epithelial channel for the duration of the experiment. Differences in HCT116 cell invasion ratio quantification

is depicted. Data are represented as boxplots and analyzed using 1-way ANOVA with multiple comparisons; *p < 0.05;

***p < 0.001; ****p < 0.0001.

(D) Representative CAFs derived from two patients were labeled with Cell Tracker Deep Red and seeded in the top

channel prior to epithelial cell and HCT116 cell seeding (N = 4 replicates for each patient-derived CAF) and the invasion

ratio was quantified on day 6. Data are represented as boxplots and analyzed using a 1-way ANOVA with multiple

comparisons; ***p < 0.001; ****p < 0.0001.

(E) Representative images of CAF000W8 and CAF000UE on day 0 (one day after tumor cell seeding) illustrate

heterocellular interactions on chip. Scale bar represents 100 mm.
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of the epithelium-tumor boundary resulted in 3D ‘‘hot spots’’ of tumor cells. There was also a measurable shift in

metabolite profiles from the collected effluent between the Intestine Chip and the CRC Chip, which mapped to

the CRC disease state. Metabolic reprogramming has been extensively studied in cancer and is a hallmark of

cancer progression (Faubert et al., 2020). Specifically, our results are corroborated by published metabolomics

datasets that found alterations in the TCA cycle, urea cycle, and amino acid metabolism in patients with CRC

when compared to healthy controls (Farshidfar et al., 2016; Tan et al., 2013). Although additional studies are

needed to address the metabolic reprogramming that occurred in the CRC Chip, the microfluidic attributes

of the chip technology will aid in identifying metabolic phenotypes that link to disease progression and meta-

bolic vulnerabilities that may be targeted in metastatic tumor cells.

In addition to effluent-based metabolomics studies confirming CRC pathway-specific metabolites in the

chip, it also revealed tumor cell intravasation as a feature of the model. This finding was based on dynamic

metabolite changes in the endothelial channel indicative of tumor cell presence. This prompted us to

further explore the capacity of our system to interrogate the invasive potential of CRC tumor cells. An

advantage of this model is the transparent nature of the chip material, which supports dynamic confocal

imaging of cell phenotypes. We were able to quantitate substantial differences in invasion into the vascular

channel between aggressive and non-aggressive CRC tumor cells and identify a metabolic profile for an

aggressive, invasive CRC tumor. More work is needed to understand whether these metabolic changes

are influenced by tumor-endothelial cross talk or solely the presence of invaded tumor cells. In addition,

we were able to visualize cellular heterogeneity as tumor cells intravasated. However, questions emerge

as to why some invaded tumor cells remain as tightly adhered clusters to the endothelial wall, whereas,

others end up in circulation and presumably are the mediators of distant metastases. Carefully interro-

gating the role of dynamic processes such as heterogeneity in cancer progression has proved challenging

due to the lack of appropriate models (Brabletz et al., 2018), however our preliminary work suggests the

CRC-on-Chip is a useful tool in elucidating cellular plasticity, invasiveness, and cancer progression.

Furthermore, we demonstrated we can tune mechanical and biochemical cues within the TME to better under-

stand early tumor cell dissemination. Previously, the role of mechanical forces on cancer progression has been

technically challenging to study in the laboratory. The introduction of microfluidic-based systems has expanded

our understanding of how fluid shear forces influence tumor cell (particularly circulating tumor cells) survival in

circulation and extravasation at the metastatic site(s) (reviewed extensively in (Follain et al., 2020)). Previous

work studying metastasis in a zebrafish model suggests that tumor cells which form stable adhesions with the

endothelium are more likely to extravasate (Follain et al., 2018; Osmani et al., 2019). The CRC-on-Chip is an ad-

vantageous model to better understand and potentially target themetastatic capabilities of the tumor cells that

adhere to the endothelial channel. Futureworkwill investigatewhether the tumor cells in the endothelial channel

have a propensity to extravasate and seed distant organs, such as the liver, given its frequency as a metastatic

site for CRC. Other researchers have designed microfluidic devices to study these later steps in the metastatic

cascade. For example, one group connected a colon cancer chamber to organ-specific epithelial cell chambers

(i.e. lung or liver) to study metastatic organotropism (Aleman and Skardal, 2019; Skardal et al., 2016).

While microfluidic systems have offered insights into the role of shear forces in tumor biology, few microfluidic

organ chips incorporatemechanical rhythmic deformations.We hypothesize that the increased invasive capabil-

ities of CRC tumor cells in the presence of peristalsis may bemediated by endothelial-tumor cross talk. The me-

chanobiology of endothelial cells has been well studied, with several reports describing how endothelial cells

change cell orientation, proliferation, and cell surface markers in response to cyclic strain (Thodeti et al., 2009;

Yamashiro and Yanagisawa, 2020), however the role of mechanotransduction in CRC requires further study. A

non-small-cell lung cancer (NSCLC) organ chipmodel demonstrated that rhythmicmechanical forces mimicking

breathing decreased NSCLC cell invasive behavior (Hassell et al., 2017). However, in our CRC model, we show

that peristalsis-like motions increase tumor cell invasion. This discrepancy may be explained by different organs

responding differentially to biophysical cues. Recent evidence suggests that thesemechanical forcesmay accel-

erate cancer progression rather than act as a passive bystander (Ciasca et al., 2016) and can alter the stromal

milieu, which in turn influences tumor cell behavior (Huang et al., 2013). In the context of CRC, it has been shown

that increased pressure in the tumor promotes tumor cell proliferation and adhesion through Src and FAK

signaling (Basson et al., 2000). While these reports investigated how various physical forces influenced cancer

progression, another recent study showed that CRC tumor cell lines representing degrees of metastatic poten-

tial were distinguished based on cell deformability when exposed to shear stress, indicating theremay be prog-

nostic value in understanding themechanobiology of CRC progression (Armistead et al., 2020). There remains a
iScience 24, 102509, May 21, 2021 11
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dearth of information on the importance of mechanical forces during cancer progression; however, organ chip

technologies are primed to fill this scientific void.

Moreover, tumor-stromal cell interactions are important to recapitulate in preclinical cancer model sys-

tems, in particular, CAFs given their abundance in the TME. It is well documented that CAFs can promote

invasion (Karnoub et al., 2007; Orimo et al., 2005), which we demonstrated in our CRC Chip model. Some

studies have shown adhesions between E-cadherin and N-cadherin on tumor cells and CAFs, respectively,

enable CAFs to physically guide tumor cells through the invasion process (Labernadie et al., 2017). One

limitation of the current chip model is the inability to perform time-lapse imaging without sacrificing

continual and controlled fluid flow and cyclic stretching. Future iterations of this system may support the

imaging demands required to capture the leader-follower phenomenon during intravasation. In addition

to CAFs, the CRC-on-Chip is amenable to inclusion of other cell types to more closely model the complete

TME. The addition of immune cells and the microbiome as previously explored in the Intestine Chip (Kim

et al., 2016) would be extremely relevant given the importance of the immune system in cancer progression

(Gonzalez et al., 2018) and the intriguing microbiome-CRC cross talk (Geller et al., 2017).

The organ chip field is expanding in popularity and demonstrated utility; however, it is still in its infancy

especially in the context of cancer. Conversely, organoids have revolutionized the cancer field because

they are thought to better replicate organ complexity and function and have been shown to predict patient

anticancer drug response in early in vitro drug screens (Driehuis et al., 2019; Drost and Clevers, 2018; Ooft

et al., 2019; Vlachogiannis et al., 2018; Yao et al., 2019). Nevertheless, the organoid model lacks aspects of

the TME discussed here, such as stromal-tumor interactions, tumor:endothelial tissue:tissue interfaces, and

physical forces. We demonstrated the utility of combining organoids and the organ chip technology to

study tumor cell progression as evidenced by patient-derived tumor organoids invading into the endothe-

lial channel using our CRC-on-Chip. Expanding this work to encompass organoids from various patients

with CRC will give us greater insights into inter-tumor heterogeneity. In addition, the tissue-tissue interface

of the Organ Chips also supports the performance of drug treatment studies in a physiological manner by

flowing drugs through the endothelial channel and measuring tumor cell response in the epithelial channel

as seen in previous reports (Carvalho et al., 2019). Further development of the patient-derived CRC-on-

Chip to include autologous normal and tumor organoids will pave the way for studying cancer progression

in a patient-specific manner and may enhance precision medicine approaches (Ramzy et al., 2020).

In conclusion, the CRC-on-Chip provides a human-relevant model system to examine CRC progression

within the TMEmilieu. The ability to monitor key steps in cancer metastasis is unparalleled to other preclin-

ical cancer models. This system will be critical to better understand the mechanisms surrounding CRC early

metastatic spread and potentially elucidate novel therapeutic targets within the TME.
Limitations of the study

Weuse a combination of primary, patient-derived cells and immortalized cell lines to build the CRCChip. In this

case, we believe the increased complexity of the microfluidic organ-on-chip system more closely resembles

in vivo tissue structure and function andwill greatly advance CRCmechanistic studies; however we acknowledge

that the use of cell lines is a limitation of this study, especially the use of the C2BBe1 clone of the Caco2 cell line.

Although this cell line has been selectedbecause it ismore representative of the human colon,we areworking to

include patient-derived normal colon epithelial cells to this model system. Patient-derived cell populations

require further optimizations and, as such, the patient-derived organoid model we describe here is exclusively

cancer organoids. Future work will include additional primary cell types from diverse patient populations to bet-

ter represent the heterogeneity of human cancer biology. In addition, since our Organ Chip platform is not

currently compatible with live, dynamic imaging, the use of static time points in this study is a limitation. As

the technology improves, we will be able tomonitor cell behavior in real time on-chip to better understand can-

cer progression. Furthermore, while we suggest our CRC-on-Chip is capable of establishing an intact barrier

based on ZO-1 expression and permeability assays, an important caveat to this finding is the lack of transepithe-

lial/transendothelial electrical resistance (TEER) measurements of the tight junction integrity.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-E Cadherin antibody

[HECD-1] - Intercellular

Junction Marker

Abcam Cat# ab1416; RRID:AB_300946

Recombinant Anti-Vimentin

antibody [EPR3776] –

Cytoskeleton Marker

Abcam Cat# ab92547;

RRID:AB_10562134

Goat anti-Rabbit IgG (H+L)

Cross-Adsorbed Secondary

Antibody, Alexa fluor 555

Molecular Probes, Invitrogen Cat# A21428;

RRID:AB_141784

Goat anti-Mouse IgG (H+L)

Cross-Adsorbed Secondary

Antibody, Alexa fluor 647

Molecular Probes, Invitrogen Cat# A21235;

RRID:AB_2535804

Rabbit Anti-Human VE

Cadherin Polyclonal Antibody,

Unconjugated

Abcam Cat# ab33168;

RRID:AB_870662

ZO-1 Monoclonal Antibody

(ZO1-1A12), Alexa Fluor 594

Thermo-Fisher Cat# 339194

RRID:AB_2532188

Bacterial and virus strains

LentiBrite Histone-H2B-GFP

Lentiviral Biosensor

Millipore Cat#17-10229

Biological samples

Patient-derived sample:

CAF000UE

Shannon M. Mumenthaler

This paper

N/A

Patient-derived sample:

CAF000U8

Shannon M. Mumenthaler

This paper

N/A

Patient-derived sample:

CAF000W8

Shannon M. Mumenthaler

This paper

N/A

Patient-derived sample:

CAF000US

Shannon M. Mumenthaler

This paper

N/A

Patient-derived sample:

ORG000US

Shannon M. Mumenthaler

This paper

N/A

Chemicals, peptides, and recombinant proteins

Basement membrane extract

(BME)

Cultrex Cat#3533-005-02

Noggin Tonbo Cat#21-7075-U500

Epidermal growth factor (EGF) Life Technologies Cat#PHG0313

SB202190 Sigma Aldrich Cat#S7067

TGF-b RI Kinase Inhibitor IV

(A83-01)

Millipore Cat#616454-2MG

Nicotinamide Sigma Aldrich Cat#N0636

B27 Gibco Cat#17504-001

N-Acetyl-L-cysteine Sigma Aldrich Cat#A9165

N2 Gibco Cat#17502-048

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HEPES Gibco Cat#15630-080

GlutaMax Gibco Cat#35050-061

16% paraformaldehyde Electron Microscopy Sciences Cat#15710

Inulin-Fluorescein

isothiocyanate (FITC, 2-5kDa)

Sigma Aldrich Cat# F3272

Collagenase, Type II Millipore Cat#234155-100MG

Bovine hyaluronidase MP Biomedicals Cat#0210074080

Hoechst 33342 (nuclear dye) Invitrogen Cat# H1399

Saponin Sigma Aldrich Cat#84510

Bovine Serum Albumin Millipore Cat#260-500GM

InfinityLab Deactivator

Additive

Agilent Cat#5191-4506

EGM-2 Endothelial Cell

Growth Medium-2 BulletKit

Lonza Cat# CC-3162

DMEM Gibco Cat#10569-010

Eagle’s Minimum Essential

Medium

Corning Cat#10-009-CV

Advanced DMEM/F-12 Gibco Cat#12634-010

Rat tail collagen type I Corning Cat# C354249

Matrigel Corning Cat#356231

ER-1 Emulate, Inc Cat# Basic Research Kit

ER-2 Emulate, Inc Cat# Basic Research Kit

Rat tail collagen IV Sigma Aldrich Cat# C5533

Cell Tracker Deep Red Invitrogen Cat# C34565

Gentle Cell Dissociation

Reagent

STEMCELL Technologies Cat#07174

TrypLE Gibco Cat#12605-028

LY-27632 Millipore Cat#5.09228.0001

McCoy’s 5A (Modified) Media Gibco Cat#16600-082

DAPI Sigma Aldrich Cat# D9542

Critical commercial assays

RNAspin Mini RNA Isolation Kit GE Healthcare Cat#25-0500-71

Proteome Profiler Human XL

Cytokine Array Kit

R&D Systems Cat# ARY022B

Metabolomics QC Standard 2 Cambridge Isotope

Laboratories, Inc

Cat# MSK-QC2

Metabolomics QC Standard 1 Cambridge Isotope

Laboratories, Inc

Cat# MSK-QC1

iScript Reverse Transcription

Supermix

Bio-Rad Cat#1708841

iQ SYBR Green Master Bio-Rad Cat#1708880

Organ-on-Chip Emulate, Inc Basic Research Kit

Experimental models: cell lines

Human: RFP expressing

Human umbilical vein

endothelial cells

Angio-Proteomie Cat# cAP-0001RFP

Human: Caco2 C2BBe1 ATCC Cat# CRL-2102

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human: HCT116 ATCC Cat# CCL-247

Human: HT29 ATCC Cat# HTB-38

Human: CCD18Co ATCC Cat# CRL-1459

Oligonucleotides

Primers for analysis of gene-

expression changes, see Table

S11

Integrated DNA Technologies

(IDT)

N/A

Software and algorithms

R statistical environment https://www.R-project.org/ v4.0.2

VennDiagram R package R statistical environment v1.6.20

Harmony High-Content

Imaging and Analysis Software

Perkin Elmer N/A

Imaris image analysis Imaris N/A

Profinder Agilent Technologies N/A

Mass Profiler Professional

(MPP)

Agilent Technologies N/A

Ingenuity Pathway Analysis

(IPA)

digitalinsights.qiagen. com N/A

GraphPad Prism 8 GraphPad Software, Inc. https://www.graphpad.com/

Mass Hunter Agilent Technologies N/A

Biorender Biorender https://biorender.com/

Other

FluoroblokTM transwell inserts

with PET membranes

Corning #351152

Zoë TM Culture Module Emulate, Inc. N/A

OrbTM Hub Module Emulate, Inc. N/A

Perkin Elmer Operetta High

Content Screening (HCS)

platform

Perkin Elmer N/A

Perkin Elmer Operetta CLS

High Content System

Perkin Elmer N/A

Spectramax Molecular Devices N/A

Olympus FV3000 Olympus N/A

Ultra high performance liquid

chromatography (UHPLC)

system 1290

Agilent Technologies N/A

Quadrupole time of flight (Q-

TOF 6545) mass spectrometer

Agilent Technologies N/A

InfinityLab Poroshell 120 HILIC Agilent Technologies 675775-924

ZORBAX RRHD Eclipse Plus

C18

Agilent Technologies 959757-902
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Contact, Shannon M. Mumenthaler (smumenth@usc.edu).
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Material availability

This study did not generate new unique reagents.
Data and code availability

All relevant data are available from the Lead Contact upon request. The published article includes all data-

sets generated or analyzed during this study.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Commercially available cell lines. Human umbilical vein endothelial cells (HUVEC) expressing Red

Fluorescent Protein (RFP) (Angio-Proteomie, #cAP-0001RFP) were expanded in EBM-2 media with EGM-2

SingleQuots Supplements (2% FBS, 1% Pen-Strep, Hydrocortisone, hFGF-B, VEGF, R3-IGF-1, Ascorbic

Acid, hEGF, and heparin in proprietary concentrations) (Lonza #CC-3162; supplemented with 1% Penicillin-

Streptomycin (Pen-Strep) in lieu of Gentamicin). Caco2 C2BBe1 cells (ATCC, #CRL-2102) were grown in

DMEM (Gibco, #10569-010) with 10% fetal bovine serum (FBS) and 1% Pen-Strep. HCT116 and HT29 cells

(ATCC #CCL-247 and #HTB-38) were grown inMcCoy’s 5Amedia (Gibco, #16600-082) with 10% FBS and 1%

Pen-Strep, labeled with LentiBrite Histone-H2B-GFP Lentiviral Biosensor (Millipore, #17-10229), and sorted

to achieve a pure fluorescent population. CCD18Co (ATCC, #CRL-1459) cells were grown in Eagle’s Min-

imum Essential Medium (Corning, #10-009-CV) with 10% FBS and 1% Pen-Strep. All cells were cultured

under standard laboratory conditions (5% CO2, 37�C).

Patient-derived samples. Tissue resections were received from the USC Norris Comprehensive Cancer

Center following Institutional Review Board (IRB) approval (Protocol HS-06-00678; approval date 08-02-

2019) and patient consent. Tumor profiles, including known tumor mutations, sex, and treatment infor-

mation, are detailed in Table S10. Human primary fibroblasts and organoids were derived fromCRC tumors

via a previously described method (Sato et al., 2009, 2011). Briefly, tumor pieces were minced and enzy-

matically digested using 1.5 mg mL-1 collagenase (Millipore, #234155), 10 mM LY27632 (Millipore,

#5.09228.0001) and 20 mg mL-1 hyaluronidase (MP Biomedicals, #0210074080) for 30 minutes at 37�C. The
resulting cell mixture was either plated in basement membrane extract (BME; Cultrex, #3533-005-02) to

derive organoids or on plastic tissue culture plates to select for fibroblasts. Organoids and fibroblasts were

cultured in a defined colon media (ADMEM/F12 (Gibco, #12634-010), 10% FBS, 1% Pen-Strep, supple-

mented with 100 ng mL-1 Noggin (Tonbo, #21-7075-U500), 50 ng mL-1 epidermal growth factor (EGF) (Life

Technologies, #PHG0313), 10 mM SB202190 (Sigma Aldrich, #S7067), 500 nM TGF-b RI Kinase Inhibitor IV

(A83-01) (Millipore, #616454-2MG), 10 mM Nicotinamide (Sigma Aldrich, #N0636), 1 x B27 (Gibco, #17504-

001), 1mM N-acetylcysteine (Sigma Aldrich, #A9165), 1 x N2 (Gibco, #17502-048), 1 x HEPES (Gibco,

#15630-080), 1 x GlutaMax (Gibco, #35050-061)). After establishment and expansion of organoids, they

were subsequently labeled with H2B-GFP lentivirus. Cells cultured on plastic tissue culture plates were

confirmed to be cancer-associated fibroblasts (CAFs) based on morphology and gene expression signa-

tures of vimentin (Vim), alpha smooth muscle actin (Acta2), and fibronectin (Fn1), as measured via RT-qPCR

(Figure S8). Primary CAFs were used for experiments between passage 3 and passage 7.
METHOD DETAILS

RT-qPCR

To confirm the identity of CAFs and to interrogate epithelial or mesenchymal marker expression in invaded

tumor cells from the CRC-on-Chips, we performed RT-qPCR analysis on cultured primary cells and cultured

HCT116 collected from the chip effluent. Cellular RNA was extracted using RNAspin Mini RNA Isolation Kit

(GE Healthcare; #25-0500-71) and cDNA was reverse transcribed using iScript Reverse Transcription Super-

mix (Bio-Rad, #1708841) following manufacturer’s instructions. The cDNA was then amplified using iScript

SYBR Green Master (Bio-Rad; #1708880). The sequences for PCR primers are listed in Table S11. Results

were normalized to GAPDH expression for all experiments.
CAF conditioned media

CAFs were seeded into a 6-well plate and allowed to grow until they reached 70% confluency at which point

media was exchanged for fresh colon media. After 72 hours, the media was collected, centrifuged at
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900 rpm (200 rcf) for 5 minutes, and the supernatant was removed and stored at -20�C. CAF CMwas diluted

1:1 with DMEM, 10% FBS, 1% Pen-Strep for all experiments.
CAF secretome analysis

CAFs were seeded into a 6-well plate to collect CM as described above. When cells reached 70% conflu-

ency, one well of the 6-well plate was cultured in un-supplemented colon media (ADMEM/F12) without FBS

or Pen-Strep for 72 hours. This media was collected, spun down to remove debris, aliquoted, and stored at

-80�C. Frozen CM was thawed and analyzed using a cytokine array (R&D Systems, #ARY022B) following

manufacturer’s instructions. Analyses of over- and under-expressed cytokines were performed in the R sta-

tistical environment (v4.0.2). Z-scores were generated by gene-wise scaling and were assessed for overlap

at thresholds of 0.5. Visualization of overlaps was facilitated by the VennDiagram package (v1.6.20) (Chen

and Boutros, 2011).
Tumor cell transwell invasion assay

FluoroblokTM transwell inserts with PET membranes (6.5 mm membrane diameter, 8 mm membrane pore

size, 0.3 cm2 cell culture area, Corning, #351152) were coated with 30 mg mL-1 type I collagen (Corning,

#C354249) and 100 mgmL-1Matrigel (Corning, #356231) for 2 hours at 37�C before the ECMwas gently aspi-

rated from the insert. For transwell experiments with endothelial cells, the inserts were inverted and seeded

with HUVECs (2.1x105 cells in 35 mL; 7x105 cells cm-2) and incubated at 37�C for 2 hours. The inserts were

flipped over, placed in wells with 500 mL endothelial media in the bottom chamber, and Caco2 C2BBe1 cells

were then seeded on top (1.1x105 cells in 200 mL; 3.7x105 cells cm-2). CRC tumor cell lines (HCT116 H2B GFP

or HT29 H2B GFP) were added (3.6x104 cells in 100mL; 1.2x105 cells cm-2) 48 hours later. Cells were incu-

bated in the same cell culture media as organ-chip experiments in order to facilitate comparisons between

experiments. Caco2 C2BBe1 and CRC tumor cells in the top chamber were maintained in DMEM with 10%

FBS and 1% Pen-Strep. Fully supplemented EBM-2media (2% FBS, 1% Pen-Strep, Hydrocortisone, hFGF-B,

VEGF, R3-IGF-1, Ascorbic Acid, hEGF, and heparin in proprietary concentrations) was placed in the bottom

of the wells. The transwells were imaged the day after tumor cell seeding (D0) and 48 hours later (D2) using

the Perkin Elmer Operetta High Content Screening (HCS) platform. The number of GFP+ cells in the bottom

chamber were quantified using Perkin Elmer Harmony software.
Tumor cell immunofluorescence in 2D

HCT116 H2B GFP or HT29 H2B GFP cells were seeded on 24-well cell culture plates and allowed to grow to

70% confluency. Cells were washed with PBS and fixed with 4% paraformaldehyde (Electron Microscopy

Sciences, #15710), incubated for 15 minutes, and permeabilized with 1% saponin (Sigma Aldrich,

#84510). Blocking buffer of 2% bovine serum albumin (BSA) (Millipore, #260-500GM) and primary anti-

bodies were incubated overnight at 4�C before a 2-hour incubation with secondary antibodies (1:100, Mo-

lecular Probes, Invitrogen, #A21428 and #A21235) diluted in blocking buffer. The primary antibodies used

for these studies were anti-E-cadherin (1:25; Abcam, #ab1416) and anti-vimentin (1:50; Abcam, #ab92547).

Cells were imaged using the Perkin Elmer Operetta CLS High Content System. Quantitation of E-

Cadherin+ and Vimentin+ tumor cells (identified by GFP) was performed using the Perkin Elmer Harmony

software.
Microfluidic organ-chip design and culture

Chips were acquired from Emulate, Inc. The fabrication methods have been previously described (Huh

et al., 2013). In brief, the chips are made of transparent elastomeric polymer (polydimethylsiloxane,

PDMS). They are divided into upper (1 mm high x 1 mm wide) and lower (0.2 mm high x 1 mm wide) micro-

fluidic compartments separated by a thin porous membrane (50 mm thick with 7 mm diameter pores;

17.1 mm2 co-culture region). The upper compartment hosts epithelial cells (plus additional cell types),

and the lower compartment hosts the endothelial cells. Each compartment is coated with a tissue-specific

ECM prior to cell seeding. The chips are attached to a PodTM portable module that encloses the chips to

control sterility, holds inlet cell culture media and effluent, allows for monitoring via microscopy, and is de-

signed to ensure no pressure differentials between channels. The chips and pod are then housed in an

automated culture module instrument (ZoëTM culture module and OrbTM hub module, Emulate, Inc.)

that controls the fluid flow and stretching forces while inside an incubator.
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Caco2 Intestine Chip. Methods for establishing the Intestine Chip cell culture have been previously

described (Kim et al., 2012). Briefly, the chip PDMS membranes were activated by proprietary Emulate

Reagents 1 and 2 (Emulate, Inc, ER-1 and ER-2) under UV light for 20 minutes. The epithelial and

endothelial channels were coated with a mixture of 30 mg mL-1 type I collagen (Corning, #354249) and

100 mg mL-1 Matrigel (Corning, #356231) for 2 hours at 37�C before washing with PBS. RFP-labeled HU-

VEC cells were seeded into the bottom channel (1.2 x 105 cells in 20 mL; 7 x 105 cells cm-2). The chips were

inverted and incubated at 37�C for 2 hours. The density of HUVEC cells was optimized to ensure the cells

would self-assemble a tube along the channel. After HUVEC attachment, Caco2 C2BBe1 cells were

seeded into the top channel (62,500 cells in 50 mL; 3.7 x 105 cells cm-2) and the chips were incubated

overnight at 37�C. The chips were perfused with DMEM, 10% FBS, 1% Pen-Strep in the top channel and

endothelial media (EBM-2 fully supplemented with 2% FBS, 1% Pen-Strep, Hydrocortisone, hFGF-B,

VEGF, R3-IGF-1, Ascorbic Acid, hEGF, and heparin in proprietary concentrations) in the bottom channel

at 30 mL hour -1 (0.02 dyne cm-2) starting the day after cell seeding. Cyclic, peristalsis-like membrane

deformations (10% strain, 0.2 Hz) were also initiated the day after cell seeding using an electronic vacuum

pump system (Emulate, Inc).

Caco2 + CRC cell lines. To modify the Intestine Chip to model CRC, we introduced CRC cells on top of

the Caco2 C2BBe1 epithelial cell layer. Forty-eight hours after Caco2 cell seeding, CRC cells (HCT116 H2B-

GFP or HT29 H2B-GFP) were seeded in the top channel (2x104 cells in 50 mL; 1.2x105 cells cm-2). The chips

were incubated for 2 hours at 37�C after which 30 mL hour -1 (0.02 dyne cm-2) flow was re-established with

DMEM, 10% FBS, 1% Pen-Strep in the top channel and endothelial media (EBM-2 fully supplemented with

2% FBS, 1% Pen-Strep, Hydrocortisone, hFGF-B, VEGF, R3-IGF-1, Ascorbic Acid, hEGF, and heparin in

proprietary concentrations) in the bottom channel. Cyclic, peristalsis-like membrane deformations (10%

strain, 0.2 Hz) were initiated the day after HCT116 seeding.

Caco2 + CRC cell lines + patient-derived fibroblasts. Fibroblasts were introduced to the epithelial

channel based onmethods developed by Emulate, Inc. Briefly, the top channel was coated with 200 mgmL-1

type IV collagen (Sigma Aldrich, #C5533) and the bottom channel was coated with 100 mg mL-1 Matrigel

(Corning, #356231) and 30 mgmL-1 type I collagen (Corning, #354249). HUVECs were seeded on the bottom

channel as described above. Fibroblasts were labeled with Cell Tracker Deep Red (1:1000; Invitrogen,

#C34565) and seeded onto the top channel (7.5x104 cells in 50 mL), incubated for at least 4 hours, and then

overlaid with a 100 mg mL-1 Matrigel (Corning, #356231) and 30 mg mL-1 type I collagen (Corning, #354249)

layer and incubated for an additional 2 hours. The Caco2 C2BBe1 and HCT116 cells were then seeded as

described above. Chips were perfused with 1:1 Colon media: DMEMwith 10% FBS and 1% Pen-Strep in the

top channel and endothelial media (EBM-2 fully supplemented with 2% FBS, 1% Pen-Strep, Hydrocorti-

sone, hFGF-B, VEGF, R3-IGF-1, Ascorbic Acid, hEGF, and heparin in proprietary concentrations) in the

bottom channel.

Patient-derived colon cancer organoids. The above CRC-on-Chip protocol was amended by intro-

ducing human colon tumor-derived organoids to the top channel. Briefly, the top channel was coated with

250 mg mL-1 Matrigel (Corning, #356231) and the bottom channel was coated with 100 mg mL-1 Matrigel

(Corning, #356231) and 30 mg mL-1 type I collagen (Corning, #354249). RFP-labeled HUVECs were seeded

on the bottom channel as described above. Organoids were incubated in Gentle Cell Dissociation Reagent

(STEMCELL Technologies, #07174) on ice before enzymatically dissociated using 50% TrypLE (Gibco;

12605-028) supplemented with 10 mM LY-27632 (Millipore, #5.09228.0001) and seeded on the top channel

as described previously (Kasendra et al., 2020). Chips were incubated overnight before starting flow and

mechanical deformations as noted above. Chips were perfused with fully supplemented Colon media in

the top channel and endothelial media (EBM-2 fully supplemented with 2% FBS, 1% Pen-Strep, Hydro-

cortisone, hFGF-B, VEGF, R3-IGF-1, Ascorbic Acid, hEGF, and heparin in proprietary concentrations) in the

bottom channel.
On-chip permeability assay

The barrier function of the intestinal epithelium was measured by adding Inulin-Fluorescein isothiocyanate

(FITC, 2-5kDa; Sigma Aldrich, #F3272) to the epithelial channel at the start of fluid flow and maintained for

the duration of the experiment. The effluent from the bottom channel was collected every two days and the

fluorescence wasmeasured using a plate reader (Spectramax). Apparent permeability (Papp) was calculated

using the following formula:
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Papp =
Coutput 3 Flow Rate

Cinput 3 A

where Coutput is the concentration of Inulin-FITC in the endothelial outflow, A is the seeded area, and Cinput

is the concentration of Inulin-FITC flowed into the epithelial channel. Duplicate or triplicate chips per con-

dition were performed for a set of three separate experiments.
CRC-on-chip immunofluorescence

CRC Organ Chips were manually washed by flowing PBS through the endothelial and epithelial chan-

nels. The chips were fixed with 4% paraformaldehyde (Electron Microscopy Sciences, #15710), incu-

bated for 15 minutes, and permeabilized with 1% saponin. Blocking buffer of 2% bovine serum albu-

min (BSA) and primary antibodies were incubated overnight at 4�C before a 2 hour incubation with

secondary antibodies (1:100, Molecular Probes, Invitrogen, #A21428 and #A21235) diluted in blocking

buffer. The primary antibodies used for these studies were anti-E-cadherin (1:25; Abcam, #ab1416),

anti-VE-cadherin (1:25; Abcam, #ab33168), anti-vimentin (1:50; Abcam, #ab93547), anti-ZO-1 (1:100;

Thermo-Fisher, #339194). DAPI (Sigma-Aldrich, D9542) was used to label all nuclei. Chips were imaged

using the Perkin Elmer Operetta CLS High Content System. Quantitation of E-Cadherin+ and

Vimentin+ (tumor cells identified by GFP) was performed using the Perkin Elmer Harmony software

based on intensity thresholds.
Tumor cell invasion assay on-chip

CRC-Chips were prepared as described above. Tumor cell behavior was monitored via live cell imaging us-

ing a confocal laser-scanningmicroscope (Olympus FV3000). Imaging began the day after CRC cell seeding

(day 0) and the same regions were imaged on subsequent imaging days. Images (10x magnification) were

acquired at six separate regions across the epithelial channel (in the xy-direction), starting from the bottom

of the endothelial channel up to the top of the epithelial channel (roughly 400 mm) at 5 mm increments (in the

z-direction). Image z-stacks were imported into Imaris image analysis software for quantification of inva-

sion. Images were manually divided into top (above the membrane) and bottom (below the membrane)

channel regions. The Imaris cell detection algorithm was used to detect the number of GFP+ cells in

each region. An invasion ratio was calculated based on the total number of GFP+ cells in the bottom chan-

nel divided by the total number of GFP+ cells in the top channel at specified time points. Raw invasion ratios

were normalized to D0 to account for any outliers showing more invasion than typical on D0 (shown in

Figure S3A).

Inlet (DMEM with 10% FBS and 1% Pen-Strep for the top channel and fully supplemented EBM-2 me-

dia (2% FBS, 1% Pen-Strep, Hydrocortisone, hFGF-B, VEGF, R3-IGF-1, Ascorbic Acid, hEGF, and hep-

arin in proprietary concentrations) for the bottom channel) and effluent media was collected from the

media reservoirs at the time of imaging and spun down at 900 rpm (200 rcf) for 5 minutes. The super-

natant was collected for mass spectrometry-based metabolomic analysis (see below) and the pelleted

cells were resuspended and plated into a 96-well plate. After cell attachment, the cells were stained

with 5 mg mL-1 Hoechst 33342 (nuclear dye; Invitrogen, #H1399) and the cells were imaged via the

Operetta HCS. The numbers of GFP+ nuclei were quantified via the Harmony software.
Mass spectrometry-based metabolomics of CRC-on-chip

Metabolite Extraction: 100 mL of each sample was extracted with 500 mL extraction solvent (80:20 Metha-

nol:Water) spiked with 10 mL internal standard mix (Cambridge Isotopes Laboratories Inc. Metabolomics

QC Kit, #MSK-QC2), vortexed briefly and sonicated for 1 min to precipitate the proteins. After storing

for 60 min at �20�C, the samples were centrifuged at 13,000 x g for 30 min at 4�C. 450 mL of supernatant

was transferred into a microcentrifuge tube and dried using vacuum centrifugation at room temperature

(approximately 2 hours). The dried samples were resuspended in 100 mL resuspension solvent (50:50:0.1

(v/v) Water:Methanol:Formic Acid) with 10 mL internal standard (Cambridge Isotopes Inc. Metabolomics

QC Kit, #MSK-QC1) spiked in and vortexed briefly to mix.
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Liquid chromatography with tandem mass spectrometry (LC-MS/MS). Extracted metabolite were

analyzed using an ultra high performance liquid chromatography (UHPLC) system 1290 connected to a

quadrupole time of flight (Q-TOF 6545) mass spectrometer from Agilent Technologies (Santa Clara, CA,

USA) equipped with an orthogonal DUAL AJS-ESI interface. Samples were subjected to both hydrophilic

interaction liquid chromatography (HILIC) separation (Agilent Poroshell-HILIC-p 2.1 X 100, 2.7mm; Agilent

Technologies, #675775-924) and reverse phase C18 separation (Agilent Zorbax RRHD eclipse plus C18

column 2.1 X 50, 1.8mm; Agilent Technologies, #959757-902) and data were either collected in positive or

negative ion mode. Data were acquired from 50 to 1250 m z-1 at 2 spectra s-1. Electrospray ionization (ESI)

source conditions were set as follows: gas temperature 290�C, drying gas 9 L min-1, nebulizer 35 psi,

fragmentor 125 V, sheath gas temperature 350�C, sheath gas flow 11 L min-1, nozzle voltage 1000V.

For HILIC chromatographic separation, a two-solvent gradient flowing at 0.5 mL min-1 (Mobile Phase A:

10mM Ammonium Acetate in 90:10 Water:Acetonitrile, pH 9.2, 5 mM Agilent InfinityLab Deactivator Addi-

tive (Agilent, #5191-4506) per vendor instruction, Mobile Phase B: 10mM Ammonium Acetate in 90:10 Ace-

tonitrile:Water, pH 9.2, 5 mMAgilent InfinityLab Deactivator Additive per vendor instruction) was used. Col-

umn was equilibrated at 98% B for 3 minutes and a sample was introduced. The solvent ratio was then

reduced from 95% B to 50% B over 10 minutes and then brought back up to 98% B over 5 minutes. For

reverse phase C18 chromatographic separation, a two-solvent gradient running at 0.3 mL min-1 (Mobile

Phase: A: 100:0.1 Water:Formic Acid, B: 100:0.1 Methanol:Formic Acid) was used. Column was equilibrated

at 2% B for 1 minute and a sample was introduced. The solvent ratio was then increased from 2% B to 98% B

over 15 minutes and then reduced back to 2% B over 4 minutes. Both HILIC and reverse phase C18 had in-

jection volumes of 2 mL and column temperature of 30�C.

Metabolomics data analysis. The LC-MS/MS data acquired using Agilent Mass Hunter Workstation

(‘‘.d’’ files) were processed in Profinder (Agilent Technologies) for batch recursive extraction of features.

Spectral peak extraction was performed with aminimumpeak height of 500 counts and charge state of one.

Further, retention time and mass alignment corrections were performed on the runs to remove non-

reproducible signals. The resulting features were then exported as ‘‘.cef’’ files to Mass Profiler Professional

(MPP) software (Agilent Technologies, Santa Clara, CA, USA) for multivariate analysis. Principal Component

Analysis (PCA) was performed to check the quality of the samples and then the data containing filtered

features were processed by unpaired t-test to find the difference between the groups. Only analytes with p

values < 0.05 and fold change > 2 were regarded as statistically significant. Additionally, multiple test

correction using Bonferroni was applied to reduce false positives and false negatives in the data. The

statistically filtered data was then exported to Mass Hunter for targeted MS/MS analysis. All target me-

tabolites were identified by matching their m/z values and retention times with in-house libraries (PCDL,

Agilent technologies) of measured values for the IROA technologies MSMLS compound library. Metabo-

lites that did not match to our internal library were matched against METLIN library or were listed with a

predicted molecular formula.

Pathway analysis. To visualize the metabolites within relevant networks of pathways, the detected sta-

tistically significant metabolites were mapped to the curated pathways using IPA software (digitalinsights.

qiagen.com).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Unless otherwise noted, all experiments were performed with 2-3 chips per condition and repeated inde-

pendently at least 3 times. Analysis of variance (ANOVA) and t-tests were performed using GraphPad Prism

8 software, with the p-value < 0.0001: ****; p-value < 0.001: ***; p-value < 0.01: **; p-value < 0.05: *, as

noted in all figure legends. Data is reported as mean with standard error of the mean (SEM) or as boxplots

when noted, with boxplots designating the 25th-75th percentiles, median value, minimum value, and

maximum value.
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