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SUMMARY

Tumors comprised a tightly surrounded tumor microenvironment, made up of
non-cellular extracellular matrix (ECM) and stromal cells. Although treatment
response is often attributed to tumor heterogeneity, progression andmalignancy
are profoundly influenced by tumor cell interactions with the surrounding ECM.
Here, we used a tumor organoid model, consisting of hepatic stellate cells
(HSCs) embedded in collagen type 1 (Col1) and colorectal cancer cell (HCT-116)
spheroids, to determine the relationship between the ECM architecture, cancer
cell malignancy, and chemoresistance. Exogenous transforming growth factor
beta (TGF-b) used to activate the HSCs increased the remodeling and bundling
of Col1 in the ECM around the cancer spheroid. A dense ECM architecture in-
hibited tumor cell growth, reversed their mesenchymal phenotype, preserved
stem cell population, and reduced chemotherapy response. Overall, our results
demonstrate that controlled biofabrication andmanipulation of the ECM in tumor
organoids results enables studying tumor cell-ECM interactions and better under-
stand tumor cell response to chemotherapies.

INTRODUCTION

Colorectal cancer (CRC) is the third most deadly and fourth most commonly diagnosed cancer worldwide

(Rawla et al., 2019). Decreased mortality rate in CRC has been attributed to early detection efforts that lead

to the removal of pre-cancerous or un-metastasized polyps in the colon (Rawla et al., 2019). CRC arises

when certain cells of the epithelium acquire a series of mutations that enable them to grow uncontrollably,

ultimately leading to a hyper-proliferative cohort of cancer cells that eventually metastasis. Population-

based studies have shown that 25–30% of patients with CRC will develop metastases in their liver, which

ultimately results in death in two-thirds of these patients (van der Pool et al., 2012; Christina Hackl et al.,

2014; Manfredi et al., 2006).

The colorectal liver metastatic tumor microenvironment (TME) consists mainly of cancer-associated fibro-

blasts (CAFs), hepatic stellate cells (HSCs), immune cells, and endothelial cells (Williamson et al., 2019).

CAFs are a crucial component of the TME responsible for cytokine and growth factor secretion along

with extracellular matrix (ECM) remodeling (Erdogan and Webb, 2017; Tao et al., 2017). CAFs can be

derived and activated frommultiple origins in response to radiation, chemical, or immune triggers (Mueller

et al., 2007; Ishii et al., 2016). In the liver, however, HSCs represent the major cell source of activated CAFs

(Affo et al., 2017). HSC activation occurs through the release of various factors including transforming

growth factor beta (TGF-b) by immune cells, thus inducing ECM remodeling, collagen deposition, local

stiffness changes, and ECM linearization by the activated HSCs (Song et al., 2016; Dewidar et al., 2015;

Ho et al., 2014). The ECM component of the TME has been shown to have a great influence on cancer pro-

liferation, migration, and apoptosis (Yuzhalin et al., 2018; Paolillo and Schinelli, 2019; Eble and Niland,

2019; Cox and Erler, 2011). These changes could be a result of an altered signaling pathway that is trans-

duced by ECM specific integrin binding such as focal adhesion kinase (FAK) (Seong et al., 2013). It is also

understood that under normal conditions, the ECM undergoes constant active remodeling and stimulates

biochemical and biophysical cues that influence cell behavior. Abnormalities in the homeostatic control of

ECM production and degradation can have substantial effects on surrounding cells (Cox and Erler, 2011;

Eble and Niland, 2019; Emon et al., 2018; Paolillo and Schinelli, 2019). For example, collagen, the most sig-

nificant ECM component, has been shown to be upregulated in patients with colorectal to liver metastasis
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(van Huizen et al., 2019). Collagen type 1 (Col1) is an important ECM protein that provides tissue strength

and support. Structural organization and levels of Col1 can indirectly influence cancer phenotype and drug

efficacy (Plou et al., 2018; Brabrand et al., 2015; Holle et al., 2016). The ECM architecture surrounding most

solid tumors has been established to be stiffer and denser compared to healthy tissue (Paolillo and Schi-

nelli, 2019; Baiocchini et al., 2016). A dense TME has thus been shown to enhance metastasis and change

the phenotype of mammary carcinoma in patient samples; however, the exact role of collagen deposition

and density in tumor progression and drug response is nuanced (Pickup et al., 2013; Walker et al., 2018).

Hepatic resection is the only treatment that offers an increased long-term survival with a 5-year survival rate

of 40%; however, only 25% of patients are suitable for this invasive surgery (Kanas et al., 2012; Christina

Hackl et al., 2014). Among the many that are not eligible for resection, adjuvant chemotherapy such as

5-fluorouracil (5-FU) combined with leucovorin, oxaliplatin (FOLFOX) or irinotecan (FOLFIRI) is used for

CRC and metastasis management (Chow and Chok, 2019). Unfortunately, drug resistance remains a major

factor in low survival rates for patients with CRC. Recently, the impact of the TME, including the cellular

stroma and the acellular ECM, has gained attention for CRC research due to its increasing role in drug resis-

tance and cancer progression (Walker et al., 2018; Senthebane et al., 2018; Sun, 2016).

It is now well understood that interactions between tumor cells, microenvironment-specific stromal cells, and

ECM are essential for tumor growth and significantly affect drug response (Senthebane et al., 2017, 2018). The

TME is not easily modeled in previously developed two-dimensional (2D) in vitro techniques; therefore, the

consideration of new methods for visualization andmanipulation has been investigated. Conventional 2D tech-

niques are advantageous for their high-throughput capabilities and low cost; however, they lack the potential to

mimic the complexity of the TME and are relatively limited in studying cancer metastasis and drug resistance

mechanisms (Devarasetty et al., 2018). Additionally, in vivo animal models are expensive and inefficient, influ-

encing the use of three-dimensional (3D) culture systems, such as spheroids, organoids, ormicrofluidics, to study

the TMEeffect on cancer progression and chemotherapy response (Neal et al., 2018; Skardal et al., 2015). Three-

dimensional culture systems have also proven useful in studying cancer stem cells (CSCs) due to its ability to

maintain ECM density, hypoxia, and low nutrients (Lee et al., 2020). Organoids are defined as clusters of cells

that represent a fraction of a particular tissue environment and function (Nantasanti et al., 2016). Organoid and

3D culture systems have been increasingly popular in cancer research due to the ability to model some, but

not all, aspects of the TME interactions with cancer cells (Buzzelli et al., 2018; Neal et al., 2018).

Our innovative approach uses advanced biofabrication methods that mimic in vivo conditions in order to

create a microenvironment similar to that of a colorectal tumor that has metastasized to the liver. We have

recently reported on the fabrication of CRC organoids by embedding tumor cell spheroids in Col1-sus-

pended stromal cells (smooth muscle cells and fibroblasts) (Devarasetty et al., 2017). The stromal cells

were able to remodel the Col1 gel, resulting in 3D organoids with well-structured stromal ECM that we im-

planted in mice. Herein, we describe the utilization of our tumor organoid platform to analyze the interac-

tions between an HSC cell line of the liver andmetastatic CRC cell lines. In this study, we expose cancer cells

to various HSC-produced ECM densities using TGF-b and determine macroscopic characteristics of the

collagen remodeling and its effect on embedded cells. Finally, our tumor organoid platform is capable

of testing the effects of the tumor-stroma organization on tumor cell response to chemotherapy. The over-

all goal of this research is to determine how structural/mechanical changes in the TME, specifically the

ECM, impact tumor cell phenotype and their response to chemotherapy.
RESULTS

TGF-b Induces Myofibroblastic-like Phenotype of LX-2 Cells within the Organoids

HSCs are a major component of the liver mesenchymal cell population that react to injury or insult through

transdifferentiation into highly proliferative and motile myofibroblasts. Various cytokines, including TGF-b,

activate HSC tomyofibroblasts that steadily remodel the liver ECM via deposition of new ECM components

and structural remodeling of the preexisting ECM (Carloni et al., 2014). To model the effect of TGF-

b-induced HSC activation, we constructed 3D tissue equivalents (organoids) consisting of HSC line (LX-

2) suspended in Col1 hydrogel (Figure 2A). We then examined the expression of several fibroblastic

markers in response to TGF-b by immunostaining organoids treated with TGF-b compared to control (Fig-

ure 1A). Staining for fibroblast activation protein (FAP), a protein overexpressed on HSC upon activation,

revealed a greater number of FAP-expressing LX-2 cells in the presence of TGF-b compared to the control.

Similar results were observed for the expression of a-smooth muscle actin (aSMA), a marker for HSC
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Figure 1. TGF-b InducesMyofibroblastic-Like Phenotype of the Hepatic Stellate Cells (LX-2s) within the Organoid

(A) LX-2 organoids are grown for 7 days with or without 10 ng/mL TGF-b and IHC stained for a-SMA or FAP (green), DAPI

(blue), and Ki-67 (red).

(B) LX-2 activation was determined by IHC quantification of FAP, a-SMA, and Ki-67 using VisioPharm software by

calculating the percentage of positively expressed cells by the total nuclei present. Graphs represent mean G s.e.m (n =

5) and generated using GraphPad prism.
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activation and liver fibrosis. Quantification of stained images using VisioPharm software confirmed that LX-

2 cells in organoids cultured in the presence of TGF-b increased expression of FAP and aSMA by 2.07- and

2.56-fold, respectively (Figure 1B, p value = 0.045 and 0.019, respectively). Lastly, we measured the

numbers of proliferating cells in the organoids by immunostaining for Ki-67. TGF-b increased LX-2 cell pro-

liferation in the organoids by 2.02 times compared to control (p value of 0.0026). These results indicate that

the TGF-b activation of LX-2 cells induces myofibroblastic-like differentiation.
TGF-b Induces Physical and Structural Changes to the ECM of Tumor Organoids

The results presented above demonstrated that TGF-b induced transdifferentiation of LX-2, which may have a

subsequent effect on ECM remodeling in the organoids. Anatomically, the remodeled ECM yields a dense envi-

ronment (Graphical Abstract). To further model the effect of ECMdensity and architecture onmetastatic tumor

growth,weembedded spheroids ofCRCcells (HCT-116) in the LX-2/Col1 suspension.Macroscopicobservations

of organoids cultured in thepresenceof TGF-b revealed a significantdifference comparedwithorganoids grown

incontrolmedia (Figures2Band2C).Organoidsgrown in10ng/mLTGF-b for96hr contracted57% fromthe start-

ing diameter of 7.5 mm whereas organoids grown in control media contracted 47% (Figure 2B). The amount of

contraction comparing the two groups was statistically significant with a p value % 0.01. In contrast, organoids

lacking HSC and made with bare Col1 only did not contract over time in either of the media conditions (not

shown). The significant change in LX-2-Col1 organoids’ diameter in the presence of TGF-b was associated with

a significant increase in material stiffness of the organoids in comparison to control (Figure 2C). Rheological

data was converted to a fold increase from the t = 0measurement of�2 kPa (Bare Col1) showing that organoids

exposed toTGF-bachieveda fold increaseof16.4 inYoung’smoduluswhereasorganoidsgrown incontrolmedia

only reached an increase of 4.9 times after 96 hr in culture (p value< 0.0001). BareCol1 organoids did not change

in stiffness over time ineithermedia condition (not shown). Thesemorphological results indicate that exposure to

exogenous TGF-b results in a dramatic change in ECM density. There is evidence that physical and structural

changes associated with collagen fiber in the TME can alter the phenotype of tumor cells (Brabrand et al., 2015).

To further study changes in the ECM in response to TGF-b stimulation, we characterized the collagen fiber

structure using PS-Red staining on sections of paraffin-embedded organoids. PS-Red stain highlights

collagen bundles in samples imaged under polarized light from highly bundled fibers in orange/red to

naive fibers in green (Figure 3A). Organoids exposed to TGF-b exhibited a high amount of orange/red

signal, suggesting active remodeling of Col1 by the LX-2 cells to yield a large number of collagen fiber

bundling. Hue quantification of ROIs throughout both the control and TGF-b groups verified the degree

of collagen bundling that can be detected from the staining pattern (Figure 3B). Organoids exposed to

TGF-b comprised 89% red/orange pixels compared to 9% in the control group. Bare Col1 organoids dis-

played exclusively green signal, indicating unbundled collagen. Collagen fiber architecture was also

analyzed to identify the length, width, and alignment of the individual fibers by CT-FIRE, a program de-

signed to quantify the fiber characteristic by identifying edges through curvelet transformation and

applying a fiber extraction algorithm (Bredfeldt et al., 2014; Candès et al., 2006). Fiber angles in both
iScience 23, 101851, December 18, 2020 3



Figure 2. Establishing a Tumor Organoid Model with ECM Dense Stroma

(A) Culture molds were produced by additive printing a negative mold then deposited PDMS was cured to generate a 6-

well plate microwell insert. The cell-collagen type I solution was deposited, with a suspended preformed HCT-116

spheroid, into microwells and allowed to gel. Culture media, with or without 10 ng/mL of TGF-b was added to the culture

media after the organoid gelated and allowed to grow for up to 7 days before being harvested. Organoids cultured in

TGF-b, right, underwent sizable contraction compared to organoids in control media, center, and collagen-only controls,

left.

(B) Organoid diameter was measured over 96 hr in culture conditions. Graphs represent mean G s.e.m (n = 4).

(C) Organoid stiffness was measured over 96 hr in culture using a rheometer to determine the young’s modulus of the

construct. Graphs represent mean G s.e.m (n = 4) (**p % 0.01; ****p % 0.0001).
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organoid groups produced a unimodal distribution whereas the collagen fibers in the control organoids

had a wider angular distribution, indicating a less parallel assortment of fibers (Figure 3C). The average

angle variance between the fibers from both groups was highly significant (p value < 0.0001), suggesting

that TGF-b activated the LX-2 cells to successfully remodel and align collagen fibers as seen in ECM dense

fibrotic tissues (Baiocchini et al., 2016; Lee and Friedman, 2011). Fiber length and width measurements

showed that organoids exposed to TGF-b contained longer and wider fibers than control (Figures 3E

and 3F; p value < 0.0001). These results build on the results shown in Figure 1 and indicate that TGF-b-medi-

ated activation of LX-2 cells results in an ECM dense environment in the organoids.

Dense ECM Reverses Mesenchymal Properties of CRC Cells in the Organoids

After establishing amodel of TGF-b-inducedHSC transdifferentiation that resulted in a dense ECMarchitecture,

we investigated the responsive behavior of the CRC cell spheroids within the organoids to changes in ECM (Fig-

ure 4A). We utilized four membrane stains, E-cadherin, N-cadherin, b-catenin, and CD44 to determine the

phenotypic change of the tumor cells in each degree of ECM architecture (Figures 4B and S1). E-cadherin im-

munostaining demonstrated that HCT-116 cells along the spheroid periphery in the LX-2-Col1 organoids that

were exposed to TGF-b expressed a higher level ofmembrane-boundE-cadherin, yet not statistically significant,

compared to HCT-116 cells in organoids cultured in control media (Figure 4B). HCT-116 cells within bare Col1

organoids expressed a similar level of E-cadherin as LX-2-Col1 organoids in control media. N-cadherin immu-

nostaining results demonstrated a higher N-cadherin expression in HCT-116 cells within LX-2-Col1 organoids

in control media compared with nearly absent N-cadherin in organoids exposed to TGF-b (Figure 4B). The

expression of N-cadherin in HCT-116 cells was even higher in HCT-116 spheroids within bare Col1 organoids.

Similar results were observed for CD44 staining, with higher CD44 expression in HCT-116 cells within LX-2-

Col1 organoids in control media compared with HCT116 cells in organoids exposed to TGF-b (Figure S1).

The expression of CD44 inHCT-116 cells was even higher inHCT-116 spheroids within bareCol1 organoids (Fig-

ure S1). We then analyzed b-catenin expression and localization in HCT-116 spheroids inside the organoids. Im-

munostaining results of b-catenin demonstrated that exposure to TGF-b led to an increase in membrane-asso-

ciated b-catenin in HCT-116 cells within LX-2-Col1 organoids compared to control media and within bare

collagen organoids (Figure 4B). Lastly, we examined the presence of aCSCpopulationwithin theHCT116 spher-

oids by staining for CD133 (Figure 4B-bottom). The number of CD133-positive cells was significantly higher in

organoids exposed to TGF-b compared with organoids in control. Only a few CD133-positive cells were

observed in bare Col1 organoids. The staining results were further quantified using VisioPharm software to
4 iScience 23, 101851, December 18, 2020



Figure 3. TGF-b-Activated Organoids Display a Dense ECM Architecture

(A) Control and TGF-b-treated liver organoids without (left) and with (right) an HCT-116 colorectal cancer spheroid was sectioned and stained with PSR to

highlight naive (green) and remodeled/bundled (red/orange) collagen fibers under polarized light.

(B) Hue signal of PSR images was quantified using MATLAB software to compare groups.

(C–F) Collagen fiber architecture was analyzedwith segmentation software, CT-FIRE, to generate distributions of fiber angle (C), fiber angle variance (D), and box and

whisker plots of fiber length (E), and width (F). MATLAB was used to generate graphs from extracted data. Box and whisker plots with Tukey formatting of pooled

fibers performed in triplicate, representing 500–5000 fibers in total. Error bars indicateG s.e.m (*p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001).
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determine the significance in staining results for the different EMTmarkers described above (Figures 4C and S3).

In general, HCT-116 spheroids inside LX-2-Col1 organoids that were exposed to TGF-b demonstrated a signif-

icant decrease inN-cadherin and CD44 expression compared with organoids in control media. In parallel, expo-

sure to TGF-b induced a significant increase in membranal b-catenin compared with control media. Next, we

analyzed organoids for cell proliferation and expression of stem cell marker CD133 in order to determine the

effects of ECM architecture tumor cell stemness. HCT-116 spheroids within bare Col1 organoids demonstrated

higher proliferation compared with LX-2-Col1 organoids either in the presence or the absence of TGF-b (Fig-

ure 4C). In parallel, CD133 expression was significantly increased in bare Col1 organoids compared to LX-2-

Col1 organoids and in organoids treated with TGF-b compared to control media (Figures 4C and S1B).

Together, the results shown in Figures 2 and 4 suggest that HCT-116 cells inside organoidswithECMdense envi-

ronment (organoids exposed to TGF-b) demonstrated a reduced EMT phenotype and cell proliferation

compared with a more malignant phenotype of cancer cells in organoids with a loose ECM environment. In

contrast, the ECM dense environment preserved a higher number of CD133-positive CSC population.

ECM composition and architecture have been shown to affect the initiation of metastasis and cancer cell

growth (Paolillo and Schinelli, 2019). However, our model described above using HCT-116 spheroids
iScience 23, 101851, December 18, 2020 5



Figure 4. Organoid with Dense ECM Reduces EMT Marker Expression of Tumor Cells

(A) A brightfield image of an H&E stained organoid section reveals the orientation of future IHC images with HCT-116 cells (CRC) in a preformed spheroid on

the top right of the cropped image with LX-2 (hepatic stellate cells) or only type I collagen on the bottom left.

(B) IHC staining of organoid sections for cell adhesion markers (red), Ki-67 (green) and DAPI (blue) at 40 x magnification. All images use the same scale bar =

50 mm. White box on top right of each individual frame is a 2 x zoom of the white box within image to show the red signal within individual cells.

(C) IHC quantification of HCT-116 cells was determined using VisioPharm software by calculating the percentage of positively expressed cells by the total

nuclei present. TGF-b inhibitor addition was at 24hr. Graphs represent mean G s.e.m (n = 5) and generated using GraphPad prism.
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embedded in LX-2-Col1 suspension better represent the growth of established liver metastases rather than

an initial seeding in the liver. To better model the latter, we used a homogeneous mixture of HCT-116 and

LX-2 in Col1 and allowed the organoids to form and grow for 7 days in culture media. This technique al-

lowed us to analyze foci formation from a single cell within the organoids with the foundation that larger

foci translates to highl malignancy and to test how different ECM densities impact tumor foci growth. Iden-

tification of HCT-116 cells inside the LX-2-Col1 organoids was achieved by immunohistochemistry (IHC)

with high levels of E-cadherin antibody that doesn’t stain LX-2 cells (red, Figure 5A). We then analyzed

the numbers and size of HCT-116 cell foci within HCT-116 cells only and co-culture Col1 organoids and

determined the effects of TGF-b exposure and ECM architecture (Figure 5). Smaller HCT-116 foci were

observed in the co-culture organoids (Figure 5A-upper left) compared to the larger multicellular foci in

the HCT-116 only organoids (Figure 5A-upper right). Exposure of the co-culture organoids to TGF-b further

reduced the size of HCT-116 foci, especially close to the center of the organoids (Figure 5A-lower left); how-

ever, TGF-b did not produce an apparent difference in the size of HCT-116 foci in the HCT-116 only organo-

ids (Figure 5A-lower right). These results were further quantified using a custom image analysis MATLAB

script (Figure 5B). It is important to note that the organoids contract due to Col1 remodeling, resulting

in a ‘‘cupped’’ construct, with LX-2 cells on one side of the construct. When sectioning the ‘‘cup’’ from

the top or bottom, the center of the section is the center of the cup, where most of the remodeling occurs.

We see the smallest HCT-116 foci at this location, the center of the section. This area is not necessarily the
6 iScience 23, 101851, December 18, 2020



Figure 5. Microspheroid Cluster Formation is Hindered in Organoids with Dense ECM

(A) Co-cultured (HCT-116 & LX-2) (I & III) or monocultured (HCT-116) (II & IV) organoids in type I collagen are grown for 7 days with (III & IV) or without (I & II)

10 ng/mL TGF-b and IHC stained for HCT-116 cells (E-cadherin, red), DAPI (blue), and Ki-67 (green). Arrows indicate where the zoomed in image are spatially

located in the organoid section.

(B) VisioPharm software was used to identify the mean HCT-116 cluster size in mono/co-culture with/without TGF-b. Graphs represent mean G s.e.m (n = 6)

and generated using GraphPad prism.

(**p% 0.01; ****p% 0.0001) (C) Serial sections were stained for either E-cadherin (HCT-116, red), DAPI (blue), and Ki-67 (green) shown in the first column or

PSR in the second column. Arrows indicate the location of the HCT-116 cluster from the first column on the serial section in the second column stained with

PSR to identify the presence of absence of collagen remodeling.
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center of the 3D organoid, rather the center of the section, which is selected in order to show areas with

varying levels of remodeling at the same plane.

Wesubsequently analyzedthe spatial associationofHCT-116 foci sizeand its relationship to theECMarchitecture

by staining serial sections for high levels of E-cadherin (Figure 5C-left) and PS-Red (Figure 5C-right). This visual

representation demonstrated that larger HCT-116 foci were mostly surrounded by unbundled/lamellar Col1

(stained green in PS-Red), whereas smaller foci were embedded inside highly remodeled and bundled Col1

(stained red/orange in PS-Red). This spatial relationship of foci size and ECM architecture is apparent among

the different experimental conditions and furthermore within a single condition. Co-culture organoids exposed

to TGF-b, demonstrated a heterogeneous ECM architecture, with areas of highly bundledCol1 fibers (dense or-

ange staining in PS-Red) and areas of less bundled Col1 fibers (sparse orange staining in PS-Red). In these
iScience 23, 101851, December 18, 2020 7



Figure 6. The Effects of ECM Architecture on FAK Expression and Localization

(A) Organoids consisting of HCT-116 spheroids with the indicated stroma were treated with TGF-b, TGF-b+SB 431542

(Inhibitor) at 24hr or Defactinib (100nM) at 0h, an FAK-Phosphorylation inhibitor, as indicated. Sections of the organoids

were stained with PS-Red (top), FAK/Ki-67/DAPI (middle), and FAK (bottom).

(B) Quantification of Ki-67 positive HCT-116 cells were determined using VisioPharm software by calculating the positively

expressed cells relative to the control. Graphs represent mean G s.e.m (n = 5) and generated using GraphPad prism.
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organoids, smaller HCT-116 foci were present in the areas of highly bundled Col1 fibers (Figure 5C-fourth row)

compared with slightly larger foci in the areas of less bundled Col1 fibers (Figure 5C-fifth row). The proliferation

ofHCT-116 cellswithin the cell foci wasdeterminedbyKi-67 staining.Overall, thereweremoreproliferatingHCT-

116 cells in foci within unbundled/lamellar Col1 (Figure 5C-first and third rows) compared with foci within highly

bundledCol1 (Figure 5C-fourth andfifth rows). Altogether, ECMdense environmentsprevented the formation of

large tumor cell foci with a high proliferation rate compared with the loose ECMenvironment that supported tu-

mor cell foci growth and cell proliferation.

Manipulation of WNT and FAK Signaling in Organoids can Modulate HCT-116 Proliferation

Cells are known to transduce signals from the ECM through integrin binding which can initiate signaling

pathways through FAK which can drive metastasis, survival, and regulate downstream pathways such as

WNT. In order to determine if Col1 fiber organization can alter FAK expression, we stained sections of or-

ganoids consisting of HCT-116 spheroids with different stroma conditions for FAK (green) and Ki-67 (red).

In Col1 organoids, there was prominent FAK staining present in most cancer cells. In LX-2 containing orga-

noids, cytoplasmic FAK staining decreased and is predominantly in the membrane on the cells (Figure 6A-

bottom). Similar FAK staining was observed in LX-2 containing organoids treated with TGF-b, in spite of the

significant difference in ECM architecture (PS-Red staining). However, in organoids treated with TGF-b and

its inhibitor at 24hr, FAK staining was localized back into the cytoplasm at a higher signal. Additionally, we

were able to observe that concomitant FAK expression was associated with higher rates of proliferation in

cancer cells, as shown by immunostaining of HCT-116 cells for Ki-67 expression (Figure 6B). Quantification

of Ki-67 positive ratios corroborated our visual observations that Col1 organoids showed significantly

higher levels of HCT-116 proliferation compared with Col1+LX-2 organoids. In order to examine the role

of FAK in tumor cell proliferation in the organoids, Col1 organoids were treated with an FAK-phosphory-

lation inhibitor, Defactinib. In the presence of the FAK inhibitor, we observed that FAK staining was local-

ized more to the cell membrane, as seen in LX-2 containing organoids (Figure 6A-right), as well as a signif-

icant reduction in the number of Ki-67+ proliferating HCT-116 cells compared with untreated Col1

organoids (Figure 6B). These results suggest that inhibition of FAK-phosphorylation, and possibly FAK

downstream signaling, could control HCT-116 proliferation in organoids with unbundled/lamellar Col1,

that were shown to favor tumor cell proliferation.

TGF-b Inhibition Alters ECM Remodeling and Tumor Cell Chemosensitivity

The results presented above link ECM architecture to tumor cells phenotype and proliferation inside the

tumor organoids. We found that TGF-b significantly induced the formation of a dense ECM environment

and subsequently reduced tumor cell proliferation and a change to a less malignant phenotype. As

such, inhibition of structural changes to the ECM could serve as a therapeutic target. Specifically, SB

431542 is a potent small-molecule TGF-b receptor inhibitor of TGF-b intracellular signaling (Figure S2)
8 iScience 23, 101851, December 18, 2020



Figure 7. Inhibiting the TGF-b Modulates the Degree of ECM Density and Fiber Organization

(A) HCT-116-containing LX-2 organoid diameter was measured over 96 hr in culture. A TGF-b inhibitor (SB 431542, 10 mM) was added to themedia containing

TGF-b (10 ng/mL) at the indicated time points. Graphs represent mean G s.e.m (n = 4).

(B) Organoid stiffness was measured over 96 hr in culture conditions using a rheometer to determine the young’s modulus of the construct. Graphs represent

mean G s.e.m (n = 4).

(C–F) Collagen fiber architecture in organoids treated with TGF- b inhibitor 24hr after TGF-b addition was analyzed with segmentation software, CT-FIRE, to

generate distributions of fiber angle (C), fiber angle variance (D), and box and whisker plots of fiber length (E), and width (F). MATLAB was used to generate

graphs from extracted data. Box and whisker plots with Tukey formatting of pooled fibers performed in triplicate, representing 500–5000 fibers in total. (*p%

0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001)
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(Inman et al., 2002). We first analyzed LX-2-Col1 organoid contraction, stiffness, and collagen fiber charac-

teristics in the presence of TGF-b and the inhibitor at 24hr (Figure 7). Organoid contraction was significantly

repressed when the TGF-b inhibitor was added simultaneously with the exogenous TGF-b (Figure 7A, p

value < 0.001). Inclusion of the TGF-b inhibitor at different times after the addition of TGF-b demonstrated

a time-dependent inhibition of organoid stiffness (Figure 7B) Addition of the TGF-b inhibitor up to 24 hr

post-exposure of the organoids to exogenous TGF-b completely inhibited TGF-b-induced organoid stiff-

ness after 96 hr, in spite of an initial stiffness increase when the inhibitor was added 8 and 24 hr post-expo-

sure to TGF-b. However, when the inhibitor was added 48- and 72-hr post-exposure to TGF-b, the stiffness

measured after 96 hr was significantly higher compared with the addition of the inhibitor at the earlier time

points. Interestingly, the addition of the inhibitor at these later time points (48 and 72 hr) still had significant

inhibition of organoids’ stiffness compared to organoids incubated with TGF-b in the absence of the inhib-

itor. Collagen fiber analysis using CT-FIRE supported the organoid’s contraction and stiffness results and

show that the TGF-b inhibitor at 24hr significantly blocked TGF-b induction of collagen fiber alignment (Fig-

ure 7C), its corresponding variance (Figure 7D) and fiber lengthening (Figure 7E) and widening (Figure 7F)

(p value < 0.0001). The addition of the inhibitor 24 hr post-exposure of TGF-b resulted in an epithelial

phenotype quantified between the control group and the TGF-b group, as expected (Figure 4C). Alto-

gether, these results showed that TGF-b exerts a progressive induction of ECM remodeling in the organo-

ids and that our organoid system can serve as a good model to determine the time of intervention when

targeting the ECM architecture remodeling process.

As stated above, the process of ECM remodeling around the tumor could present a novel target for anti-

cancer therapy. To test this hypothesis in our tumor organoid model, we treated HCT-116 spheroids within

LX-2 and bare Col1 organoids with TGF-b and its inhibitor at 24hr after TGF-b addition andmeasured tumor

cell response to three 5-FU-based chemotherapy combination (FOLFIRI, FOLFOX, and 5-FU alone) (Fig-

ure 8). Organoids were harvested 72 hr post-chemotherapy treatment and histological sections of the
iScience 23, 101851, December 18, 2020 9



Figure 8. Organoid with Dense ECM Reduces Tumor Cell Response to Specific Fluorouracil-Based Chemotherapy

(A) Organoids were treated with FOLFIRI (5-FU, 1mM; Leucovorin, 20 mM; Irinotecan, 50 mM), FOLFOX (5-FU, 1mM; Leucovorin, 20 mM; Oxaliplatin, 50 mM), 5-

FU (1mM) or Control (DMSO) for 72hr after organoid was allowed to self-organize for 96hr. Paraffin sections were stained with DAPI (blue), Ki-67 (red), and

Caspase-3 (green) where the HCT-116 cells can be seen within the spheroid (white dashed circle) and the LX-2s are surrounding.

(B–E) Immunofluorescent images of treated organoids were analyzed using VisioPharm to determine total HCT-116 (dash gray line) caspase-3 to Ki-67 ratio

in each drug condition. TGF-b inhibitor was giving at 24hr post TGF-b addition. Graphs represent mean G s.e.m (n = 12) and generated using GraphPad

prism. (*p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001).
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organoids in the different treatment groups were analyzed by immunostaining with antibodies against

cleaved caspase-3 (green), Ki-67 (red), and with DAPI (blue) (Figure 8A). Expression of caspase-3 and Ki-

67 in HCT-116 cells (within the white dashed line) was analyzed using VisioPharm software (Figure S3). Cas-

pase-3 to Ki-67 ratio for each drug was graphed as a measure for chemosensitivity (Figures 8B–8E).

Organoids in the four experimental conditions (Col1, LX-2-Col1, LX-2-Col1 & Inhibitor, and LX-2-Col1 & TGF-b)

exhibited the lowest cell apoptosis-to-proliferation (Cas-3:Ki-67) rateswhengrown in thepresenceof vehicle con-

trol media (Figure 8A). Treatment of LX-2-Col1 organoids with FOLFIRI showed no significant difference in Cas-

3:Ki-67 ratio compared to vehicle controlmedia (Figure 8B). However, weobserved a drastic increase inCas-3:Ki-

67 ratio inTGF-b-treatedLX-2-Col1organoids (Figure8B). Thiswasmost likely ananomalyof theHCT-116cell line

due to its low plasticity, but further investigationwas not done. FOLFOX and 5-FU treatment of Organoids in the

four experimental conditions revealed a trend that alignedwith our initial hypothesis (Figures 8D and 8E). As the

ECM density increased, chemotherapy response, in terms of apoptosis-to-proliferation (Cas-3:Ki-67) ratio,

decreased. We also noticed that organoids incubated with the TGF-b inhibitor 24hr after initial activation with

TGF-b exhibited similar Cas-3:Ki-67 values as organoids treated just with TGF-b. This response to chemotherapy

could be a combined effect ECMdensity and also HSC activation, which was allowed to happen for the first 24hr

before the inhibitorwasadded.Together, these results suggest acorrelationbetween tumorcellphenotype,pro-

liferation, and 5-FU-based chemotherapy sensitivity to ECM remodeling and stromal cell activation.

DISCUSSION

A tumormass consists of more than simply cancerous cells in isolation but also the tightly surrounding TME,

made up of both the non-cellular ECM and various types of stromal cells. Although chemotherapy resis-

tance is often attributed to tumor heterogeneity, cancer progression and malignancy is also profoundly

influenced by its interaction with the surrounding TME. Recently, there has been a move to incorporate

stromal cells and TME components in experimental testing in vitro and understanding of liver fibrosis

and disease as well as the development of chemotherapeutic agents (van Grunsven, 2017; Skardal et al.,
10 iScience 23, 101851, December 18, 2020
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2015; Khawar et al., 2018). It is clear that the TME is a major influencer in surrounding cell fate; however,

there remain unanswered questions on the exact function the TME plays in cancer progression.

Residing HSCs in the liver are considered a major component of a liver TME since they transdifferentiate into

highly proliferative and motile myofibroblasts that are associated with desmoplasia and tumor growth. HSC

activation canoccur in response to various cytokines, such as TGF-b, fromeither a neighboring cell in response

to an injury or from cancerous cells within the tissue. Myofibroblastic HSCs are responsible for the major

changes that transpire in the liver ECMassociatedwith an aggressive TMEvia twomechanisms, thedeposition

of new ECM components and the physical remodeling of the preexisting ECM. Our advanced approach uses

biofabricationmethods thatmimic in vivo conditions in order to create amicroenvironment similar to that of a

colorectal tumor that hasmetastasized to the liver. Herein, we described the utilization of our tumor organoid

platform to analyze the interactions between an HSC cell line of the liver and metastatic CRC cell line. In this

study, we exposed cancer cells to various HSC-produced ECM densities and determined macroscopic char-

acteristics of the collagen remodeling and its effect on embedded cancer cells. Our tumor organoid platform

was capable of determining the effects of the tumor-stroma organization on tumor cell response to chemo-

therapy. The 3D organoid technology allows for full control over the structural and cellular properties of the

TME, including stromal fibroblast cells, to better mimic the physiological nature of an in vivo tumor.

The goal of this research was to test the relationship between the TME architecture and cancer cell malignancy,

as well as chemoresistance by developing a Col1 based 3D organoid model that can be manipulated around a

cancer spheroid. We classify our 3D constructs as organoids based on its ability to self-remodel the surrounding

collagen in amatter of days thatmimics the long, ongoing process that occurs in an aging liver. The LX-2 cell line

responsible for the collagen remodeling remains genetically similar to primary HSC and responds to TGF-b by

increasing expression of a-SMA, Col1, and other profibrotic markers (Fabre et al., 2014; Xu et al., 2005; Yuan

et al., 2019). Our organoid constructs consisting of LX-2s displays a rapid increase in contraction and stiffness

when treated with exogenous TGF-b, suggesting that the LX-2s are actively remodeling the surrounding Col1

3-D hydrogel. Individual collagen fiber analysis confirms that the LX-2s are performing normal collagen bundling

and remodeling in control cell culture conditions and excessive remodeling when exposed to TGF-b. We iden-

tified that the Col1 fibers in organoids treated with TGF-b are more aligned, longer, and wider, consistent with

HSC activation and fibrotic tissue (Friedman, 2008; Bonnans et al., 2014). The collagen fiber characteristics of the

different groups indicate the ability to generate a range of fibrotic environments consisting of dense, aligned

collagen ECM. Since activation of HSCs is thought to be progenitors to aSMA-positive myofibroblasts, a marker

for CAFS, we stained organoid sections with aSMA and FAP antibodies confirming TGF-b induces a myofibro-

blastic-like phenotype in the LX-2s within the Col1 hydrogel (Friedman, 2008; Biffi et al., 2019). Altogether, the

stromal stiffening seen in the organoids upon exposure to TGF-b is a result of the increased matrix deposition,

crosslinking, and bundling by the LX-2s, consistent with CAF behavior in the liver that can change cancer cell

characteristics and create chemoresistance (Kumar and Weaver, 2009; Rasanen and Vaheri, 2010).

Since stromal components are known to play a key role in the process of tumor progression, we analyzed the

effect a fibrotic, ECMdense organoid has on HCT-116 CRC spheroids that aremetastatic in nature. IHC stain-

ing of common epithelial markers, E-cadherin and b-catenin, and mesenchymal marker, N-cadherin and

CD44, reveals that embedded cancer cells in bareCol1 exhibit a highly proliferative,mesenchymal phenotype

whereas cells within an increasingly ECM-dense environment begin to only express epithelialmarkers. N-cad-

herin is a cell membrane protein that is usually expressed at low levels in normal epithelial cells, whereas

E-cadherin is a well-known tumor-suppressor membrane protein and loss of expression is associated with

the EMT, as we see in HCT-116 cells along the periphery of the spheroid embedded in bare Col1 (Kalluri

andWeinberg, 2009). CD44 is highly expressed inprimary andmetastatic colon cancer compared to low levels

in normal tissues and upregulation of CD44 expression induces EMT and the acquisition of invasive and met-

astatic properties (Cho et al., 2012). E-cadherin expression by HCT-116 cells in the periphery of spheroids in

organoidswith denser ECM is high relative to other organoid types but not significantly. b-catenin is a compo-

nent of the adherens junction complex helping anchor E-cadherin to intracellular actin on the cell membrane

of many epithelial cells which is seen in high stiffened organoids. In contrast, upon EMT andWnt activation in

many cancer cells, b-catenin is mostly found inside the cell cytoplasm/nucleus and is associated with malig-

nant transformation as we have seen in HCT-116 embedded in bare Col1 (Kalluri andWeinberg, 2009). In par-

allel, CD44 has been shown to inhibit themembrane-associated E-cadherin- b-catenin complex, which results

in nuclear translocation of b-catenin (Xu et al., 2015). This phenomenon associates high levels of CD44 with

proliferation and a mesenchymal phenotype, a characteristic we observed in bare Col1 organoids. CD44 en-

hances the epithelial-mesenchymal transition in association with colon cancer invasion (Cho et al., 2012).
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In order to determine the use of this tumor organoidmodel to simulate tumor cell seeding and initial metastatic

growth, we use a 3D co-culture system using single cell suspension of LX-2 and HCT116. This technique enables

us to analyze foci development from a single-cell within the differing ECM architectural organoids with the foun-

dation that larger foci translate to highmalignancy. Through IHC staining, we identified that an ECM-dense envi-

ronment createdby activated LX-2s inhibitedHCT-116microspheroid foci formation compared to a lesser dense

ECM.We then looked at serial sections of the same organoid to locate cancer foci via IHC in relationship to their

surrounding collagen fiber architecture using PS-Red staining. We can visually see that even within the same or-

ganoid, larger foci are adjacent to naive Col1, whereas smaller foci are neighboring highly remodeled architec-

ture. These findings are evidence that both activatedmyofibroblastic-like cells and ECM architecture play a role

in inhibiting cancer initiation and can act as possible tumor suppressors.

We then test a potential transduction pathway of ECM architecture through FAK – a known oncogenic

pathway (Basu et al., 2016; Kamposioras et al., 2013). We had identified the variable activity of the FAK

pathway between differentially organized matrices. Treatment of Col1 organoids with Defactinib, an inhib-

itor of FAK phosphorylation, changed FAK staining localization from the cytoplasm to the membrane, as

seen in LX-2 containing organoids, and significantly reduced HCT-116 cell proliferation. This result sug-

gests that FAK activation may have a role in supporting tumor cell proliferation in Col1 organoids that

lack well-structured stromal ECM. In fact, FAK activity is well documented in CRC, and higher expression

is associated with aggressive cancers (Gao et al., 2015; Baker et al., 2013; Sulzmaier et al., 2014). This sheds

light on a possible signaling pathway that may be involved ECM-tumor cell interactions and could influence

tumor cell phenotype and proliferation.

Next, we employed a TGF-b receptor inhibitor, SB 431542, that can completely eliminate exogenous TGF-b

when given simultaneously. We used this inhibitor at different time points to attempt to modulate the effects

of TGF-b in the organoid. In the normal setting, stromal cells express TGF-b inhibitors and are thought to reduce

the inflammatory response and effect of the surrounding fibroblasts (Costanza et al., 2017). Subsequently, low

levels of TGF-b inhibitors, like asporin, can be correlated with poor survival. Rescuing the ECM from remodeling

within our organoid model leads to a controllable fibrotic environment that surrounds the cancer cells. We see

that when given the organoids TGF-b inhibitor 24hr after TGF-b addition, the organoids revert to a less stiff (Fig-

ure 7B), less remodeled (Figures 7C–7F) collagen architecture by 96hr. Conversely, the addition of TGF-b inhib-

itor at 48hr or after does not completely revert to the original stiffness without any TGF-b addition (Figure 7B).

These results suggest that there is a time threshold before remodeling can be stopped and that the remodeling

activity during the first 24hr with TGF-b may be irreversible.

After determining a dissimilarity in HCT-116 proliferation and phenotype in differing ECM density condi-

tions, we tested chemotherapy efficacy of common fluoropyrimidine-based regimens. Fluoropyrimidine

drugs, such as 5-FU, are widely used in the treatment of multiple cancers including CRC; however, 5-FU

has a response rate of about 10–30% for metastatic CRC and differs depending on the stage of cancer

(Longley et al., 2003; Siegel et al., 2017; Christina Hackl et al., 2014). 5-FU achieves its therapeutic efficacy

by the conversion to metabolites upon entering the cell, disrupting DNA synthesis through misincorpora-

tion, along with inhibiting thymidylate synthase activity halting cell division of a rapidly dividing cell. In cur-

rent clinical practices, 5-FU-based chemotherapy shows the greatest impact against CRC when combined

with other therapeutic agents like leucovorin, irinotecan (FOLFIRI), and oxaliplatin (FOLFOX) (Christina

Hackl et al., 2014). After treating spheroids embedded in organoids, we found that HCT-116 cells are

less susceptible to most 5-FU-based chemotherapies tested when surrounded by a dense, remodeled

ECM architecture produced by activated HSC. Conversely, HCT-116 spheroids in bare collagen, which

are more proliferative, are more susceptible to 5-FU and FOLFOX. Due to the mechanism of action of 5-

FU, it is not surprising that the difference in proliferation seen in the various conditions correlates with

chemotherapy sensitivity. The high Cas-3:Ki-67 seen by FOLFIRI induction of apoptosis and halting prolif-

eration in a highly dense ECM is most likely an anomaly in part due to the use of a low malleable cell line or

an insight on how irinotecan functions in ECM dense environments. Altogether, we show that ECM density

created by activated stromal cells can later chemosensitize nearby tumor cells.

CSCs are known to display a heightened resistance to chemotherapy, similar to the therapy resistance ex-

hibited by recurrent tumors in patients with cancer [35]. Contrary to the literature, we see a significant

decrease in HCT-116 proliferation and mesenchymal phenotype in organoids with denser ECM, indicating

a potential influence on chemosensitivity. We have asked ourselves if the lower chemotherapy response in
12 iScience 23, 101851, December 18, 2020
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organoids with denser ECM (Figure 8) may be related to the preservation of stem cell populations of

HCT116 in organoids treated with TGF-b. The cell surface marker CD133 has been identified as a CSC

marker in CRC and high CD133 expression is thought to contribute to tumor progression and therapy resis-

tance (Ke Wang et al., 2012). CD133 staining, reveals a significantly larger number of CD133-positive cells,

presumably CRC, in organoids with denser ECM (Figure 4). This leads us to suggest that the organoids with

denser ECM enable the CSC population in the HCT-116 cell line to remain dormant rather than differen-

tiate and proliferate, as seen in the bare Col1 organoids. Tumor dormancy is an important mechanism un-

derlying the ability for cancer cells to evade chemotherapy, maintain residual disease, and metastasize

slowly over time (Barkan et al., 2010; Jahanban-Esfahlan et al., 2019; Tauriello et al., 2017). Future studies

will focus on the effects of tumor ECM density on tumor dormancy and if changes in the ECM architecture

may release tumors from a dormant stage.

The cellular and non-cellular aspects of the TME has been recently attributed to how tumors metastasize,

proliferate, evade immune systems, and resist chemotherapy (Erdogan and Webb, 2017; Paolillo and Schi-

nelli, 2019; Lu et al., 2012; Senthebane et al., 2017, 2018; Hoye and Erler, 2016). However, a lack of in vitro

models that accurately replicate changes in the ECM architecture has made it difficult to pinpoint fibrotic

effects on cancer that has metastasized to the liver, among many others. Our CRC organoid platform en-

ables us to study the interactions between tumor cells and the controllable surrounding ECM. We are able

to identify changes in a low plasticity cell line, HCT-116, when changes in the ECM architecture occur that

result in differing chemotherapy resistance and sensitivities. This system will allow us to begin investigating

the effect ECM density has on tumor samples directly from patients to help better understand the under-

lying mechanisms of chemoresistance through precision medicine.

Limitations of the Study

Several study limitations are acknowledged in this work. Our findings are restricted by the use of only estab-

lished cell lines, HCT-116 (CRC), and LX-2 (HSC). Future work using primary tumor cells from human CRC

biopsies is needed to validate these studies. Our tumor ECM is composed only of Col1. Although Col1 is the

major component of the tumor ECM, other ECM proteins are found in the tumor-stroma and may undergo

different remodeling than Col1 andmay interact differently with the tumor cells. Further studies using a variety

of ECM proteins will have a more complete recapitulation of the tumor ECM and its role in tumor progression.

Finally, this studytested thetumororganoidsonlyunder in vitroconditions,whichare fardifferent thanthe in vivo

environment andmaynot take into account normal physiological circulation and immune/inflammatory system.

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Shay Soker (ssoker@wakehealth.edu).

Materials Availability

This study did no generate new unique reagents. There are restrictions on the availability of LX-2 cell line

since they were gifted from Dr. Scott Friedman at Icahn School of Medicine.

Data and Code Availability

The data sets generated in this study is available upon request.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Transparent Methods:  
 
Cell culture 
 
Human hepatic stellate cells, LX-2 cells, provided by Dr. Scott Friedman (Icahn School of 

Medicine at Mount Sinai, Ney York, NY), and human metastatic colon colorectal carcinoma cell 

line, HCT-116 (#CCL-247, ATCC, Manasses, VA), were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) (Lonza, Switzerland) supplemented with 10% fetal bovine serum, 100 U/mL of 

penicillin, and 100 mg/mL of streptomycin. Cell lines were cultured in conditions of 37°C and 5% 

CO2. All cell types were cultured and expanded in plastic 15-cm tissue-treated dishes. Cells were 

cultured to 80%-90% confluence before being harvested for use or passage. All cells were 

detached from the plates with Trypsin/EDTA (Hyclone) and resuspended in media before further 

use in studies. 

 

Spheroid and organoid fabrication 
 
Spheroids of HCT-116 cells (1.0x104 cells each) were prepared by suspending cells in culture 

media at 1.0x105 cells/mL and dispensing 100 µL of cell-media suspension into each well of an 

ultra-low attachment round-bottom 96-well plate (CoStar #7007; Corning, Corning, NY). Cells 

formed tight, spherical structures after 3 days in culture at which time they were implanted in 

organoids immediately.  

 

Organoids were fabricated as described previously [71]. Type I Rat Tail Collagen (#354236; 

Corning) was prepared per manufacturers’ protocol at a concentration of 2 mg/mL on ice. LX-2 

cells were trypsinized and counted, then suspended in desired Col1 concentration at 5.0x106 

cells/mL. Media from round-bottom plates containing the spheroids was aspirated and 100 µL of 

LX-2-Col1 or collagen only solution was pipetted into each well without disturbing the spheroid. 

The 100 µL LX-2-Col1-spheroid mixture was slowly pipetted up to suspend the spheroid and was 

dispensed into a polydimethylsiloxane (PDMS; DOW Sylgard 184, Midland, MI) molds as 

described previously (Fig. 1a-top) [71]. After ensuring that the spheroid was in the center of the 

hydrogel solution, the plates were stored at 37ºC for 30 minutes to allow the gel to polymerize. 

Coculture organoids were produced using a homogenous mixture of 5.0x105 LX-2 cells and/or 

5.0x104 HCT-116 cells in Col1. After collagen polymerization, media was added with or without 



10 ng/mL TGF-β, and molds were removed (Fig. 1a-bottom) [46]. Organoids were cultured for 7 

days total but varied depending on the experiment. Media was replenished every three days. 

 

Contraction assay 
Organoid contraction was measured through time by diameter calculation via image analysis of 

digital images. For each organoid, an image was taken at various time points (list time points 

here) with a ruler in the image for scale. The image was then opened in ImageJ and the pixel/mm 

was converted based on the ruler scale. The diameter of each organoid was measured in 

triplicate.  

 

Rheological measurements and analysis 
 
Organoid stiffness was determined using a Discovery HR2 Rheometer (TA Instruments), by 

applying a sinusoidal strain on the material. The elastic moduli of the organoids were determined 

through generation of a force-displacement curve through compression testing with a flat, 8mm, 

round geometry. Organoids were placed on the center of the rheometer stage and excess liquid 

was removed. The geometry was set to compress the organoid and collect force and gap distance 

measurements every 0.25 s. Samples were discarded after compression. Stress values were 

generated by dividing force measurements by sample area, determined through digital imaging. 

Strain values were generated by subtracting the gap distance from the sample height and dividing 

the total sum by the height. Stress (y-axis) and strain (x-axis) were then plotted to yield a stress-

strain curve consisting of two phases: an initial amorphous phase and a subsequent crystalline 

phase occurring after a curve elbow. Elastic modulus was calculated using the slope of the 

amorphous phase. 

 
Immunohistochemistry staining and analysis 
 
Organoids were fixed in 4% paraformaldehyde overnight at 4°C, then washed with phosphate 

buffered saline (PBS), and stored in 70% ethanol before paraffin processing. Following paraffin 

processing and embedding, 5 µm sections were cut using a microtome (Leica Microsystems Inc., 

Buffalo Grove, IL) and mounted to slides. For all stains, slides were baked for 2 h at 60˚C followed 

by deparaffinization and rehydration. Hematoxylin & Eosin (H&E) staining was performed by core 

facilities at the Wake Forest Institute for Regenerative Medicine. Picrosirius Red (PS-Red) 



staining was done using a commercially available staining kit (#24901; PolySciences, Warrington, 

PA) following the manufacturer’s protocol. 

 

For immunohistochemistry (IHC), all incubations were performed at room temperature. Antigen 

retrieval was performed using Proteinase K (DAKO; Carpinteria, CA). Samples were 

permeabilized with 0.05% Triton-X in PBS for 5 min. Non-specific antigen blocking was performed 

using Protein Block Solution (#ab156024; Abcam, Cambridge, MA) incubation for 30 min. Slides 

were then incubated with the appropriate primary antibody against β-Catenin (#71-2700; 

Invitrogen-ThermoFisher), E-Cadherin (#ab40772; Abcam), N-Cadherin (#ab76011; Abcam), 

CD44 (#ab51037; Abcam), CD133 (MAB4399-I; Millipore Sigma), Cleaved Caspase-3 (#9661; 

Cell Signaling Technology), focal adhesion kinase (FAK) (#ab40794, fibroblast activation protein 

(FAP) (#ab53066; Abcam), α-smooth muscle actin (SMA) (#ab5694; Abcam) or Ki-67 (#ab16667; 

Abcam) at recommended dilutions in a humidified chamber overnight at 4°C. Slides were then 

washed and incubated for 1 h with the appropriate secondary antibody. Slides were exposed to 

DAPI for 5 min and mounted with Prolong Gold (Invitrogen) before imaging. Relevant control 

slides were prepared for each condition and each antibody combination by excluding the primary 

antibody incubation. PS-Red stained slides were imaged using linearly polarized light while 

immunofluorescent stained slides were imaged utilizing laser excitation and were captured with 

an Olympus BX63 microscope (Olympus; Center Valley, PA) with an Olympus DP80 camera 

(Olympus). 

 

IHC images were imported as uncompressed files into Visiopharm software (Broomfield, CO) for 

analysis and quantification. An application for each experiment was developed and modified using 

the Visiopharm software (Fig. S3). Briefly, a script was written to deconvolve each 

immunofluorescence signal, then isolate the nuclei using the DAPI stain. After each cell was 

segmented, a second script was written to deconvolve the fluorescence signal and quantify the 

cells expressing of EMT markers, Caspase-3, FAP, s-SMA and/or Ki-67 markers. These results 

were imported in Microsoft Excel and calculated for number significance. 

 

Collagen fiber imaging and quantification 
 
Organoid sections were obtained as previously described and stained using a picrosirius red stain 

kit (#24901; PolySciences, Warrington, PA). PS-Red imaging was performed on an Olympus 

BX63 (Olympus; Center Valley, PA) upright microscope under brightfield with linearly polarized 



light. Once images were captured, PS-Red signal was quantified using hue analysis of collagen 

signal and collagen fiber geometric parameter segmentation. Hue analysis to identify different 

levels of collagen bundling and fibrilization was performed using a MATLAB script. Fiber 

parameter segmentation and quantification of regions of interest’s was performed using CT-FIRE 

(Laboratory for Optical and Computation Instrumentation, University of Wisconsin). Settings were 

optimized for one data set and remained untouched for remaining images. Data was inputted into 

MATLAB for analysis and GraphPad prism for graphing. 

 
Drug treatment and analysis 
 
Organoids with embedded spheroids were cultured for 72 hours, then transferred to new well 

plates and incubated with media containing chemotherapeutics. Organoids were exposed to 

chemotherapeutics or small molecule inhibitors for a further 72 hours before analysis. FAK 

phosphorylation inhibition was achieved with defactinib (#S7654, Sellekchem, Houston, TX) 

solubilized in DMSO to produce a stock solution of 1 mM. Stock solution was added to DMEM to 

produce a final concentration of 100 nM. TGF-β inhibition was achieved using SB 431542 (#AB-

100-NA, R&D Systems) solubilized in DMSO at 15 mM. Stock solution was added to DMEM to 

obtain a final concentration of 10 µM. Chemotherapeutic formulations were prepared using the 

following concentrations: 5-Fluorouracil 1mM, Oxaliplatin 25µM, Irinotecan 50µM, and Leucovorin 

50µM. Organoids were fixed and sectioned prior to IHC staining with Ki-67 and cleaved caspase-

3. Images were analyzed using VisioPharm software similar to EMT quantification (Fig. S3).  

 

Statistical analysis 
 
All experiments were performed in triplicate or greater. Quantitative results are presented as 

mean–standard deviation. Significance of data values that approximate a normal distribution was 

evaluated using a Student’s t-test (two tailed) with two-sample unequal variance. Significance 

values are denoted in figure legends. 
  



Figure Titles and Legends: 

 
Figure S1. Organoid with dense ECM reduces CD44 expression in HCT-116, Related to 
Figure 4. (A) IHC staining of organoid sections for CD44 (red), Ki-67 (green) and DAPI (blue) at 
40x magnification. All images use the same scale bar = 50 µm. White box on top right of each 
individual frame is a 2x zoom of the white box within image to show the red signal within individual 
cells. (B) IHC quantification of HCT-116 cells was determined using VisioPharm software by 
calculating the percentage of positively expressed cells by the total nuclei present. Graphs 
represent mean ± s.e.m (n=5) and generated using GraphPad prism. 
  



 
Figure S2. TGF-β inhibitor effectively prevents type I collagen remodeling by LX-2 cells, 
Related to Figure 7. (A) Organoids containing LX-2s and type I collagen were sectioned and 
stained with PSR (left) to highlight naïve (green) and remodeled/bundled (red/orange) collagen 
fibers under polarized light and H&E (right) 
  



 
Figure S3. Image analysis using VisioPharm Software, Related to Figure 4. IHC images were 
imported as uncompressed files into Visiopharm software (Broomfield, CO) for analysis and 
quantification. A script was written to deconvolve each immunofluorescence signal, then isolate 
the nuclei using the DAPI stain. After each cell was segmented, a second script was written to 
deconvolve the fluorescence signal and quantify the cells expressing of Ki-67 and E-Cadherin 
markers. These results were imported in excel and calculated for number significance. 
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