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ARTICLE INFO ABSTRACT
Article history: The extracellular matrix (ECM) of cancer tissues is rich in dense collagen, contributing to the stiffen-
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metastasis, and prevent drug delivery. Replicating the structure and mechanical properties of cancer tis-
sue in vitro is essential for developing cancer treatment drugs that target these properties. In this study,
we recreated specific characteristics of cancer tissue, such as collagen density and high elastic modulus,

Key words: using a colorectal cancer cell line as a model. Using our original material, collagen microfibers (CMFs),
3D cancer-stromal tissue and a constructed three-dimensional (3D) cancer-stromal tissue model, we successfully reproduced an
Collagen microfiber (CMF) ECM highly similar to in vivo conditions. Furthermore, our research demonstrated that cancer stem cell
Stiffness markers expressed in the 3D cancer-stromal tissue model more closely mimic in vivo conditions than tra-

Cancer stem cell marker ditional two-dimensional cell cultures. We also found that CMFs might affect an impact on how cancer

cells express these markers. Our 3D CMF-based model holds promise for enhancing our understanding of
colorectal cancer and advancing therapeutic approaches.

Statement of significance

Reproducing the collagen content and stiffness of cancer tissue is crucial in comprehending the proper-
ties of cancer and advancing anticancer drug development. Nonetheless, the use of collagen as a scaffold
material has posed challenges due to its poor solubility, hindering the replication of a cancer microenvi-
ronment. In this study, we have successfully recreated cancer tissue-specific characteristics such as colla-
gen density, stiffness, and the expression of cancer stem cell markers in three-dimensional (3D) colorectal
cancer stromal tissue, utilizing a proprietary material known as collagen microfiber (CMF). CMF proves to

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; ALDH, aldehyde dehydrogenase; CK20, cytokeratin 20; CLSM, confocal laser scanning microscopy; CMF, colla-
gen microfiber; Col I, collagen type I; DAPI, 4/,6-diamigino-2-phenylindole; DEAB, diethylaminobenzaldehyde; DMEM, Dulbecco’s Modified Eagle Medium; ECM, extracellular
matrix; EGFR, epidermal growth factor receptor; FBS, fetal bovine serum; FPKMs, fragments per kilobase of exon per million mapped fragments; GEF, guanyl-nucleotide
exchange factor; GO, gene ontology; GSEA, gene set enrichment analysis; HA, hyaluronic acid; HE, hematoxylin and eosin; LGRS, leucine-rich repeat-containing G-protein-
coupled receptor 5; MMP, matrix metalloproteinase; MT, Masson’s trichrome; PCA, principal components analysis; PFA, paraformaldehyde; PBS, phosphate buffered saline;
TAZ, transcription co-activator with PDZ-binding motif; YAP, Yes-associated protein.
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be an ideal scaffold material for replicating cancer stromal tissue, and these 3D tissues constructed with
CMFs hold promise in contributing to our understanding of cancer and the development of therapeutic

drugs.

© 2024 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Two-dimensional (2D) cell cultures, commonly used as the sim-
plest cancer model, are readily available for human-derived cells
and offer superior throughput. However, cells grown in 2D mono-
layer cultures on rigid plastic substrates do not reflect the can-
cer microenvironment. They may behave differently in morphol-
ogy, differentiation, and cell-cell and cell-matrix interactions than
cells growing in a three-dimensional (3D) environment such as a
living organism [1-4]. Moreover, genetic mutations are likely to
occur during the culture process, making it challenging to main-
tain the original characteristics. For a more precise understand-
ing of the cancer properties and to address issues in tumor ther-
apy, such as drug delivery and chemotherapy resistance, con-
structing a 3D tissue model that is similar to the living body is
necessary.

One of the 3D cancer tissue models is the spheroid. In
spheroids, it is possible to generate heterogeneous cancer tissue
from a homogeneous cell population. However, spheroids cultured
without added scaffold material fail to create an extracellular ma-
trix (ECM) like the cancer microenvironment, thereby limiting the
reproduction of cell-stromal interactions and biomechanical prop-
erties [5]. In recent years, it has become clear that the character-
istics of the environment surrounding the cells, such as hydropho-
bicity, pore size, fiber diameter, morphology, and molecular crowd-
ing, have a marked impact on cell functions [6-10]. Therefore, ac-
curate reproduction of the extracellular environment, such as the
structure and density of the ECM, has been emphasized in the con-
struction of tissue models.

Collagen type I (Col I) is the main constituent of the ECM
and plays an important role in scaffolds for cell adhesion, me-
chanical support of tissues and organs, and interactions with
other constituents of the ECM or growth factors [11]. Especially
in cancer tissues, there is an excessive accumulation of ECM
produced by fibroblasts, leading to increased collagen deposition
and cross-linking within it. As a result, a cancer stroma pri-
marily composed of Col I and exhibiting a high elastic modu-
lus emerges [12]. In a recent study, control colon tissue showed
an elastic modulus of 0.8 + 0.4 kPa, whereas colon carci-
noma tissue showed an elastic modulus of 2.40 + 1.83 kPa,
representing a difference in tissue stiffness of about four-fold
[13].

Collagen hydrogels have been used in many studies as scaffolds
for 3D cancer cell culture to reproduce the ECM of collagen-rich
cancers [14-17]. Although collagen is present in cancer tissue at
high concentrations of approximately 20-30 % [18], fabricating col-
lagen hydrogels with high concentrations remains difficult because
of their generally poor solubility. In fact, of the studies that have
attempted to reproduce cancer tissue using collagen gels, the max-
imum reported Col I concentration was 0.34 %, resulting in an elas-
tic modulus of 1.2 kPa [19].

More than 10 colorectal cancer stem cell markers have been
identified, including CD24, CD29, CD44, CD166, EpCAM, leucine-
rich repeat-containing G-protein-coupled receptor 5 (LGR5), and
aldehyde dehydrogenase (ALDH) [20]. Cells expressing these mark-
ers have the ability to generate clones and recapitulate primary tu-
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mors [21]. Subsets of these cancer stem cell markers are also asso-
ciated with tumor stage, invasion, and metastasis [21]. Cancer stem
cells, which are associated with cancer genesis and progression, are
promoted in human colorectal cancer by Col I, a process mediated
by the 2 integrin [22]. It has also been reported that cancer tissue
stiffness affects the expression of cancer stem cell markers [23], so
determining the association between Col I-induced stiffening of tu-
mor tissue and changes in the expression of cancer stem cell mark-
ers deserves clinical attention.

We recently reported a novel tissue engineering method using
collagen microfibers (CMFs) called “sedimentary culture”. These
micro-sized natural Col I with fiber lengths of 228 + 147 ym and
diameters of 13 £ 5 pm, could be used to produce 3D tissue mod-
els with high collagen density (up to 20-30 wt%) similar to those
in vivo [24-27]. In this study, we constructed 3D colorectal cancer-
stromal tissue using CMFs to reproduce the histological charac-
teristics of high-density collagen content and mechanical stiffness,
which are very similar to those of in vivo tissues (Fig. 1). We also
examined the expression of cancer stem cell markers and assessed
the biological similarity in the constructed 3D cancer-stromal tis-
sue.

2. Materials and methods
2.1. Cell culture

Human colorectal cancer cell lines HT-29, HCT116 and Colo-
320 were purchased from American Type Culture Collection, and
HT-115 was purchased from European Collection of Authenticated
Cell Cultures. We selected cell lines with different histological
types and genetic mutations (Table S1) [28]. These cell lines
were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
(Nacalai Tesque, Kyoto, Japan) supplemented with 10 % fetal bovine
serum (FBS) (Thermo Fisher Scientific, Waltham, USA). The patient-
derived cell named JC-011 was established from a surgically re-
sected primary ascending colon cancer. The study was conducted
in accordance with a protocol approved by the institutional re-
view board (IRB) of Japanese Foundation for Cancer Research
(#2013-1093). The patient was male and 50 years old when he
received a surgery. After residual tumor pieces are excised from
the surgically resected tumor of ascending colon, tumor cells
were minced by scalpel and washed 3 times with PBS contain-
ing Antibiotic-Antimycotic (Invitrogen, Carlsbad, CA, USA), and en-
zymatic digested with Collagenase/Dispase with DNase I (Roche,
Mannheim, Germany) at 37 °C for 1 hour. After enzymatic di-
gestion, the cells were washed 5-7 times with PBS containing
0.5 % bovine serum albumin and Antibiotic-Antimycotic for to pre-
vent bacterial contamination. Cells were then seeded onto Col
I-coated dish in StemPro hESC medium (Invitrogen). Cell stocks
were generated after 2 passages, and cells within passages 5-10
were used for experiments. Before subsequent experiments, JC-
011 was seeded in Col I-coated dishes and maintained in RPMI-
1640 (FUJIFILM Wako, Osaka, Japan) and Ham'’s F-12 (FUJIFILM
Wako) mixed (1:1) medium supplemented with 15 % FBS. Cell cul-
tivation was performed at 37 °C in a humidified atmosphere of
5 % CO,.
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Fig. 1. Outline of the present study. (A) Illustration of the construction process for a 3D cancer-stromal tissue using CMFs through sedimentary culture. (B) Overview of the
relationship among the amounts of CMFs in the 3D cancer-stromal tissues, the stiffness, and the expression of cancer stem cell markers.

2.2. Construction of 3D colorectal cancer-stromal tissue

CMF preparation was performed as described in our previous
study [27]. Col I derived from porcine skin was kindly provided by
Nippon Ham Foods Ltd., Japan. Briefly, to prepare the CMFs, pieces
of collagen sponge were homogenized for 6 min in 10x phos-
phate buffered saline (PBS) using a homogenizer (VIOLAMO VH-10
homogenizer, SION-8 G with a diameter of 8 mm and length of
115 mm), and then rinsed with DMEM without FBS by centrifuga-
tion at 10,000 rpm for 3 min. Col I powder (Nippi, Tokyo, Japan)
was also used in the study of cancer stem cell marker expres-
sion. After mixing CMFs and cancer cells, the mixture was put into
24-well plate transwells (0.4 pm porosity, CORNING, NY, USA) to
construct 3D cancer-stromal tissue, then the transwells were cen-
trifuged at 1100 g for 15 min. Each 3D cancer-stromal tissue con-
tained 1.0 x 108 cancer cells per transwell. The mixtures were cul-
tivated for 7 days in 12 ml/well of DMEM supplemented with 10 %
FBS using a 6-well plate (3810-006, Iwaki, Shizuoka, Japan) and
self-made adaptors [27]. The medium was changed every 3-4 days.

For 2D culture comparison samples, all colorectal cancer cells
were cultured in 6-well plates at 1.0 x 10° cells/well for 7 days
using 12 ml/well of DMEM supplemented with 10 % FBS, which
was the same volume as 3D tissue.

2.3. Generation of in vivo cancer tissues by xenograft of HT-29 cells
on mice

BALB/c nu/nu mice were purchased from CLEA Japan, Inc.,
Tokyo. In this study, we used 6-week-old female mice that were
housed at the Institute for Animal Experiments of Hirosaki Uni-
versity. HT-29 cells were suspended in DMEM without serum at a
concentration of 5.0 x 107 cells/ml. Two mice received subcuta-
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neous injections of 50 pl of the cell suspension (2.5 x 10% HT-29
cells) administered at five positions of their back skin. Seven days
post-injection, the formation of in vivo cancer tissues generated by
HT-29 cells was confirmed by observing skin elevation with a di-
ameter of 3-5 mm. Following euthanasia of the mice, the cancer
tissues were carefully excised, with the subcutaneous tissue re-
moved using fine scissors and forceps. The collected tissues were
then used for histological analysis and isolation of HT-29 cancer
cells as described in 2.4, 2.7 and 2.8, respectively. All procedures
for animal experiments followed the “Guide for the Care and Use
of Laboratory Animals” issued by the National Institute of Health,
and were approved by the Animal Research Committee of Hirosaki
University (Approval No. M16021).

2.4. Histology and immunohistochemistry

All samples were fixed with 4 % paraformaldehyde (PFA)
in PBS. After embedding in paraffin, 5 pm sections were pre-
pared for hematoxylin and eosin (HE) staining, Masson’s trichrome
(MT) stain and immunohistochemical staining. The colorectal can-
cer cells were stained brown using anti-Cytokeratin 20 (CK20)
antibody (ab76126, Abcam, Cambridge, UK) or Ki-67 antibody
(ab16667, Abcam), which were detected using a horseradish perox-
idase (HRP) conjugated goat anti-rabbit IgG (Nichirei Biosciences,
Tokyo, Japan) and 3,3’-diaminobenzidine (DAB) substrate solution
(DAKO, Denmark A/S, Denmark). Counterstaining was performed
using hematoxylin. Photomicrographs were captured by an FL
EVOS Automicroscope (Thermo Fisher Scientific).

Double immunostaining was performed using 5 pm-thick paraf-
fin sections. Monoclonal antibody against CD44 variant 9 (CD44v9)
(LKG-MO001, Cosmo Bio, Tokyo, Japan) was stained brown using
HRP conjugated secondary antibody (Nichirei BioSciences) and
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DAB substrate solution (DAKO). Rabbit antibody against cytokeratin
(ab9377, Abcam) was stained blue using alkaline phosphatase con-
jugated secondary antibody (Nichirei BioSciences) and Vector Blue
substrate (Vector Laboratories, Burlingame, CA, USA). Photomicro-
graphs were captured with a BX-60 microscope (Olympus, Tokyo,
Japan).

2.5. Cell viability assay

Cell viability in 3D cancer-stromal tissues at days 1, 4, and 7
of culture was examined using the CellTiter-Glo 3D Cell Viability
Assay (Promega, WI, USA) according to the manufacturer’s proto-
col. 3D tissues were washed 3 times in PBS and then used for
the assay. Luminescence was measured using a Synergy HTX Plate
Reader (Agilent Technologies, CA, USA).

2.6. Measurement of elastic modulus

Compression tests were performed using an EZ Test (Shimadzu,
Kyoto, Japan) with a 5 mm diameter spherical jig at room tem-
perature. The elastic modulus was calculated by determining the
slope of the stress-strain curve obtained from the test, as well as
the height of the 3D cancer-stromal tissue and the contact area of
the test jig with the tissue. The height of the 3D cancer-stromal
tissue was measured using digital calipers (Digimatic Caliper CD-
15CP, Mitutoyo, Japan). The contact area of the jig was calculated
by integrating the strain value in the stress-strain curve.

2.7. Immunofluorescence analysis

Whole-mount tissues fixed with 4 % PFA were incubated with
mouse anti-Yes-associated protein (YAP) monoclonal antibody (sc-
101199, Santa Cruz, Texas, USA) or rabbit anti-Ki-67 monoclonal
antibody (Abcam) overnight at 4 °C. After washing with PBS,
the tissues were stained with Alexa Fluor 647-conjugated goat
anti-mouse IgG (Thermo Fisher Scientific) or Alexa Fluor 647-
conjugated goat anti-rabbit IgG (Thermo Fisher Scientific). Nu-
cleus and actin filaments were stained with 4’,6-diamidino-2-
phenylindole (DAPI) (Thermo Fisher Scientific), and Phalloidin-
iFluor 488 (ab176753, Abcam), respectively. It has been reported
that the anti-YAP antibody used in this study also reacts with tran-
scription co-activator with PDZ-binding motif (TAZ) [29].

The paraffin sections were stained with anti-human CD44v9 an-
tibody (Cosmo Bio) and Alexa Fluor 647-conjugated goat anti-rat
IgG antibody (Thermo Fisher Scientific). Fluorescence images were
obtained using an FV3000 microscope (Olympus, Tokyo, Japan).

2.8. Collection of cancer cells

To recover the cells, the 2D cultures or 3D cancer stromal-
tissues were washed with PBS and incubated in Accumax solu-
tion (Nacalai Tesque) at 37 °C for 5 min. After collection, the cells
were washed with PBS and incubated in 2 mg/ml collagenase from
Clostridium histolyticum (type I, Sigma-Aldrich, St. Louis, USA) in
PBS at 37 °C for 15 min. Cancer cells from in vivo tissues were
recovered using a Tumor Dissociation Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s protocol. Sin-
gle cells were prepared by passing them through 70 ym and 40 ym
nylon mesh filters.

2.9. FACS analysis and sorting of cancer cells

Collected cancer cells were blocked with 10 % FBS in PBS for
30 min on ice and then fluorescence immunostained using the an-
tibodies listed in Table S2. Only in the case of using anti-LGR5 anti-
body, cancer cells were fixed in 4 % PFA before antibody treatment.
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Samples were passed through a 30 uym nylon mesh filter and then
analyzed in BD FACSVerse or BD FACSMelody or sorted in BD FAC-
SAriall (Becton Dickinson, Franklin Lakes, USA). Data were analyzed
with Flow]o software.

2.10. RNA-sequencing and data analysis

RNA-sequencing was performed by the Genome Information
Research Center (Research Institute for Microbial Disease, Osaka
University). P4 and P5 populations were sorted according to CD44
and CD44v9 expression in cells collected from 2D culture and 3D
cancer-stromal tissue using FACS (Fig. S1). Total RNA was extracted
using an miRNeasy Micro Kit (QIAGEN, Venlo, Netherlands). Each
cDNA was generated using a Clontech SMART-Seq HT Kit (Takara
Clontech, Mountain View, USA). Each library was prepared using
a Nextera XT DNA Library Prep Kit (Illumina, San Diego, USA) ac-
cording to the manufacturer’s instructions. Whole transcriptome
sequencing was performed to the pool of libraries using an Illu-
mina HiSeq 2500 platform in a 75-base single-end mode. Sequence
reads were mapped to the human reference genome sequence
(hg19) using TopHat ver. 2.0.13 in combination with Bowtie2 ver.
2.2.3 and SAMtools ver. 1.0. The number of fragments per kilo-
base of exon per million mapped fragments (FPKMs) was calcu-
lated using Cufflinks ver. 2.2.1. Differential expression and path-
way analysis of the RNA sequence data were performed using iDEP
(http://ge-lab.org/idep/) [30].

2.11. ALDH assay

The detection of ALDH activity was performed using AldeRed
ALDH Detection Assay (Merck Millipore, Darmstadt, Germany) fol-
lowing the manufacturer’s protocol [31]. Samples were passed
through a 30 pum nylon mesh filter and then analyzed in BD FAC-
SMelody (Becton Dickinson, Franklin Lakes, USA). Data were ana-
lyzed with FlowJo software. Diethylaminobenzaldehyde (DEAB), an
ALDH inhibitor, was used to treat cells for defining the gated re-
gions.

2.12. Statistical analysis

All data are expressed as mean values with their correspond-
ing standard deviations. Differences in the mean values were as-
sessed using a two-tailed Student’s t-test, and p-values less than
0.05 were considered statistically significant.

3. Results

3.1. 3D colorectal cancer-stromal tissue construction and its
characterization

A 3D colorectal cancer-stromal tissue consisting of CMFs and
HT-29 cells was constructed. To mimic the ECM density of colorec-
tal cancer tissue in vivo, the cell number for the tissues was fixed
at 1.0 x 10% cells and the amount of CMF was adjusted from 0
to 8 mg. Adding more than 8 mg of CMFs to 3D tissue was tech-
nically challenging. The morphology and collagen distribution of
the constructed tissues were examined using HE and MT stain-
ing (Fig. 2A and S2). HE- and MT-stained images revealed that 3D
cancer-stromal tissues, prepared with the addition of CMFs, exhib-
ited a high density of collagen, and the tissue thickness increased
in a CMF amount-dependent manner. Furthermore, the immuno-
histochemistry images of CK20, a type of keratin expressed in col-
orectal cancer tissue, showed that HT-29 cells were distributed
throughout the 3D cancer-stromal tissues (Fig. 2A). The 3D cancer-
stromal tissues maintained good cell viability, 120.01 + 16.45 % at
day 4 and 176.10 + 7.62 % at day 7 (Fig. 2B).
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Fig. 2. Morphological characteristics of the 3D cancer-stromal tissues. (A) HE staining and immunohistochemical staining of CK20 in 3D cancer-stromal tissue with or without
various amounts of CMFs after 7 days of culture. (B) Cell viability of 3D cancer-stromal tissues on days 1, 4, and 7, and presented as relative cell viability compared to day
1. (C) Elastic modulus of 3D cancer-stromal tissues evaluated using a compression test method. Each column represents the means + standard deviations (SD) of three

independent tissues. N. D. means not detected. * p < 0.05, ** p < 0.005.

The mechanical properties of fabricated 3D cancer-stromal tis-
sues were measured using compression test methods and the elas-
tic modulus was calculated (Fig. 2C). The tissue containing 2 mg of
CMFs exhibited an elastic modulus of 0.56 + 0.17 kPa, whereas the
tissue containing 8 mg of CMFs showed 1.33 + 0.15 kPa, indicating
that the elastic modulus of 3D cancer-stromal tissue increases in a
CMF amount-dependent manner.

3.2. Effect of CMF amount on YAP/TAZ expression and proliferative
activities of colorectal cancer cells in 3D cancer-stromal tissues

YAP/TAZ, which functions as an effector of the Hippo pathway,
is a mechanotransducer and its activity is necessary for tumor de-
velopment and progression [32]. To investigate whether mechani-
cal stimuli resulting from increased ECM stiffness are transmitted
via YAP/TAZ, we examined YAP/TAZ expression in HT-29 cells in
the 3D cancer-stromal tissues (Fig. 3A). In tissues without added
CMFs, the red signals indicating the expression of YAP/TAZ were
localized to the cytoplasm. However, with increasing amounts of
CMFs in the 3D cancer-stromal tissues, the expression of YAP/TAZ
migrated to the nucleus, and the red signals localized to the nu-
cleus were significantly increased to 15.8 + 3.7 % in the tissue
prepared with 8 mg of CMFs (Fig. 3B). In addition, HT-29 cells in
which YAP/TAZ was activated, showed an enhancement of phal-
loidin staining signals indicating F-actin. Analysis of YAP/TAZ im-
munofluorescence staining images indicated that YAP/TAZ activa-
tion was dependent on tissue stiffness, which correlated to the in-
creased amount of CMF.
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Next, we monitored the expression of the nuclear protein Ki-
67 [33], which is used to evaluate cell proliferative ability and
is a clinically useful biomarker for cancer subtype classification
(Fig. 3C). The percentage of HT-29 cells expressing Ki-67 was high-
est in 3D cancer-stromal tissues prepared with 8 mg of CMFs
at 52.8 + 20.9% (Fig. 3D), indicating that the number of HT-29
cells expressing Ki-67 in 3D cancer-stromal tissues increases in a
CMF amount-dependent manner. In addition, cells expressing Ki-
67 were identified inside the 3D cancer-stromal tissue with 8 mg
of CMFs (Fig. S3A). There was no significant difference in the lo-
calization of Ki-67 positive cells between the surface and internal
areas of the 3D tissue (Fig. S3B). These results provide evidence
that YAP/TAZ-mediated signal transduction and cell proliferation as
indicated by Ki-67 are activated in 3D cancer-stromal tissues.

3.3. Effects on gene expression

As YAP/TAZ and Ki-67 were activated in the 3D cancer-stromal
tissues, it was expected that the 3D-organization using CMFs
would also affect the expression of various other genes. To investi-
gate this, we performed RNA sequencing to analyze the transcrip-
tome profiles of cells recovered from 2D cultures and 3D cancer-
stromal tissues prepared with 8 mg of CMFs, with a particular fo-
cus on markers related to cancer stemness, which can be influ-
enced by the culture dimension.

CD44 and CD44v9 were used as cancer stem cell markers for
cell recovery. CD44, one of the cell adhesion molecules that ad-
heres to ECM including hyaluronic acid (HA), is known to play a
pivotal role in regulating cancer stemness and is involved in tumor
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Fig. 3. YAP/TAZ and Ki-67 activity in the 3D cancer-stromal tissues. (A) Fluorescence images showing the YAP/TAZ signals. The 3D cancer-stromal tissues were stained
with anti-YAP/TAZ (red) antibody, DAPI (blue) and phalloidin (green), respectively, and observed by confocal laser scanning microscopy (CLSM). Yellow arrowheads indicate
YAP/TAZ signals localized to the nucleus. Scale bars represent 10 pum. (B) Quantitative analysis of activated TAP/TAZ signaling. The graph shows the percentage of YAP/TAZ
localized to the nucleus relative to the total number of cell nuclei. Each column represents the means + SD of three or four independent tissues. ** p < 0.005. (C) Fluorescence
images of the Ki-67 signals. The tissues were stained with anti-Ki-67 (red) antibody and DAPI (green), respectively, and observed by CLSM. Scale bars represent 10 pm. (D)
Quantitative analysis of activated Ki-67 signaling. The graph shows the percentage of Ki-67 expressed in the nucleus relative to the total number of cell nuclei. Each column

represents the means & SD of three independent tissues. *
version of this article.)

cell invasion and metastasis [34-36]. CD44v9, a variant isoform of
CD44, has been implicated in hematogenous metastasis [37-39].
Furthermore, CD44+/CD44v9+ colorectal cancer cells have much
stronger colony-forming and tumor mass-forming abilities and re-
sistance to anticancer drugs, indicating that CD44 and CD44v9
are important factors for colorectal cancer [40]. Using these can-
cer stem cell markers as indicators for FACS sorting, we recovered
CD44+/CD44v9~ (P5 population) and CD44+/CD44v9+ (P4 popu-
lation) cells from HT-29 cells in 2D cultures and 3D tissues, and
performed gene expression comparisons (Fig. S1).

A principal components analysis (PCA), represented by first and
second principal components, was performed to assess the sim-
ilarity of gene expression to 2D culture and 3D cancer-stromal
tissue (Fig. 4A). The CD44%/CD44v9+* plots of 2D culture and 3D
cancer-stromal tissue occupied close positions. However, clear dif-
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p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web

ferences were observed between CD44%/CD44v9~ cells in the 2D
cultures and the other three fractions. In particular, the similarity
in gene expression was low between the 2D cultures and the 3D
cancer-stromal tissues, despite the cell populations exhibiting the
same CD44%/CD44v9~ expression type. Pathway gene set enrich-
ment analysis (GSEA) for Gene Ontology (GO) molecular function
was then conducted using the largest percentage of the population
in each culture system: the CD44%/CD44v9+ cells of 3D cancer-
stromal tissue (3D P4) and the CD44%/ CD44v9~ cells of 2D cul-
ture (2D P5). This analysis aimed to identify molecular functions
that were promoted in the 3D cancer-stromal tissues (Fig. 4B). It
revealed that the expression of genes involved in pathways as-
sociated with cell proliferation leading to accelerated cancer pro-
gression, such as Ras and Rho guanyl-nucleotide exchange fac-
tor (GEF), were up-regulated in the CD44%/CD44v9+* cells of 3D
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cancer-stromal tissues compared to the CD44"/CD44v9~ cells of
2D cultures.

3.4. Similarity of 3D cancer-stromal tissue to in vivo tissue

To verify the biological similarity of 3D cancer-stromal tissues
constructed with CMFs, protein expression levels of CD44 and
CD44v9 were analyzed in comparison to in vivo tissue. We em-
ployed xenografts, generally used as a mouse tumor model in
many studies, as the in vivo tissues condition. HE-stained im-
ages indicated that a tumor mass was established at 7 days
post-injection (Fig. S4A). Furthermore, immunohistochemical stain-
ing images depicted the localization of numerous CD44v9-positive
cells within the tumor mass (Fig. S4B). Immunofluorescence stain-
ing images showed CD44v9-positive signals in both 3D cancer-
stromal tissues and in vivo tissues (Fig. 5A). In addition, FACS
plots of CD44 and CD44v9 were fractionated quadratically (Fig. 5A),
showing the percentage of HT-29 cells in each fraction (Fig. 5B).
The in vivo tissue was mostly composed of CD44%/CD44v9+ cells.
On the other hand, in 2D cultured cells, the CD44%*/CD44v9+
and CD44%/CD44v9~ cells accounted for 221 + 143 % and
75.6 + 15.9 %, respectively. In the 3D cancer-stromal tissue,
CD44%/CD44v9 ™ cells accounted for 63.3 + 25.3 % of the cells, al-
beit less than in the in vivo tissues, while CD44%/CD44v9~ cells
accounted for 34 + 23.1 %. These results revealed that the ex-
pression of CD44 and CD44v9 in the 3D cancer-stromal tissues
more closely resembles that of in vivo tissues compared to 2D cul-
tures. The expression of CD44v9 in HT-29 cells approached levels
observed in in vivo tissues through 3D-organization using CMFs,

167

suggesting the potential involvement of CMF scaffolds and three-
dimensionalization.

In the 3D cancer-stromal tissue, CD44+/CD44v9* cells increased
with increasing days of culture, but decreased in 2D culture
(Fig. 5C). This indicates that cancer stem cells increased in the 3D
cancer-stromal tissue with 7 days of culture.

In addition, we measured ALDH activity in HT-29 derived from
the 3D cancer-stromal tissues and the in vivo tissues (Fig. S5).
The ALDH activity was relatively high in HT-29 cells derived from
the 3D cancer-stromal tissues (8.99 + 3.4) and the in vivo tissues
(6.59 + 5.07) though not significantly different. These results indi-
cate that the ALDH activity in 3D cancer-stromal tissues is sim-
ilar to that in in vivo tissues. Thus, cancer cells in 3D cancer-
stromal tissues closely resemble cancer cells in tumor tissues gen-
erated in vivo, as evidenced by the expression of cancer stem cell
markers.

3.5. Comparative analysis of cancer stem cell marker expression in
the 3D cancer-stromal tissue versus the 2D culture

Finally, we constructed a 3D cancer-stromal tissue with not only
HT-29 cells but also other human-derived colorectal cancer cell
lines Colo-320, HT-115, HCT116 and cancer patient-derived cell JC-
011 and examined the expression of various cancer stem cell mark-
ers (Fig. 6 and S6-10). CD44v9 expression was significantly in-
creased in all cell types in the 3D cancer-stromal tissue. E-cadherin
expression also showed an increasing trend, although some cell
types did not show significant differences. In addition, CD166 and
epidermal growth factor receptor (EGFR) expression were also sig-
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nificantly altered, and LGR5 expression was significantly differ-
ent only in patient-derived cell JC-011. The HT-115 cells exhib-
ited the highest number of up-regulated cancer stem cell markers
(7 markers), while the HT-29 cells displayed the lowest (3 mark-
ers). Conversely, the HT-29 cells showed the highest number of
down-regulated cancer stem cell markers (5 markers), with the
HCT116 cells exhibiting the lowest (1 marker). Significant expres-
sion changes in the highest number of cancer stem cell markers
(9 markers) were observed in HT-115 cells. The histogram of ]JC-
011 showed a contrasting histogram shape unlike other cell lines,
mainly in the expression of CD44 and CD44v9 (Fig. S6-S10). Fur-
thermore, ALDH activity was significantly increased in Colo-320,
HCT116 and HT-29 cells compared to 2D cultures (Fig. 7) but no
significant changes were observed in JC-011. ALDH activity was
compared in HT-29 cells in 2D culture, 3D cancer-stromal tis-
sue, and in vivo tissue. Significantly lower ALDH activity was ob-
served in 2D culture, whereas comparable activity was observed
in 3D cancer-stromal and in vivo tissues (Fig. S5 and 7B). Three-
dimensional organization of cancer cell lines using CMFs led to
changes in the expression of cancer stem cell markers, suggest-
ing that fibrous collagen and three-dimensionalization may have
an impact on the expression of cancer stemness of colorectal can-
cer cells.
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4. Discussion

In this study, we selected CMFs as the scaffold material to
construct 3D colorectal cancer-stromal tissue, aiming to reproduce
the fibrous collagen, tissue stiffness and cellular characteristics ob-
served in cancer tissue. Using this technique, we were able to cre-
ate 3D cancer-stromal tissue that accurately mimicked the mor-
phology and density of collagen fibers found in cancer tissue, repli-
cating its histological features.

Colorectal cancer tissue has been reported to exhibit a stiffness
of 2.40 4+ 1.83 kPa [13]. In our study, we were able to construct
a 3D cancer-stromal tissue with a stiffness of 1.4 kPa by using
8 mg of CMFs. The 3D cancer-stromal tissue closely approximated
the native mechanical properties of tumor tissue by incorporating
micro-sized fibers of Col I. However, the elastic modulus in the 3D
cancer-stromal tissues was found to be lower than in the in vivo
cancer tissues. In vivo, tumor tissue stiffens due to increased depo-
sition of ECM, reduced matrix metalloproteinase (MMP)-mediated
matrix degradation, and collagen cross-linking. In addition, the tu-
mor mass of colorectal cancer contains not only the ECM and can-
cer cells, but also fibroblasts, immune cells, and vascular network
structures. Consequently, the stiffness of the ECM affects not only
cancer cells but also fibroblasts [41]. Increased ECM stiffness leads
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to inhibition of IL-18 and IL-18-responsive inflammatory genes in
fibroblasts, resulting in decreased MMP expression and a further
increase in ECM stiffness [42]. The 3D cancer-stromal tissue con-
structed in this study solely comprises CMFs and cancer cells, thus
its stiffness was found to be lower than in in vivo cancer tissue. In
the future, achieving stiffness more similar to solid tumors may be
feasible by incorporating fibroblasts and integrating vascular net-
work structures into the 3D cancer-stromal tissues.

Another important marker to examine is YAP/TAZ which is ac-
tivated in various human cancers and promotes tumor initiation,
progression, and metastasis. Moreover, activation of YAP/TAZ is as-
sociated with poor prognosis [43-46]. The activity of YAP/TAZ is
generally regulated by the stiffness of the ECM and its activation
may promote cancer cell proliferation and survival [47]. Indeed,
YAP/TAZ promotes tumor growth by cell cycle progression and by
transactivating anti-apoptosis-related genes [48,49]. However, it is
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inhibited when the cell adhesion area is restricted on the stiff sub-
strate in 2D culture, suggesting that not only ECM stiffness but
also cell extension is involved in YAP/TAZ activation [50]. In the 3D
cancer-stromal tissue, the level of CMF was found to be dependent
on the tissue stiffness, triggering actin activation, which in turn led
to the activation of YAP/TAZ and Ki-67, in the same manner as in
vivo.

Furthermore, GEF is involved in many signaling pathways, es-
pecially those related to cell proliferation [51]. GEF activates sig-
naling pathways related to Ras and Rho through the activation
of GTPases. Ras and Rho are associated with cancer progression,
metastasis, and prognosis [52,53]. In addition, in vivo cancer cells
respond to the mechanical microenvironment through Rho signal-
ing, such as cell proliferation and metastasis [54]. In the present
study, 3D-organized HT-29 cells up-regulated the gene expression
related to Ras and Rho signaling pathways compared to 2D cul-



N. Sasaki, Y. Asano, Y. Sorayama et al.

A

Acta Biomaterialia 185 (2024) 161-172

Colo-320 HCT116 HT-115
DEAB Control Test sample DEAB Control Test sample DEAB Control Test sample
250K 250K ] 250K ] 250K 250K § 250k ]
200K+ 200K+ 200K 200K 200K'i 200K‘f
O sk 150K 0O 15K 150K [a] 150.«; |5m<-j
N 100k 0.013% +omed 3.82% o 100K 4 0.12%| 100k 13.6% N 100&-3 0.18% | 100k~
i< el | " ]
8 50K ﬂ 50K 8 50K & 50K ; 8 s @ s .
v o — 0] 175 o [7o 0 o5
'10’ 100 102 100 10*  10° 100 10" 107 10° 10¢ 107 100 10t 10: 10 10¢ 10¢ 100 10' 10 10° 10+ 10% 100 10'  10¢ 10° 10¢ 10¢ 100 10 10: 10* 10¢ 108
ZSOK‘: 250K+ 250K+ 250K 250K+ 250K+
ZODK'E 200K+ 200K+ 200K: 200K 200K
[m) 1so|<-§ 150K ODO 150K 150K: 9, 150K 4 150K
® 100K-§ 1.56% 100K 64.9% 100K 4.74% | 100k 40.2% 100K < 1.54% | 100k 31.6%
sok e 50K : & 50K S 50K S0k 50K
n? 0 0, o4 n; s - 0 i
100 100 10: 10 10+ 108 100 10t 102 100 10¢ 10¢ 100 10 10: 108 10+ 10 100 10t 10:  10° 10¢ 10¢ 100 10t 10: 10 10+ 10% '10’ 100 10: 108 10+ 10%
AldeRed 588-A AldeRed 588-A AldeRed 588-A
HT-29 JC-011
DEAB Control Test sample DEAB Control Test sample
250K 250K 250K 250K T ]
2006+ 200K 200K 200K
0O 150K 150K (=) 150K
38.79
o 100K ) 0% 100K 4 041% 100K %
Q so0x- g 50K {& QO s+
0 / » []
» o 0 » o
10° 10" 10¢ 100 10 10* 100 100 102 100 10¢ 10° 100 100 10: 108 10« 10¢ 10° 10t 10: 10* 10¢ 10¢
ZSOK‘: 250K+ 250K 250K
ZOOK'; 200K+ 200K 200K:
() 1so»<<i 150K O | sk
| o 3.05% | 100 34.9%| |
50Kk 3 50K 50K
0l [ % E— = 04 ' L
100 100 102 100 10¢ 107 100 100 102 100 10¢ 10° 100 100 102 100 10¢  10¢ 100 10*  10: 10* 10+ 10%
AldeRed 588-A AldeRed 588-A
100 4 Colo-320 100 4 HCT116 100 o HT-115 100 HT-29 100 ; JC-011
< k% < < < =
2 80 2 80 2 80 2 80 2 80
I I I I I
O 60 o 60 * % O 60 O 60 % 0 60
- - - - -
< a0 < 40 < a0 < a0 < 40
] ] o o [}
X 20 X 20 X 20 X 20 X 20
0 0 0 0 0
DEAB +— +— DEAB +—- +— DEAB +— +— DEAB +— +— DEAB +— +—
2D 3D 2D 3D 2D 3D 2D 3D 2D 3D

Fig. 7. ALDH activity in 2D cultures and 3D cancer-stromal tissues. (A) FACS plots of ALDH activity in Colo-320, HCT116, HT-115, HT-29 and JC-011 cells. (B) The graph shows
the percentage of ALDH-positive cells in each examined cell type. Each column represents the means £ SD of three independent tissues. * p < 0.05. ** p < 0.005.

ture. This observed increase in gene expression could potentially
be attributed to the generation of a cancer microenvironment-like
condition for cancer cells through the use of CMFs.

A previous study found that there is a suitable stiffness for the
expression of cancer stem cell markers, a matrix stiffness of 25 kPa
being optimal for the colorectal cancer cell line HCT116 [55]. The
substrates used in 2D cultures have a stiffness of 100,000 kPa. In
addition, monolayer cultures cannot develop a tumor microenvi-
ronment and reproduce the cell-matrix interactions and mechani-
cal effects found in tumor tissues. The presence of Col I is another
factor that promotes an increase in cancer stem cells [22]. The 3D
cancer-stromal tissue is rich in Col I, the primary component of
the tumor stroma, creating a physical and biochemical environ-
ment that closely resembles cancer tissue, in contrast to 2D cul-
ture. Consequently, the 3D cancer-stromal tissue recapitulated cell-
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stromal interactions and mechanical stimuli, potentially leading to
a stronger resemblance to in vivo tissue compared to 2D culture,
particularly in terms of CD44 and CD44v9 expression.

Analysis of CD44 and CD44v9 expression levels revealed the
presence of two populations in HT-29 cells: a CD44%/CD44v9™
population and a CD44%/CD44v9~ population. Interestingly, the
CD44+/CD44v9+ population increased in a time-dependent man-
ner in 3D cancer-stromal tissue, but decreased in 2D cultures.
CD44+/CD44v9+ cancer cells have been reported to have signifi-
cantly higher tumor mass formation capacity and drug resistance
[40]. Taken together, cancer cells cultured in 3D cancer-stromal tis-
sue may allow them to progress toward enhanced cancer stemness
levels.

It has been shown that ECM stiffness also regulates cancer stem
cell properties in colorectal cancer [23]. In this experiment, we
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conducted FACS analysis to examine the expression of 12 cancer
stem cell markers. CD44v9 was significant increased in all colorec-
tal cancer cell types used to generate the 3D cancer-stromal tissue.
CD44v9 contributes to cancer survival by promoting cystine uptake
and increasing oxidative stress resistance [40]. The interaction of
CD44 with its ligands such as HA, collagens and MMPs, contributes
to migration and invasion processes in cancer [56]. Furthermore,
collagen degradation has an important role in inhibiting tumor
invasion and migration. Suwannakul et al. reported that CD44v9
knockdown inhibited cholangiocarcinoma invasion and migration
via HA suppression and collagen replacement [57]. These reports
support our finding that CD44v9 expression was higher in the 3D
cancer-stromal tissue than in 2D cultures for all cell lines. The his-
togram of JC-011 was divergent when compared to histograms of
other cultured cell lines, especially in the expression of CD44 and
CD44v9. These results may be attributed to the fact that JC-011 is
a patient-derived cancer cell line. Cancer tissues are highly hetero-
geneous, and heterogeneity exists even within the same patient’s
tumor tissue. This may have led to differences in responsiveness
to CMF-based 3D-organization, resulting in variations in the ex-
pression of CD44 and CD44v9. LGR5 expression was variable only
in JC-011, a patient-derived cell. One of the problems with can-
cer cell lines is the loss of phenotypic and genetic heterogeneity
found in the original tumor [58]. The expression of LGR5 may be
affected by these factors. E-cadherin is an adhesion molecule that,
when lost, has been proposed to initiate invasion and metastasis
to surrounding tissues [59,60]. On the other hand, recent studies
have reported that E-cadherin expression is required for metasta-
sis in breast cancer [61]. Moreover, in colorectal cancer stem cells,
E-cadherin-positive cells have been shown to exhibit higher tumor
growth potential in vivo [62]. In the 3D cancer-stromal tissue, in-
creased E-cadherin expression was observed. Although it remains
to be discussed whether the expression of E-cadherin in 3D cancer-
stromal tissue can reproduce phenomena such as metastasis and
cell proliferation in in vivo cancer tissue, this 3D tissue may holds
promise as a tool for cancer research. Finally, the 3D-organization
of cancer cells using CMFs demonstrated significant variation in
the expression of various cancer stem cell markers, suggesting the
importance of collagen fibers for colorectal cancer cells. However,
additional studies using patient-derived cells will be necessary to
further elucidate the relationship between CMFs, tissue stiffness
and cancer stem cell markers. These studies will also be essential
to demonstrate the effectiveness and robustness of 3D colorectal
cancer-stromal tissues.

5. Conclusion

We reported that 3D cancer-stromal tissue produced with CMFs
reproduced collagen density, stiffness, and expression of cancer
stem cell markers similar to in vivo conditions. In cancer ther-
apy, the deposition of Col I and the associated stiffening of tumor
tissue may affect the efficacy of therapeutic agents. Our findings
showed that the collagen fiber content and mechanical stiffness in
3D cancer-stromal can be modulated by micro-sized natural Col I.
This 3D tissue may lead to new applications in the study of com-
plex cancer progression mechanisms and the development of ther-
apeutic drugs. However, in this study, we mainly used cell lines to
validate 3D colorectal cancer-stromal tissues. Therefore, we have
not fully demonstrated how faithfully we can replicate in vivo con-
ditions. For potential applications as in vivo models, it is necessary
to enhance the in vivo similarity of the model tissue by adding
fibroblasts and capillary network structures to the stromal tissue,
and to increase the number of studies using patient-derived can-
cer cells. We expect that our 3D colorectal cancer-stromal tissue
using CMFs will contribute to a better understanding of colorectal
cancer and to the advancement of its therapy.
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