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Morphological and functional
analysis of colorectal cancer cell
lines in 2D and 3D culture models
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The epithelial and mesenchymal features of colorectal adenocarcinoma (CRAC) cell lines were
compared in two-dimensional (2D) and three-dimensional (3D) cultures. In 2D cultures, the three CRAC
cell lines exhibited epithelial characteristics with high E-cadherin and low vimentin levels, whereas two
exhibited mesenchymal traits with opposite expression patterns. In 3D cultures using low-attachment
plates, mesenchymal cells from 2D cultures showed reduced vimentin mRNA levels. Morphologically,
the five CRAC cell lines appeared similarly shaped in 2D culture but formed different structures in 3D
culture. Epithelial DLD-1 and mesenchymal COLO-320 cells produced large granular spheres, whereas
epithelial HCT-15 cells formed small solid spheres. Tubular structures were observed in epithelial CACO-
2 and mesenchymal SW480 spheres. Desmosome-like structures developed in epithelial CRAC cells,
whereas entosis was observed in CACO-2, HCT-15, and SW480 cells. The Ki-67-positive proliferating
cell count varied in 2D and 3D cultures of epithelial cells but remained high and unchanged in
mesenchymal cells. These findings suggest that while CRAC cells display distinct epithelial and
mesenchymal properties in 2D cultures, they form diverse 3D structures, irrespective of these traits.

Keywords Colorectal adenocarcinoma, 2-dimensional culture, 3-dimensional culture, Sphere, Scanning
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Colorectal cancer (CRC) was the third most common cancer worldwide and the second leading cause of cancer-
related deaths according to the International Agency for Research on Cancer (IARC) in 2018!. CRC presents
diverse molecular pathways and clinical presentations, and is now recognized as a heterogeneous disease. The
patterns of CRC pathogenesis are heterogeneous, with the traditional adenoma-carcinoma sequence accounting
for the majority of cases, and approximately 25% of CRCs arise from serrated precursor lesions?>. Furthermore,
the recent demographic landscape of CRC has exhibited a shifted age distribution. The incidence rate of CRC
among populations under the age of 50 is increasing*. Although projections suggest that by 2050, 6.9 million
new patients over the age of 80 years (20.5% of all cancer cases) will be diagnosed with CRC worldwide®, the
American Cancer Society (ACS) lowered the recommended age for average-risk CRC screening from 50 to 45
years®~8. This dual trend underscores the need for tailored prevention and treatment strategies to address the
growing diversity of CRC patient populations®.

Epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial transition (MET) are biological
processes that transform epithelial cells into mesenchymal cells and vice versa. These processes alter cell shape
and structure, function, mobility, and malignant behaviors'®-12. In colorectal cancer, EMT plays an important
role in increasing the aggressiveness and metastatic potential of tumor cells by giving cancer cells the ability to
leave the primary tumor and spread to other tissues and organs!?. Patients positive for the mesenchymal marker
vimentin and negative for the epithelial marker E-cadherin possess a significantly higher tumor grade, tumor
budding, invasive tumor front, and lymph node metastasis!*!>. E-cadherin expression in colorectal cancer
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cells may serve as a predictive marker of chemotherapeutic efficacy, potentially improving the effectiveness of
conventional treatments'®.

Transcriptional profile analyses have revealed that pancreatic ductal adenocarcinoma (PDAC) cells can
be classified into two types: the classical type, in which adhesion-associated and epithelial genes are highly
expressed, and the quasi-mesenchymal type, in which mesenchymal-associated genes are highly expressed!”. We
also reported that PDAC cell lines were classified as epithelial cells with high E-cadherin and low vimentin levels
and mesenchymal cells with low E-cadherin and high vimentin!®-2. Epithelial pancreatic cancer cell lines in 3D
culture are small and form spheres covered with flat-lining cells, whereas the spheres of mesenchymal pancreatic
cancer cell lines are large, loosely bound, and cluster-like in shape. Epithelial and mesenchymal PDAC cells
exhibit different cell proliferation as well as differences in the ability of spheres to adhere and spread on the
culture plate?®?!. Heterogeneity in cancer cells is recognized as an important factor governing the characteristics
and behavior of pancreatic cancer.

In this study, we examined the diversity of colorectal adenocarcinoma (CRAC) cell lines and found that they
can be divided into epithelial and mesenchymal cells based on their identification markers, E-cadherin and
vimentin. We identified heterogeneity among the CRAC cell lines in E-cadherin/vimentin expression, spherical
morphology, and cell proliferative ability in 3D culture, suggesting that our 3D culture is a suitable model for the
analysis of heterogeneous colon cancer.

Results

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR) analysis

To clarify the epithelial and mesenchymal features of CRAC cells under 2D and 3D culture conditions, we
examined the mRNA levels of the epithelial cell marker E-cadherin and the mesenchymal marker vimentin in
five CRAC cell lines (DLD-1, CACO-2, HCT-15, SW480, and COLO-320) (Supplementary Figure S1). In 2D
cultures, E-cadherin mRNA expression levels were in the following order of highest to lowest: DLD-1, CACO-2,
HCT-15, SW480, and COLO-320. Under 2D culture conditions, DLD-1, CACO-2 and HCT-15 cells showed high
E-cadherin and low vimentin mRNA levels, whereas SW480 and COLO-320 cells showed low E-cadherin and
high vimentin mRNA levels (Fig. 1a, b, black bars). Taking the value of 2D-cultured COLO-320 cells as 1, DLD-
1 cells had approximately 16,000-fold higher E-cadherin mRNA and less than one in six thousand the amount
of vimentin mRNA expressed (black bars). When these CRAC cells are cultured on low-attachment plates, they
form spheres that float and proliferate into cancer cell masses in the culture medium. In this 3D culture, DLD-1
cells, which showed the highest E-cadherin mRNA expression in the 2D culture, showed a statistically significant
decrease in E-cadherin expression (Fig. la, white bars, p<0.05). COLO320 and SW480 cells, which had the
highest and second-highest vimentin expression in 2D culture, respectively, showed significantly decreased
vimentin expression in 3D culture (Fig. 1b, white bars, p <0.05).
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Fig. 1. E-cadherin and vimentin mRNA expression in 2D and 3D cultured colorectal adenocarcinoma
(CRAC) cell lines. (a) E-cadherin and (b) vimentin mRNA levels were examined using real-time quantitative
polymerase chain reaction (QRT-PCR). Results are presented as the means + standard deviation (SD) from
three independent experiments. The results are shown after normalization against the values obtained for
COLO-320 cells under the 2D culture (value=1). DLD-1, CACO-2, and HCT-15 cells had high E-cadherin
and low vimentin mRNA levels, whereas SW480 and COLO-320 cells had low E-cadherin and high vimentin
mRNA levels in the 2D culture (black bars). DLD-1 cells, which exhibited the highest E-cadherin expression

in 2D culture, showed a significant decrease in E-cadherin expression in 3D culture. COLO-320 cells, which
had the highest vimentin expression in 2D culture, and SW480 cells, which had the second-highest vimentin
expression, both demonstrated significantly decreased vimentin expression in 3D culture (white bar). * p <0.05.
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Immunocytochemical and Western blot analyses

Immunocytochemical analysis of cell blocks revealed that E-cadherin was weakly expressed in the cytoplasm of
epithelial DLD-1, CACO-2, HCT-15, and mesenchymal SW480 cells in 2D culture, but was strongly localized
to the plasma membrane in these cells in 3D culture (Fig. 2, upper two rows, Supplementary figure S2). The
localization of vimentin protein in SW480 cells was diffuse in many cells in 2D culture but positive in some
clustered cells in 3D culture (Fig. 2, lower two rows, Supplementary figure S2). In COLO-320 cells, vimentin
protein expression was observed in the cytoplasm of most cells in 2D and 3D cultures. The E-cadherin and
vimentin expression in these CRAC cells were then quantified using Western blotting (Fig. 3, Supplementary
figure S3). E-cadherin was expressed in CRAC cells other than the COLO-320 cells, and the expression level was
higher in 3D culture than that in 2D culture (Fig. 3, upper panel). In contrast, vimentin was observed in SW480
and COLO-320 cells (Fig. 3, middle panel). The quantitative results of the Western blot corresponded to the
staining results of immunocytochemical staining.

Morphological images of CRAC cells in 2D culture

Phase contrast microscopy and scanning electron microscopy (SEM) showed polymorphic cancer cells with
microvilli attached to the culture plate and spherical cancer cells with smooth surfaces during cell division
(Fig. 4a, b, arrows); however, there were no significant differences in the morphology of the five CRAC types.
When CRAC cells were detached from the plates with trypsin, cell blocks were prepared and stained with H&E,
CACO-2, and COLO-320 cells had a few cancer cells with atypical large nuclei (Fig. 4c, arrowheads).

Morphological analysis of spheres formed in 3D culture

CRAC cells were cultured on low-attachment plates and the morphology of the spheres formed in the culture
medium was observed. Under phase-contrast microscopy, CACO-2 and HCT-15 cells formed small spheres,
whereas other CRAC cells produced large, loosely connected, granular spheres (Fig. 5a). SEM revealed that
the surfaces of the HCT-15 cell spheres consisted of flattened lining cells and spherical cancer cells (Fig. 5b, c).
CACO-2 cells observed by SEM formed a characteristic sphere that resembled a cluster of baseball balls with
holes (Fig. 5¢, arrowheads). SEM analysis of DLD-1, SW480, and COLO-320 cells revealed spheres consisting
of small round cancer cells. Among SW480 cells, several cancer cells adhered to each other, creating a tubular
structure with holes (arrowheads). Hematoxylin and eosin (H&E) staining of sphere cell blocks demonstrated
that CACO-2, HCT-15, and SW480 cells maintained their spherical morphology (Fig. 5d). In contrast, DLD-
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Fig. 2. Immunocytochemical images of E-cadherin and vimentin in 2D and 3D cultured colorectal
adenocarcinoma (CRAC) cells. E-cadherin and vimentin expression levels in five human CRC cell lines were
determined using immunocytochemical analysis. In 2D cultures, E-cadherin was weakly expressed in the
cytoplasm of DLD-1, CACO-2, HCT-15, and SW480 cells, but in 3D cultures it was prominently localized to
the plasma membrane in these cells. Vimentin was localized in SW480 and COLO-320 cells cultured in 2D and
3D cultures. Scale bar =50 pm.
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Fig. 3. Western blot analysis of E-cadherin and vimentin in 2D and 3D cultured colorectal adenocarcinoma
(CRAC) cells. E-cadherin and vimentin expressions were compared between CARC cell lines cultured under
2D and 3D conditions. E-cadherin was prominently expressed in DLD-1, CACO-2, HCT-15, and SW 480 cell
lines, with enhanced expression observed under 3D culture conditions. In contrast, vimentin was expressed in
2D cultured SW480 and in both 2D and 3D cultured COLO-320 cells. B-actin was used as an internal control.
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Fig. 4. Characteristic morphological images of colorectal adenocarcinoma (CRAC) cells cultured in

2D culture. (a) Phase contrast microscopy showed that CRAC cells exhibited two types of morphology:
polymorphic and spherical (arrows), with each cell line exhibiting similar morphology to the other. (b)
Scanning electron microscopy (SEM) analysis showed that the CRAC cells were polymorphic and had
numerous microvilli around the cells, which also adhered to each other. Arrows indicate spherical proliferating
cells. (c) Examination of hematoxylin and eosin (H&E)-stained cell blocks revealed cancer cells with marked
atypical nuclei in CACO-2 and COLO-320 cells (arrowheads) (scale bars: a=50 pm, b=20 pm, ¢=50 pum).
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Fig. 5. Characteristic morphological images of colorectal adenocarcinoma (CRAC) cells cultured in 3D
culture. Phase contrast microscopy showed that HCT-15 formed small, solid spheres, while the spheres of
other CRAC cells were large and loosely clustered cancer cells. (b and c). Scanning electron microscopy

(SEM) showed that the DLD-1 and COLO-320 cells formed large spheres of individual cancer cells. Spheres of
CACO-2 and SW480 cells showed fusion of cells on the surface of the spheres and small holes between them
(arrowheads). The 3D CACO-2 were intact spherical structures, and HCT-15 . (b) cells formed spherical
spheres with flattened coated cells. (d) In the hematoxylin and eosin (H&E)-stained cell block, CACO-2, HCT-
15, and SW480 cells were mutually bound, while DLD-1 and COLO-320 cells were separated by individual
cancer cells (scale bars: a=200 um, b=100 pm, ¢=10 um, d =50 pum).

1 and COLO-320 cells exhibited loose connections between the cancer cells, leading to cell separation and
dispersion.

Transmission electron microscopy (TEM) was performed to study the microstructure of the cross sections
of the CRAC spheres. In the spheres formed by DLD-1 cells, cancer cells covered with microvilli were observed
(Fig. 6, black arrows) along with intracytoplasmic and intercellular tubular structures lined by microvilli
(asterisks) and desmosome-like structures (arrowheads). The spheres of CACO-2 cells contained lysosomes (L)
and glycogen granules (G), as well as intracellular and intercellular vacuole formation (white and black circles,
respectively). Additionally, microvilli (black arrows) and entosis, where one cell engulfed another, were observed
in CACO-2 cells (white arrows). HCT-15 cell spheres exhibit entosis (white arrow), prominent glycogen granules
(G), pseudopodia (P), and well-developed desmosome-like structures (arrowheads). Microvilli are observed
in SW480 cell spheres (black arrows), along with entosis (white arrows) and tubular structures (asterisks).
Tonofibrils were noted within the cytoplasm of SW480 cells (insets, white arrowheads). COLO-320 cell spheres
display microvilli (black arrows), prominent pseudopodia (P), and large mitochondria (M). Tubular structures
(asterisks) and neuroendocrine granules (N) are also observed in COLO-320 cells.

Table 1 summarizes the characteristics of the CRAC spheres observed using TEM. Microvilli were observed
in the spheres of all the CRAC cell types. Pseudopodia were present in epithelial HCT-15 and mesenchymal
COLO-320 cells. Tubular structures were observed in epithelial DLD-1, mesenchymal SW480, and COLO-320
cells. Desmosome-like structures were observed in only three epithelial cell lines. Tonofibrils were exclusively
observed in the mesenchymal SW480 cells. Neuroendocrine granules were found only in mesenchymal COLO-
320 cells. Glycogen granules were found in only three epithelial cell lines, as suggested by the results of PAS
staining with or without diastase digestion using cell blocks (Supplementary Figure S4, S5). Entosis was observed
in epithelial CACO-2 and HCT-15 cells, as well as in mesenchymal SW480 cells.

Cell proliferation assay
The proliferative capacity of CRAC cells cultured in 2D and 3D environments was assessed by Ki-67
immunohistochemical staining of cell blocks (Fig. 7a). In 2D culture, mesenchymal SW480 and COLO-320
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Fig. 6. Transmission electron microscopic (TEM) analysis of 3D cultured colorectal adenocarcinoma (CRAC)
cells. All CRAC sphere-forming cancer cells showed numerous microvilli on the plasma membrane (arrows).
Desmosome-like structures were found in DLD-1, CACO-2, and HCT-15 cells (arrowheads). Tubular
structures are observed in DLD-1, SW-480, and COLO-320 cells (asterisks). Glycogen was detected in the
DLD-1, CACO-2 and HCT-15 cells (G). Numerous neuroendocrine granules (N) and large mitochondria (Mt)
are found in COLO-320 cells (scale bars: 2 um; scale bar in inset: 1 um).

Microvilli ++ ++ ++ ++ +
Pseudopodia - - + - +
Ductal structure ++ - - ++ +
Desmosome-like structure | ++ + ++ - -
Vacuole + ++ - + _
Tonofibril - - - + _
Neuroendocrine granule | — - - - +
Glycogen + ++ ++ - _
Entosis - + + + _

Table 1. Summary of transmission electron microscopy findings of spheres of colorectal cancer cell lines.

cells exhibited a higher number of Ki-67 positive cells than epithelial DLD-1 and HCT-15 cells (Fig. 7a, b). For
epithelial DLD-1 and HCT-15 cells, there was a significantly higher number of Ki-67 positive cells in the 3D
cultures than in the 2D cultures (Fig. 7b, p < 0.05), whereas the opposite trend was observed for CACO-2 cells
(p<0.05). In contrast, mesenchymal SW480 and COLO-320 cells maintained a high number of Ki-67 positive
cells in both 2D and 3D cultures (Fig. 7b). These findings suggest that the proliferative capacity of epithelial
colorectal cancer cell lines is influenced by culture conditions, such as 2D and 3D, whereas mesenchymal cell
lines maintain high proliferative capacity in both 2D and 3D cultures.

Discussion

Growing evidence suggests that the heterogeneity in cancer cell populations is an obstacle to effective cancer
treatments. Here, we found that E-cadherin mRNA levels were highly variable among the five CRAC cell
lines. DLD-1, CACO-2, and HCT-15 cells exhibited high E-cadherin mRNA levels and significantly reduced
vimentin mRNA levels. In contrast, SW480 and COLO-320 cells exhibit low E-cadherin mRNA levels, and
increased vimentin mRNA levels. These results are consistent with those of previous studies using PDAC cell
lines!®. E-cadherin and vimentin mRNA levels in 2D culture correlated with protein levels, as observed by the
immunocytochemical staining of CRAC cells. These findings suggest that CRAC cell lines are heterogeneous and
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Fig. 7. Analysis of cell proliferation ability. (a) Immunocytochemical analysis of Ki-67 in CRC cells under 2D
(upper row) and 3D (lower row) culture conditions. Ki-67-positive cells were diffusely present in cancer cells.
Scale bar =100 pum. (b) Quantification of Ki-67-positive cells. There were differences in the number of Ki-67
positive cells in 2D and 3D cultures for DLD-1, CACO-2, and HCT-15 cells, but no change in the number of
Ki-67 positive cells in SW480 and COLO-320 cells. Data are shown as the mean + standard deviation (SD).

*p <0.05.

consist of cells with various levels of epithelial and mesenchymal features, indicating the difficulty in removing
colon cancer cells by drug treatment.

In our previous 3D culture experiments, PDAC cells with epithelial features formed small and solid spheres
with flat-lined cells along the periphery; however, PDAC cells with mesenchymal features formed larger spheres
than those with epithelial features with a grape-like appearance and consisted of loosely attached individual
cancer cells'®-20, In this study, CRAC cell spheres in 3D cultures were not related to epithelial-mesenchymal
traits in 2D cultures. Only HCT-15 cells formed spheres similar to those observed in epithelial PDAC cells,
whereas other CRAC cells formed large spheres, with individual cancer cells loosely bound together. Therefore,
we examined whether the epithelial-mesenchymal traits of CRAC cells in 2D cultures were altered in 3D cultures.
Vimentin mRNA expression in SW480 and COLO-320 mesenchymal cells was reduced in 3D cultures, whereas
E-cadherin mRNA expression in DLD-1 cells, the epithelial lineage with the highest E-cadherin expression, was
decreased. Although these changes were not pronounced at the protein level, they suggested that the culture
environment significantly altered the epithelial-mesenchymal traits of CRAC cells. These results suggest that a
3D culture environment, which is more in vivo-like than a 2D culture, may attenuate the strong epithelial and
mesenchymal properties of CRAC cells and reduce the differences in CRAC cell lines. To clarify the differences
in the epithelial-mesenchymal features of 2D and 3D-cultured CRAC cells, comprehensive studies, such as
transcriptome and proteomic analyses, will be necessary in the near future.

With regard to cell proliferative capacity, the three epithelial CRAC cell lines, DLD-1, CACO-2, and HCT 15,
showed a significant change in the percentage of Ki-67 positive cells in 3D culture. In contrast, the mesenchymal
cell lines SW480 and COLO 320 showed high cell proliferative capacity, which was not affected by the 2D or
3D culture models. Changes in the proliferation rate of epithelial cell lines, but not mesenchymal cell lines,
demonstrated that 3D culture affects epithelial cell proliferation only. To reflect the proliferation of CRAC cells
in vivo, 3D culture may be an appropriate method to exert their potential.

Epithelial DLD-1 and HCT-15 cells were obtained from the same colon cancer patient. The Cellosaurus, a
database of cultured cells, reported similar genetic mutations (Supplementary Table S1). However, DLD-1 and
HCT-15 cells showed different E-cadherin expression levels in 2D culture, and the morphology of the spheres
formed in 3D culture differed markedly. Tubular structures were observed only in the DLD-1 cells, whereas
entosis was observed only in the HCT-15 cells. The diversity among the cell lines isolated from the same patient
with CRAC suggests the importance of a 3D culture model for studying colon cancer.
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CACO-2 cells exhibit a highly characteristic morphology when cultured in 3D, as observed in this study.
A spherical structure resembling a collection of perforated balls was not observed in any of the eight PDAC
cell spheres. CACO-2 cells are a human epithelial colon adenocarcinoma cell line commonly used in scientific
research, particularly in studies on intestinal absorption and permeability?>?*. These cells are derived from human
colon carcinoma and spontaneously differentiate into enterocyte-like cells that resemble the characteristics of
the small intestinal epithelium when cultured. In addition to their ability to form tight junctions and express a
variety of transporters and enzymes found in the intestinal lining, 3D culture, which enhances the morphological
traits of CACO-2 cells, may serve as a valuable in vitro model for evaluating drug absorption, nutrient transport,
and intestinal barrier function in the field of small intestinal epithelium studies.

SW480 cells grown on collagen matrices form branching structures when cocultured with mesenchymal
cells*. In the present study, the cells cultured under 3D conditions formed branch-like structures with fused
cancer cells and holes in some parts. Our 3D culture model is simple, uses the same medium as a general
2D culture, and does not require any substrates or other cell types. The only difference from the 2D culture
conditions is the use of ultralow attachment plates. This simple and effective culture method for the formation of
complex steric spheres may be valuable for studying the properties of colon cancer cell lines.

Entosis, the invasion of one living cell into another cell of the same type, has been observed in epithelial
CACO-2, HCT-15, and mesenchymal SW480 cell spheres. The frequency of entosis increases in aggressive
tumors and is clearly related to tumor grade and metastasis, and correlates with cancer prognosis?>~%. Indeed,
cell migration assays conducted using the scratch assay showed faster closure in CACO-2 than in DLD-1 cells*.
Thus, the presence of a cell-in-cell structure (entosis) in CACO-2, HC-15, and SE480 cells may indicate their
higher potency to migrate from the colon to other tissues.

COLO-320 cells, a CRAC cell line, are known for their neuroendocrine properties as they express markers
typically associated with neuroendocrine cells, such as chromogranin A and synaptophysin®!. This makes
COLO-320 cells a valuable model for studying neuroendocrine differentiation in colorectal cancer and exploring
the mechanisms behind neuroendocrine tumor (NET) development in the colon. Among the spheres of the
five CRAC strains cultured in 3D, only COLO-320 showed neuroendocrine granules under TEM. These
morphological results further emphasized that this cell line is appropriate for studying NET development in the
colon.

In CRAC cases, E-cadherin expression is associated with favorable clinicopathological factors, whereas
vimentin expression is the opposite and is associated with lymph node metastasis and poor prognosis'*!>3233,
Since E-cadherin and vimentin expression differ among CRAC cell lines in 2D and 3D cultures, the epithelial-
mesenchymal traits of CRAC cells should be considered when used in clinical studies.

Comparing the differences in the effects of anticancer drugs and functions of drug resistance markers
between 2D and 3D cultures using this 3D culture method could be useful for elucidating the effects of drugs
in the body and requires further investigation. A recent study has demonstrated the importance of co-culturing
spheroids of 3D cultured human hepatocellular carcinoma cell lines and fibroblasts in a chamber®*. Here, gene
expression related to the development, progression, and poor prognosis of hepatocellular carcinoma increased,
suggesting the importance of crosstalk between tumors and stromal cells. Our study is an in vitro investigation
using five CRAC cell lines, and the role of stromal cells remains unclear. In the near future, further studies using
three-dimensional co-culture systems with inflammatory cells, fibroblasts, and organoids will be necessary.

In conclusion, a 3D culture of CRAC cell lines altered the epithelial/mesenchymal expression features, cell
morphology, and cell proliferative ability (Supplementary figure $6). 3D cultures may play important roles in the
functional analysis of colon cancer and in studying the effects of anticancer drugs in vitro.

Methods

Cell culture

CACO-2 and COLO-320 human CRAC cells were provided by the RIKEN BioResource Research Center through
the National Bio-Resource Project of the Ministry of Education, Culture, Sports, Science, and Technology,
]apan“. DLD-1, HCT-15, and SW480 human PDAC cell lines were obtained from the Cell Resource Center
for Biomedical Research, Institute of Development, Aging and Cancer, Tohoku University (Sendai, Japan)?*.
The characteristics of the five CRAC cell lines are summarized in Supplementary Table S1. Cells were grown
in growth medium (RPMI-1640 medium containing 10% fetal bovine serum) at 37 °C in a humidified 5% CO,
atmosphere. To form spheres, cells (3x 10° cells/well) were plated in 96-well ultra-low attachment U-shaped
bottom plates (Thermo Fisher Scientific, Waltham, MA, USA) containing growth medium. After 5 d, the spheres
were photographed using a phase-contrast microscope (Eclipse TS-100, Nikon, Tokyo, Japan). The spheres were
aspirated using micropipettes and used in further experiments (Supplementary Figure S1). Genomic DNA was
extracted from CRAC cells using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Short tandem repeats were analyzed using the GenePrint 10 System (Promega,
Madison, W1, USA) at BEX Co., Ltd. in accordance with the manufacturer’s instructions, and all CRAC cell lines
were confirmed to be correctly genotyped and contamination-free (Supplementary figure S7).

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR)

Total RNA was isolated from cells using a NucleoSpin RNA Kit (Macherey-Nagel GmbH & Co. KG, Diiren,
Germany) and subsequently reverse-transcribed using the SuperScript™ IV VILO™ Master Mix (Thermo Fisher
Scientific). qRT-PCR was performed using the PowerTrack™ SYBR Green Master Mix (Thermo Fisher Scientific)
and the QuantStudio 3 real time PCR system (Thermo Fisher Scientific). The F-primer for E-cadherin is (5'-GCC-
TCC-TGA-AAA-GAG-AGT-GGA-AG-3'), R-primer is (5-TGG-CAG-TGT-CTC-TCC-AAA-TCC-G-3");
F-primer for vimentin is (5'-AGG-CAA-AGC-AGG-AGT-CCA-CTG-A-3'), R-primer is (5'-ATC-TGG-CGT-
TCC-AGG-GAC-TCA-T-3'); F-primer for GAPDH is (5'-GTC-TCC-TCT-GAC-TTC-AAC-AGC-G-3'),
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R-primer is (5'-ACC-ACC-CTG-TTG-CTG-TAG-CCA-A-3"). GAPDH was used as the internal control. The
threshold crossing value was noted for each transcript and normalized to that of the internal control. The relative
quantification of each mRNA was performed using the comparative Ct method. Gene expression measurements
were performed in triplicate.

Cell blocks for adherent cells and spheres

To prepare cell blocks, adherent cells were collected after trypsin treatment, centrifuged at 1,500 rpm for 5 min,
and fixed in 10% neutral-buffered formalin for 3 h. The spheres were collected under a microscope using a
micropipette and fixed in 10% neutral-buffered formalin for 3 h. Formalin was removed using a micropipette,
and the spheres were dehydrated in graded ethanol and embedded in paraffin.

SEM analysis

SEM analysis was performed using previously reported methods*. CRAC spheres were fixed overnight with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4 °C. The glutaraldehyde solution was then removed and
the cells were washed with phosphate-buffered saline (PBS). The CRAC spheres were postfixed with 1% OsO,
for 30 min. After complete dehydration in a graded ethanol series, the samples were suspended in 100% ethanol,
air-dried, and coated with a platinum layer using an MSP-1 S sputter coater (Shinku Device, Ibaraki, Japan). The
CRAC spheres were examined and photographed using a Phenom Pro desktop scanning electron microscope
with reflected electrons for spheres or secondary electrons for cells attached to culture plates (Thermo Fisher
Scientific, Waltham, MA, USA).

Immunocytochemical analysis

For sphere formation in 3D culture, CRAC cells in the growth medium were plated at 3.0 x 10* cells/well in 96-
well ultra-low attachment plates (Cat. no. 174925, Thermo Fisher Scientific). The spheres were aspirated after 7 d
using micropipettes and used for immunocytochemistry. Cell blocks were prepared as previously reported!$1-3
with minor modifications. Briefly, CRAC spheres were fixed in formalin for 3 h at room temperature. Formalin
was removed using a micropipette and the spheres were dehydrated in graded ethanol and embedded in paraffin.
Subsequently, serial sections of the cell blocks (3 um thickness) were stained using the Histofine Simple Stain
Kit (Nichirei Biosciences Inc., Tokyo, Japan). Antigen retrieval was performed using retrieved antigen solutions.
The following primary antibodies were used for the immunocytochemical staining: mouse monoclonal anti-E-
cadherin (M106; Takara Bio, Shiga, Japan), mouse monoclonal anti-vimentin (422101; Nichirei), and mouse
monoclonal anti-Ki-67 antibodies (M1240) from Dako). The sections were then treated with 0.3% H,O, in
water at room temperature for 5 min to block endogenous peroxidase activity. Reactions with each antigen were
visualized by the addition of 3,3-diaminobenzidine tetrahydrochloride and counterstaining with hematoxylin.
Negative controls were generated by omitting the primary antibodies. Images were captured using a Matra 2
multispectral microscope (PhenoIlmager Mantra2; AKOYA Biosciences, Marlborough, MA, United States) in 10
random fields at 200 x magnification. The number of Ki-67 positive cells was measured using the measurement
function of inForm software (AKOYA Biosciences). For H-score measurement, images were captured using a
Matra 2 multispectral microscope. Photographs were then analyzed using inForm 2.4.2 software. The intensity
was divided into four categories: negative, weakly positive, positive, and strongly positive, with scores of 0, 1, 2,
and 3, respectively. The H-score was calculated by multiplying the percentage of cells exhibiting each intensity.
In 2D culture, > 4000 cells were measured in 4 fields of view, and in 3D culture, > 1500 sphere-forming cells were
measured in 4 fields of view.

Western blot analysis

CRAC cells cultured in both 2D and 3D conditions were lysed in radio-immunoprecipitation assay (RIPA) buffer
supplemented with complete mini protease inhibitor cocktail (Roche Diagnostics K. K., Mannheim, Germany).
Equal amounts of proteins (30 ug) were loaded on 12% TGX gel (Hercules, CA, BioRad), separated by SDS-
PAGE, and transferred to a PVDF membrane. The membranes were blocked with Intercept TBS Blocking Buffer
(LI-COR Environmental, Lincoln, NE) and incubated with anti-human E-cad (HECD-1) mouse monoclonal
antibody (1:500, M106, TaKaRa) or anit-vimentin (V9) mouse monoclonal antibody (1:500, MA5-11883,
Thermo) overnight at 4 °C. For the loading control antibody, goat anti $8-actin antibody (abcam, ab8229) was
used. Membranes were washed with TBS (0.05% Tween-20) and incubated with respective secondary antibodies
(1:8,000) for 1 h at RT. Bands were visualized with ChemiDoc MP imaging system (BioRad).

TEM analysis

TEM images were acquired as previously reported®. Spheres from CRAC cells were fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), post-fixed for 1 h with 2% OsO, dissolved in distilled water,
dehydrated in a graded series of ethanol solutions, and embedded in Epon. Ultrathin sections were prepared and
stained with uranyl acetate and lead citrate for observation under a transmission electron microscope (H-7500;
Hitachi High Technologies).

Statistical analysis

Results are presented as mean +standard deviation (SD). Data were analyzed using Easy R (EZR; Saitama
Medical Center, Jichi Medical University, Saitama, Japan), a GUI for R (R Foundation for Statistical Computing,
Vienna, Austria) that adds functions frequently used in biostatistics. Continuous variables were analyzed using
Student’s t-test. Statistical significance was set at p <0.05.
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