
Abstract. Background/Aim: Cancer stem cells (CSCs) are
considered to be one of the causes of tumor recurrence after
chemotherapy. The purpose of our study was to isolate CSCs
from human colorectal cancer cell (CRC) lines. Materials
and Methods: Nine CRC lines were screened based on the
expression level of potential CSC markers to identify putative
CSCs. Tumor formation capacity in immunodeficient mice
was compared with that of their counterparts. Stemness,
differentiation potency and sensitivity to 5-fluorouracil (5-
FU), in vitro, were also assessed. Microarray analysis was
used to characterize the features of the putative CSCs.
Results: COLO 201 cells were separated into two
populations based on CD44 expression. CD44 positive
(CD44+) cells showed significantly higher tumor formation
capacity than CD44− cells in immunodeficient mice. CD44+
cells also possessed stemness properties and lower sensitivity
to 5-FU in vitro. Moreover, cancer stemness and
chemoresistance-related genes were highly up-regulated in
CD44+ cells. Conclusion: CD44+ COLO 201 cells possessed
the features of CSCs; therefore, the present CSC model could
serve as a valuable tool to accelerate CSC research.

Colorectal cancer (CRC) is one of the most commonly
diagnosed cancers worldwide. CRC remains the second
leading cause of cancer-related deaths in the world, and
tumor recurrence after chemotherapy is a serious concern
(1). Increasing evidence indicates the existence of a
subpopulation of tumor cells, termed cancer stem cells
(CSCs), which have the ability of self-renewal and

differentiation, and seem to be responsible for initiating and
sustaining tumors (2). They are reported to be more resistant
to chemotherapy, radiotherapy and immunotherapy than non-
CSCs (3, 4). Therefore, CSCs may be a cause of recurrence
following tumor regression after such treatments (5). 

Researchers have isolated CSCs by exploring multiple cell
surface markers in a variety of tumors (6). Regarding CRC,
CSCs have been identified in primary tumors by their
expression of CD44 (7), CD133 (8), CD166 (7) or LGR5 (9).
Although functional molecules and pathways have been
identified to isolate them using these cell surface markers,
therapeutic approaches toward targeting them have not yet
been successful (10). In clinical settings, it is difficult to
stably obtain sufficient primary CSCs and to maintain them,
as there are differences in the expression of CSC markers
and the presence of these cells among patients (11).
Therefore, the identification of CSCs in cancer cell lines
could provide a useful tool for the development of therapies
that target CSCs. 

In this study, we investigated cancer stemness properties
using validated cell lines newly purchased from the
American Type Culture Collection (ATCC) because different
methods for passaging cell lines in different laboratories
could lead to changes in cell characteristics. We found that
COLO 201 cells could be separated into two populations
based on CD44 expression, and CD44+ cells were found to
possess the features of CSCs. These results suggest that the
development of a therapeutic approach targeting CD44+
COLO 201 cells might contribute to effective treatment
against CSCs in clinical situations.

Materials and Methods
Cell cultures and reagents. Human colon carcinoma cell lines (NCI-
H747, SW48, WiDr, LS180, LS411N, HT-29, COLO 201, COLO
320DM, HCT15) were purchased from the American Type Culture
Collection (Manassas, VA, USA) and used within 10 passages. Cell
lines were maintained in DMEM (Wako, Osaka, Japan) supplemented
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with 10% fetal bovine serum (Hyclone, Logan, UT, USA), 100
units/ml penicillin, 100 μg/ml streptomycin and 25 μg/ml amphotericin
B (GIBCO, Thermo Fisher Scientific, Waltham, MA, USA). To assess
the effect of sphere culture, cells were cultured in Knockout
DMEM/F-12 (Thermo Fisher Scientific) with B27 without Vitamin A
(Thermo Fisher Scientific), 20 ng/ml EGF (Peprotech, Rocky Hill, NJ,
USA), 20 ng/ml bFGF (Peprotech) and 2 μg/ml heparin (STEMCELL,
Vancouver, Canada) on an ultra-low attachment plate. All cultures
were maintained at 37˚C under 5% CO2.

Flow cytometric analysis and cell sorting. Cells were incubated with
fluorescence-labeled monoclonal antibodies at 4˚C for 35 min in the
dark. The following monoclonal antibodies were used: PE- or APC-
labeled anti-CD44 (clone G44-26; BD Biosciences, San Diego,
USA), PE-labeled anti-CD133 (clone AC133; Miltenyi Biotec,
Bergisch Gladbach, Germany), PE-labeled anti-CD166 (clone 3A6;
Biolegend, San Diego, CA, USA). PE- or APC-mouse IgG2b (clone
27-35; BD Biosciences) and PE mouse IgG1 (clone IS5-21F5;
Miltenyi Biotec/clone MOPC-21; BD Biosciences) were used as
isotype controls. At least 1×104 cells were analyzed for each
experiment. Flow cytometry was performed using a MACSQuant
Analyzer 10 (Miltenyi Biotec) and cell sorting was performed using
a FACSAria™II (BD Biosciences). Self-renewal and differentiation
analyses were based on the expression of CD44. A single CD44+ or
CD44− cell sorted from COLO 201 was cultured in each well of a
96-well plate under normal conditions for 3 weeks. Cells in each
well were stained with APC-labeled anti-CD44 antibody and
analyzed by MACSQuant.

Tumorigenicity assay in vivo. Unsorted or sorted cells based on the
expression of CD44 were suspended in a 1:1 mixture of DMEM and
growth factor-reduced Matrigel matrix (BD Biosciences); a total
volume of 50 μl was injected subcutaneously into the flank of each
anesthetized recipient mouse. Tumor volume measurement was
performed two or three times a week with a digital caliper. Tumor
volumes were calculated according to the formula
(length×width2)/2. Nude mice or NOD/SCID mice were obtained
from CLEA Japan. All procedures were approved by the Animal
Care and Use Committee of Shionogi & Co., Ltd. All experiments
were performed in accordance with the Committee’s guidelines.

Immunohistochemistry. Formalin-fixed paraffin-embedded (FFPE)
sections were incubated with anti-CD44 antibody (clone 156-3C11;
Cell Signaling, Danvers, MA, USA) followed by Histofine Simple
Stain MAX PO (Nichirei, Tokyo, JAPAN). A DAB kit (VECTOR,
Burlingame, CA, USA) was used to develop the signals.
Counterstaining was performed with hematoxylin. 

Gene expression analysis. Total RNA was isolated with an RNeasy
plus mini kit (Qiagen, Hilden, NRW, Germany). RNA concentration
and quality were measured using a NanoDrop ND-1000
spectrophotometer (Nano-Drop Technologies, Wilmington, DE).
cDNA was synthesized with a High Capacity RNA-to-cDNA Kit
(Applied Biosystems, Thermo Fisher Scientific). TaqMan Gene
Expression Master Mix (Applied Biosystems) and the following
TaqMan probes (Applied Biosystems) were used for quantitative
PCR: CD44 (Hs01075864_m1), CXCR4 (Hs00607978_s1), Nanog
(Hs02387400_g1), ALDH1A1 (Hs00946916_m1), ALDH3A1
(Hs00964880_m1) and WNT5A (Hs00998537_m1), while ACTB
(Hs99999903_m1) was used as reference gene. Real-time PCR

reactions were conducted with a QuantStudio 3 Real Time PCR
System or ABI PRISM 7000 Sequence Detection System (Applied
Biosystems). For microarray analysis, SurePrint G3 Human GE
microarray 8x60K Ver. 3.0 (Agilent Technologies, Santa Clara, CA,
USA) was used.

Chemosensitivity analysis. COLO 201 cells (6×103 cells/well) were
exposed to titrated concentrations of 5-FU in 96-well plates. After
4 days, the percentages of viable cells were determined by WST-8
assay (Kishida Chemical, Osaka, Japan) according to the
manufacturer’s instructions. For apoptosis detection, COLO 201
cells (8×104 cells/well) were cultured on a 24-well plate in the
presence of a different concentrations (0.2 μM, 2 μM, and 20 μM)
of 5-FU. After 4 days, the cells were stained with PE-labeled anti-
CD44 antibody and examined with an AnnexinV Apoptosis
Detection Kit APC (eBioscience, Thermo Fisher Scientific)
according to the manufacturer’s instructions. 

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 8 software (GraphPad Software, Inc). Results are
presented as mean±SD of three independent experiments. The
significance of differences among groups was determined by the
Student’s t-test. Statistical significance was considered as p<0.05.
The results are marked as *p<0.05, **p<0.01 and ***p<0.001.

Results

Three cell lines had two populations differing in the
expression of potential CSC markers. In order to identify
CRC cell lines that include putative CSCs and other cells, we
searched for previously reported CSC markers for human
CRC (CD44, CD133 and CD166) on the cell surface in those
cell lines. These markers were heterogeneously expressed
among the different cell lines (Figure 1). CD44 was expressed
on all NCI-H747, SW48, WiDr, LS 180, LS411N and HT-29
cells, but only on a restricted population of the COLO 201,
COLO 320DM and HCT-15 cell lines. CD44+ cells accounted
for 33.8%, 88.5% and 27.7%, respectively, of COLO 201,
COLO 320DM and HCT-15. CD133 was expressed by most
WiDr, SW48, LS411N, HT-29, and COLO 201 cells, but not
by the NCI-H747, COLO 320DM, and HCT-15 cell lines.
CD166 was expressed by most cells in all cell lines. We
decided to focus on three CRC cell lines, HCT-15, COLO
320DM and COLO 201, to identify putative CSCs.

CD44+ COLO 201 cells showed higher tumor formation
capacity than their counterparts in immunodeficient mice.
We evaluated the tumorigenic capacity of putative CSC
populations in immunodeficient mice. CD44+ COLO 201 led
to increased tumor development than CD44− COLO 201
(p<0.001), but there were no differences between CD44+
cells and CD44− cells in HCT-15 and COLO 320DM cell
lines (Figure 2). To further assess the tumorigenic capacity
of CD44+ COLO 201 cells, CD44+ and CD44− cells were
injected into NOD/SCID mice with monitoring until 49 days
post injection. A total of 3×103 of CD44+ cells formed
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Figure 1. Three colorectal cancer cell (CRC) lines had a CD44+ population. Nine CRC cell lines were analyzed for cell surface expression of CD44,
CD133, and CD166 using flow cytometry. Red histograms represent the isotype control-stained cells and blue histograms represent the antibody-
stained cells.



tumors with the probability of three out of ten, whereas
CD44− cells did not form tumors even at 3×104 cells (Figure
2B). Thus, we chose COLO 201 as a CSC model and
evaluated their CSC properties.

CD44+ COLO 201 cells were found to possess stemness
properties. A sphere culture system is commonly used to
identify stemness of normal and cancer cells (12). When
parental COLO 201 cells were cultured in a sphere culture
medium for 2 weeks, they became highly enriched with CD44+
cells (23.5% to 83.1%) (Figure 3A). Nanog has been reported
as the key transcription factor that regulates both self-renewal
and pluripotency of cancer cells (13). Nanog expression after
sphere culture was also significantly higher (p<0.001) than that
in normal culture (Figure 3B). These results suggested that
CD44+ cells possess stemness properties. Next, to compare the
self-renewal and differentiation potency of the CD44+ and
CD44− cells, sorted single CD44+ and CD44− cells were plated
in normal growth media in each well of a 96-well plate for 3
weeks. CD44− cells only generated CD44+ cells in three out of
nine wells, but CD44+ cells generated CD44− and CD44+ cells
in all nine wells (Figure 3C). Moreover, tumors formed from
CD44+ cells included both CD44+ and CD44− cells (Figure
3D). This finding clearly indicated that CD44+ cells have the
potential for self-renewal and differentiation. 

CD44+ COLO 201 cells displayed chemoresistance to 5-FU
treatment. COLO 201 cells were exposed to 5-FU to define the
dose-response curve (Figure 4A) Next, the proportion of
CD44+ and CD44− cells was analyzed after 4 days exposure to
different concentrations of 5-FU. The CD44+ population
significantly increased in a concentration-dependent manner
(Figure 4B). In order to compare the sensitivities of CD44+ and
CD44− cells to 5-FU, sorted cells were cultured in the presence
of 200 nM of 5-FU for 4 days. The apoptotic and/or necrotic
proportions of CD44+ cells were significantly lower (p<0.01)
than those of CD44− cells (Figure 4C). These results indicated
that the CD44+ population was resistant to 5-FU treatment.

Cancer stemness-related genes were up-regulated in CD44+
COLO 201 cells. To further clarify the CSC-like properties of
CD44+ COLO 201 cells, we performed DNA microarray
analysis for systematic gene expression profiling of CD44+ and
CD44− cells. Based on the criteria of a fold change of ≥2 and a
p-value (t-test) of <0.05, 407 genes were extracted as
differentially expressed, including 191 up-regulated and 216
down-regulated genes (Figure 5A). The expression levels of
genes related to cancer stemness and chemoresistance, such as
CXCR4, ALDH1A1, ALDH3A1 and WNT5A, were high in
CD44+ cells; these genes were further verified using quantitative
real-time PCR (Figure 5B). These data demonstrated that CD44+
COLO 201 cells possess many CSC features and could be used
as a model to accelerate CSC research. 
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Figure 2. CD44+ COLO 201 cells displayed higher tumor formation
capacity in immunodeficient mice than CD44− COLO 201 cells. We
evaluated the tumor formation capacities of CD44+ and CD44− cells
in three CRC lines. HCT15, COLO 320DM, and COLO 201 were
injected at 2×104, 3×104 and 5×104 into nude mice, respectively. Data
are presented as mean±SD (A). Tumor incidence of CD44+ and CD44−
COLO 201 cells. The cell numbers indicated in the figure were injected
into NOD/SCID mice with monitoring for 49 days post injection. Data
represent the number of tumors formed/number of injections (B).
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Figure 3. CD44+ COLO 201 cells possessed more stemness properties. Parental COLO 201 cells were cultured in sphere-forming medium for 2 weeks
and then analyzed using flow cytometry (A) and quantitative real-time PCR (B). The percentage of CD44+ cells in each well was analyzed using flow
cytometry. Representative data are shown. Graphs represent the mean±SD of three independent experiments (C). Histopathology (hematoxylin &
eosin staining) and CD44 expression of tumor tissues in nude mice. Tumor tissues were obtained 21 days after injection of CD44+ cells (D). 



Discussion

Our data show that COLO 201 cells can be separated into
two populations based on CD44 expression. COLO 201 cells
in this study consisted of 10-35% CD44+ cells, while in

literature COLO 201 cells have been reported to only include
0.5% CD44+ cells (14). Our cells were purchased from
ATCC and were certificated as COLO 201 cell line after the
investigation of a profile of short tandem repeats. CD44
protein is reported to be controlled at multiple steps,
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Figure 4. CD44+ COLO 201 cells displayed chemoresistance to 5-FU treatment. The dose response curve of 5-FU in COLO 201. Cells were cultured
with titrated doses of 5-FU for 4 days, and the number of live cells was obtained by the WST-8 cell viability assay (A). COLO 201 cells were
cultured with the indicated doses of 5-FU for 4 days and, the percentage of CD44+ cells was analyzed using flow cytometry (B). CD44+ or CD44−
cells sorted from COLO 201 were cultured with 200 nM 5-FU for 4 days. Cells stained with AnnexinV and DAPI were measured using flow cytometry
(C). Each bar represents mean±SD of three independent experiments.



including transcriptional regulation, alternative splicing, and
posttranslational modifications (15). It has been reported that cell
passaging and cell culture conditions affect the gene expression
and the differentiation status of cells (16). In the previous study
(14), nutrient-rich culture condition was applied, which was not
the case in the present one; thus, this fact could explain the
different CD44+ cell ratio between the two different studies.

When the sorted CD44+ or CD44− COLO 201 cells were
transplanted into mice, CD44+ cells induced larger tumor
volume and a greater tumor formation capacity in vivo
compared to CD44− cells (Figure 2A, B). These results
suggested that CD44+ COLO 201 cells might have CSC
properties. Then, we confirmed that parental COLO 201 cells
became highly enriched with CD44+ cells in sphere culture,
and the expression level of Nanog was up-regulated compared
to cells in normal culture (Figure 3A, B). Moreover, CD44+
cells, which could also generate CD44− cells, possessed higher
differentiation potency in vivo and in vitro (Figure 3C, D). In
addition, CD44+ cells displayed higher resistance to 5-FU
treatment compared to CD44− cells (Figure 4). Therefore,
these results indicate that CD44+ cells found in COLO 201
have high tumorigenic potential, stem cell marker expression,
differentiation potency and chemoresistance, features that
characterize primary CSCs in CRC (17).

This study revealed that CD44 could be a reliable CSC
marker in CRCs, while it has been reported that combining
multiple markers with CD44 enables identification of a more

specific CSC population (6). However, CD44+ cells were not
separated into subpopulations based on previously reported
CSC surface markers (CD133, CD166) expressed by CRCs
(Figure 1). Microarray analysis identified that CXCR4,
ALDH1A1, ALDH3A1 and WNT5A genes, which have been
reported as contributing to cancer stemness and
chemoresistance (18-21), were up-regulated in CD44+ cells.
Therefore, combining these molecules as markers with CD44
could identify CSC population more specifically.

The CSC model reported here shows a clear difference in
tumorigenicity compared to other previously reported cell lines
(22, 23); moreover, CD44+ COLO 201 cells possess many CSC
features. Therefore, our results suggest that the present CSC
model could be a valuable tool to accelerate CSC research.
Since significant differences in gene expression between CD44+
and CD44− cells were only noted for 407 genes (Figure 5A),
further research may reveal novel targets against CSCs.

Conflicts of Interest
The Authors confirm that there are no conflicts of interest in regard
to this study.

Authors’ Contributions
Study concept and design: H. Okuyama, W. Nogami, Y. Sato; Animal
study: H. Okuyama, W. Nogami, H. Yoshida; Experiments: H.
Okuyama, W. Nogami, Y. Sato; Analysis and interpretation of data: H.

Okuyama et al: CD44-positive COLO 201 Cells as a New CSCs Model 

175

Figure 5. Cancer stemness and chemoresistance-related genes were up-regulated in CD44+ COLO 201 cells. Microarrays were used to analyze
comprehensive gene expression in CD44+ and CD44− sorted cells from COLO 201 cells. The gene plot shows 191 up-regulated genes and 206
down-regulated genes in CD44+ COLO 201 cells. The data obtained from three independent experiments (A). The expressions of the mRNAs
encoding CXCR4, ALDH1A1, ALDH3A1 and WNT5A were analyzed in CD44+ and CD44− COLO 201 cells using quantitative real-time PCR (B).
Graphs represent the mean±SD of three independent experiments.
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