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Epithelial-mesenchymal transition and metastatic ability of
CD133" colorectal cancer stem-like cells under hypoxia
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Abstract. Although CD133 is a representative cancer stem
cell marker, its function in tumor aggressiveness under
hypoxia remains unclear. Therefore, the present study
aimed to investigate the associations between CDI133, the
epithelial-mesenchymal transition and distant metastasis in
colorectal cancer. CD133* and CD133" cells were isolated from
a single colorectal cancer cell line LoVo, and their adhesive
and migratory properties were compared under hypoxic condi-
tions. Immunostaining analysis was performed to determine
CD133 expression in clinical samples of primary tumors, as
well as liver and peritoneal metastases. Under hypoxia, the
expression levels of hypoxia-inducible factor (HIF)-1a and the
epithelial-mesenchymal transition markers N-cadherin and
vimentin were significantly higher in the CD133* compared
with those in the CD133" cells. Furthermore, the migratory
ability of the CD133* cells was higher compared with that of
the CDI133" cells under hypoxia. By contrast, the expression
levels of 1 integrin were significantly lower in the CD133*
cells under hypoxia compared with those in the CD133" cells.
Immunohistochemical analysis of clinical samples revealed
that the levels of CD133 expression in metastatic tissues from
the liver were significantly higher compared with those in the
corresponding primary tumors, whereas CD133 expression
levels in peritoneal metastatic tissues were significantly lower
compared with those in the corresponding primary tumors.
In conclusion, compared with the CD133" cells, the CD133*
colorectal cancer cells exhibited enhanced levels of HIF-1a
expression and tumor cell migration during hypoxia. This was
associated with an increased ability of epithelial-mesenchymal
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transition, possibly leading to the acquisition of an increased
hematogenous metastatic potential and eventually resulting
in liver metastasis. High 1 integrin expression levels in the
CD133 cells under hypoxia may serve a key role in cell adhe-
sion to the peritoneum, resulting in peritoneal metastasis.

Introduction

The cancer stem cell (CSC) hypothesis states that cancer origi-
nates from a small fraction of cancer cells termed CSCs that
exhibit the abilities of self-renewal and pluripotency (1). Based
on studies of leukemia initiation, the CSC hypothesis has been
used to explain the development of a variety of solid tumors,
such as lung and brain tumors (2-4). CSCs are often identi-
fied by cell surface markers, such as CD44 and CD24 (5,6);
however, the role of these markers remains poorly understood.
CD133, a cell surface marker, is a five-transmembrane domain
glycoprotein present in lipid rafts, the cholesterol-rich domains
on cell membranes (7). Although the precise functions of
CD133 remain unclear, it has been identified as a candidate
marker for CSCs in various types of solid tumors, including
colorectal cancer (CRC) (8-10).

The metastatic routes of cancer include hematogenous,
lymphatic and disseminated metastasis (11). These routes are
important metastatic pathways in CRC, and the liver and lungs
exhibit high frequencies of hematogenous metastasis (12). In
Japan, ~17% of all colorectal cancer cases present with distant
metastasis; 55.8% of them are liver metastases, 12.2% are
lung metastases, and 22.9% are peritoneal dissemination (13).
Hypoxia is a significant factor that contributes to the metastatic
progression of cancer (14). A number of solid tumors often
develop hypoxia due to insufficient blood flow during tumor
growth, which leads to hematogenous metastasis as cancer
cells form new vascular networks to survive and attempt to
escape the unfavorable environment (15). Hypoxia-inducible
factor (HIF)-1a is a key molecule induced under hypoxic
conditions to fulfill this function (16). HIF-1 is a central
transcription factor that enhances the transcription of various
genes under hypoxic conditions and induces angiogenesis, cell
proliferation, survival and migration, thus promoting cancer
invasion and metastasis (17).
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The epithelial-mesenchymal transition (EMT) is a normal
physiological process during which epithelial cells lose their
polarity and cell-cell adhesion, gain migratory and invasive
properties, and transform into mesenchymal cells (18). The
EMT is essential during organ formation and tissue growth;
in cancer cells, this process enables them to invade the
surrounding tissues and metastasize to distant sites, resulting
in hematogenous metastasis (19). HIF-1a enhances the EMT
in cancer cells (14), and hypoxia triggers the EMT in CRC
cells (20).

Disseminated metastasis is a type of metastasis that
occurs when cancer cells on the primary tumor surface
detach from the tumor and adhere to other serosal surfaces
such as the peritoneum; cell adhesion molecules are involved
in disseminated metastasis (21). The integrin family of cell
adhesion molecules comprises transmembrane receptors that
facilitate cell-extracellular matrix attachment (22). Integrins
have o and (3 subunits and serve an important role in cancer
cell attachment to the peritoneum to induce peritoneal
dissemination (21). In an animal model of surgical trauma,
blocking B1 integrin reduced the number of tumor cells that
attached to the peritoneum and subsequently impaired tumor
outgrowth (23). This suggests an important role for 1 integrin
in the adherence and proliferation of tumor cells in the peri-
toneum.

Our previous study demonstrated that the proliferative
capacity of CD133* cells was higher compared with that of
CD133" cells, whereas resistance to chemotherapy in CD133"
cells was higher compared with that of CD133* cells in
CRC (24). In addition, patients with CRC with liver metastasis
without CD133 expression exhibited a significantly shorter
overall and disease-free survival time (25). Thus, CD133 is
not only an important CSC marker, but also serves an impor-
tant role in cell proliferation and metastasis. Compared with
CD133" pancreatic cancer cells, CD133* pancreatic cancer
cells are more likely to induce the EMT in a hypoxic environ-
ment (26,27). In addition, CD133 overexpression enhances
the expression of HIF-1a in head and neck squamous cell
carcinoma (28), suggesting that CSCs may promote the EMT.
However, the separation of a cancer cell line into CD133* and
CD133 cells, and a direct comparison of their EMT-associated
abilities to investigate the involvement of CSCs in this process
has not yet been reported. Therefore, the present study isolated
CD133* and CD133 cell populations from a single CRC cell
line LoVo and examined their EMT-associated abilities under
hypoxia.

A previous study on the association between CDI133
and peritoneal dissemination revealed that CD133* cells
of an ovarian cancer cell line were more likely to adhere to
peritoneal mesothelial cells and cause peritoneal dissemina-
tion compared with CD133" cells (29). By contrast, CD133
has been demonstrated to not be associated with peritoneal
dissemination in CRC (30), and the role of CD133 in peritoneal
dissemination remains unclear. Our previous study reported
that the expression levels of 1 integrin in CD133" cells were
higher compared with those in CD133* cells (24). Our other
previous study analyzed the association between CD133
expression and postoperative recurrence of CRC in patients
with peritoneal metastasis and reported that the recurrence
rate in the CD133" group was higher compared with that in

the CD133* group (31). Therefore, we hypothesized that
CD133* cells may be important for distant metastasis due to
the involvement of the EMT, whereas CD133" cells may be
important for peritoneal metastasis due to the involvement of
B1 integrin.

Materials and methods

Cell culture and reagents. The human CRC cell line LoVo
(Japanese Cancer Research Resource Bank) was cultured in
RPMI-1640 medium (Sigma-Aldrich; Merck KGaA) supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) and a 1% antibiotic/antimycotic solution
(Gibco; Thermo Fisher Scientific, Inc.) in a 5% CO, incubator
at 37°C (normoxia). For hypoxia, the cells were cultured in
1% O,, 5% CO, and 94% N, at 37°C in a humidified atmo-
sphere using a multi-gas incubator (Juji Field, Inc.).

Patients and tissue samples. Primary and metastatic tumor
tissue samples were collected from 88 consecutive patients
with CRC and synchronous liver metastasis between 1998
and 2010, and from 58 consecutive patients with CRC and
synchronous peritoneal metastasis between 1997 and 2017.
These patients underwent complete resection of the primary
and metastasized tumors at the University of Tokyo Hospital
(Tokyo, Japan). None of the patients underwent preoperative
chemo- and/or radiotherapy. The study was approved by
the Ethics Committee of The University of Tokyo [approval
no. 3252-(8)], and written informed consent was obtained from
all participants.

Cell isolation by magnetic cell sorting. CD133* and CD133"
cells were isolated from a single CRC cell line as previously
described (24). Briefly, LoVo cells (5x107 cells in 500 pl)
were labeled with a biotin-conjugated anti-human CD133
monoclonal antibody (CD133/1-Biotin; dilution, 1:20; cat.
no. 130-091-895; Miltenyi Biotec), washed twice with an isola-
tion buffer and incubated with a microbead-conjugated biotin
monoclonal antibody (dilution, 1:10; cat. no. 130-091-895;
Miltenyi Biotec). The cells were isolated using a magnetic-acti-
vated cell sorting system (Miltenyi Biotec) according to the
manufacturer's instructions. Magnetically labeled cells were
passed through a LS column with a magnetic field. Labeled
cells were isolated as the CD133* population via positive selec-
tion, and unlabeled cells were isolated as the CD133 population
via negative selection. Purity of the CD133* and CD133" cells
was confirmed by flow cytometry as described below.

Flow cytometric analysis. HIF-1a and vimentin expression was
assessed by flow cytometry as previously described (32) with
minor modifications. Briefly, isolated cells were harvested,
fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 30 min at 4°C, permeabilized with 0.1% Tween-20 in
PBS for 10 min at 4°C and stained using anti-HIF-1a (dilution,
1:50; cat. no. IC1935P; R&D Systems, Inc.) or anti-vimentin
(dilution, 1:100; cat. no. 562337; BD Pharmingen) phycoery-
thrin-conjugated antibodies for 30 min at 4°C. Cell surface
E-cadherin (dilution, 1:100; cat. no. 562870), N-cadherin (dilu-
tion, 1:100; cat. no. 561554) and p1 integrin (dilution, 1:25; cat.
no. 561795) (all from BD Pharmingen) expression levels were
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Figure 1. Purity of CD133" and CD133* cells. LoVo cells were separated
into CD133" and CD133* cell subpopulations using magnetic-activated cell
sorting.

assessed by incubating the cells with the antibodies for 30 min
at 4°C and analyzing them using a BD FACScalibur flow
cytometer (BD Biosciences) as previously described (20). The
data were analyzed using Cell Quest software (version 3.0,
BD Biosciences) and are presented as the mean fluorescence
intensity.

Immunofluorescence analysis. LoVo cells (8x10° cells in
500 ul/well) were plated in 24-well plates for 24 h prior to
incubation under hypoxic conditions. Then, the cells were
fixed with 4% paraformaldehyde and permeabilized with
1% Triton X-100 in PBS for 10 min at 20-25°C, followed by
incubation with 3% bovine serum albumin (Miltenyi Biotec)
in PBS for blocking. The cells were incubated overnight at 4°C
with a mouse polyclonal antibody against -catenin (dilution,
1:500; cat. no. 610154; BD Pharmingen), washed and incubated
with an Alexa Fluor 488-conjugated anti-mouse secondary
antibody (dilution, 1:500; cat. no. 1907294, Thermo Fisher
Scientific, Inc.) for 1 h at 20-25°C. Cell nuclei were stained
using 4',6-diamidino-2-phenylindole (Vector Laboratories,
Inc.). Images were observed and acquired using a BZ-8100
confocal laser microscope (Keyence Corporation) at x400
magnification in 10 fields per sample.

Migration assay. The chemokinetic activity of cells was
evaluated using a modified Boyden chamber assay as previ-
ously described (20,33). Briefly, a polycarbonate filter with
a collagen type I coating and 8-ym pores (Ieda Trading
Corporation) was placed on a 96-well plate (Ieda Trading
Corporation) containing RPMI-1640 medium supplemented
with 5% fetal bovine serum loaded in the lower chamber.
The cell suspension was prepared in RPMI-1640 medium
containing 0.1% bovine serum albumin. LoVo cells
(5x10° cells in 200 pl/well) were loaded into the upper
chamber. Prior to the assay, the cells were precultured in
either hypoxic or normoxic conditions for 24 h. Two cham-
bers were prepared, and cells preincubated under hypoxia
were incubated for another 12 h under hypoxia, whereas
those preincubated in normoxia were incubated for another
12 h under normoxia. Subsequently, the filters were fixed
with 99% methanol and stained using a Diff-Quick staining
kit (Sysmex Corporation). The upper side of the filter was
scraped with a polyethylene blade to eliminate non-migra-

tory cells. The number of cells that migrated to the lower
side of the filter was measured by recording the staining
intensity using a 96-well microplate reader at 595 nm, which
was defined as the migration index.

Immunohistochemistry analysis. For analysis of CD133 expres-
sion, consecutive 3-ym formalin-fixed paraffin-embedded
sections were stained immunohistochemically as previ-
ously described (25,31). Following incubation with a mouse
monoclonal anti-CD133 antibody (dilution, 1:100; cat.
no. 130-090-422; Miltenyi Biotec), the Histofine SAB-PO (M)
kit (Nichirei Corporation) was used to prevent non-specific
binding, secondary antibody treatment and signal amplifica-
tion. For chromogen development, the slides were incubated in
2% 3,3'-diaminobenzidine tetrahydrochloride and 50 mM Tris
buffer (pH 7.6) containing 0.03% hydrogen peroxide. Meyer's
hematoxylin (Sigma-Aldrich; Merck KGaA) was used 30 sec
for counterstaining at 35-40°C.

A total of 1,000 tumor cells were counted manually using
Imagel] software (National Institutes of Health, Bethesda, MD,
USA). Positive CD133 expression was defined as the presence
of CD133 staining in >5% cancer cells of the primary tumor
samples (25,31). All images were evaluated independently at
x400 magnification by two investigators who were blinded to
the clinical details of the specimens.

Statistical analyses. Data are presented as the mean + SD.
For the in vitro experiments, HIF-1a. and EMT-related marker
expression levels were compared using the unpaired two-tailed
Student's t-test. Statistical significance of migratory differ-
ences among multiple groups was determined using two-way
ANOVA followed by Tukey's post hoc test. For the clinical
study, associations between patient characteristics and CD133
expression were determined using the %* or Fisher's exact test.
Statistical analyses of tissue samples were performed using
the paired Student's t-test. All analyses were performed using
JMP Pro 14.0 software (SAS Institute). P<0.05 was considered
to indicate a statistically significant difference.

Results

HIF-1a levels and EMT markers in CDI133* and CDI33"
cells under hypoxia. First, the present study investigated
whether the CD133* CRC cells exhibited enhanced HIF-1a
and EMT-related marker expression under hypoxia.
Magnetic-activated cell sorting was used to obtain the CD133*
and CDI133" LoVo cell subpopulations with purities of 94.1%
(Fig. 1). Flow cytometry analysis results demonstrated that
the cell surface expression levels of HIF-1a appeared to be
upregulated in the CD133* and CD133" cells after 48-h expo-
sure to hypoxia, and that the expression levels of HIF-1a in the
CD133" cells were significantly higher compared with those in
the CD133" cells (Fig. 2A).

The expression levels of the EMT markers E-cadherin,
N-cadherin and vimentin were next evaluated in the CD133*
and CD133" cells under hypoxia. The cell surface levels of
E-cadherin expression appeared to be decreased, whereas the
levels of N-cadherin and vimentin appeared to be increased in
the CD133* and CD133" cells under hypoxia compared with
those in the corresponding cells under normoxia. Furthermore,
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Figure 2. Expression of HIF-1a, epithelial-mesenchymal transition markers and 1 integrin under normoxic and hypoxic conditions in CD133"and CD133* cells.
(A-E) Flow cytometry analysis results of the expression of (A) HIF-1a, (B) E-cadherin, (C) N-cadherin, (D) vimentin and (E) 1 integrin. Data are presented

as the mean + SD. “P<0.01. HIF-1a, hypoxia-inducible factor 1a; MFI, mean fluorescence intensity.
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Figure 3. Effects of hypoxia on the migratory ability of CDI133" and
CD133* cells. CD133 and CD133" cells were pre-incubated under hypoxic or
normoxic conditions. The cell migratory ability was analyzed following 12-h
incubation under hypoxic or normoxic conditions using the Boyden chamber
assay. Data are presented as the mean = SD. "P<0.05 and “P<0.01; ns, not
significant.

under both normoxic and hypoxic conditions, the expression
levels of E-cadherin in the CD133* cells were significantly
lower compared with those in the CD133" cells (Fig. 2B),
and the expression levels of N-cadherin and vimentin in the
CD133* cells were significantly higher compared with those
in the CDI133" cells (Fig. 2C and D). Similarly, the expression
levels of Bl integrin appeared to be increased in the CD133*
and CDI133 cells under hypoxia compared with those in the
corresponding cells under normoxia. However, under both
normoxic and hypoxic conditions, the cell surface levels of
B1 integrin expression in the CD133* cells were significantly
lower compared with those in the CD133" cells (Fig. 2E). The
flow cytometry histogram plots for each protein under hypoxia
are presented in Fig. S1.

Nuclear -catenin is considered to be a marker of the
EMT (34). In the present study, p-catenin was localized in the
cytoplasm under normoxia in the CD133* and CD133 cells.

Time after reoxygenation

Figure 4. Time-course of E-cadherin expression in CD133" and CD133* cells
following reoxygenation. CD133" and CD133" cells were exposed to hypoxia
for 24 h and reoxygenated, and the relative expression levels of E-cadherin
were detected by flow cytometry. Data are presented as the mean + SD.
“P<0.05 and "P<0.01 vs. normoxia.

Nuclear translocation of (-catenin was observed only in the
CD133" cells under hypoxia (Fig. S2).

Migratory ability of the CDI133* and CDI133" cells under
hypoxia. Migration assays were performed to determine the
hypoxia-induced differences in the migratory abilities of the
CDI133* and CD133" cells. No significant differences were
observed in the migratory abilities of the CD133" cells under
normoxia and hypoxia (Fig. 3). However, the migratory ability
of the CDI133" cells under hypoxia was significantly higher
compared with those of the CD133* cells under normoxia and
the CD133" cells under hypoxia (Fig. 3).

Recovery of E-cadherin expression after reoxygenation. The
expression of E-cadherin in the CD133* and CD133" cells
subjected to reoxygenation after hypoxia was next assessed.
The flow cytometry analysis results demonstrated that
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Table I. Clinicopathological characteristics of the patients enrolled in this study.

Primary tumor with liver metastasis

Primary tumor with peritoneal metastasis

Characteristics CD133*,n (%) CDI133,n (%) P-value CD133*,n (%) CDI133,n (%) P-value
Total, n 44 40 33 25
Age, median years (range) 61 (41-81) 59 (33-79) 0.449 64 (41-80) 68 (40-88) 0.261
Sex 0.730 0.673
Male 27 (61.4) 26 (65.0) 14 (42.4) 12 (48.0)
Female 17 (38.6) 14 (35.0) 19 (57.6) 13 (52.0)
Site of primary tumor 0.368 0.847
Right 10 (22.7) 6 (15.0) 18 (54.5) 13 (52.0)
Left 34 (77.3) 34 (85.0) 15 (45.5) 12 (48.0)
Differentiation 0.084 0.037
High 20 (45.5) 14 (35.0) 14 (42.4) 6 (24.0)
Moderate 24 (54.5) 22 (55.0) 16 (48.5) 10 (40.0)
Other 0(0.0) 4(10.0) 3(12.0) 9 (36.0)
T category 0.896 0.105
T1-3 28 (63.7) 26 (65.0) 8(24.2) 2 (8.0)
T4 16 (36.3) 14 (35.0) 25 (75.8) 23 (92.0)
N category 0.641 0.308
NO 13 (29.6) 10 (25.0) 9 (27.3) 4(16.0)
N1-3 31 (70.4) 30 (75.0) 24 (72.7) 21 (84.0)
Peritoneal cancer index 0915
<10 22 (66.7) 17 (68.0)
=10 11 (33.3) 8(32.0)
T, tumor; N, node.
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Figure 5. Percentage of CD133* cells in tumor tissues from patients with colorectal cancer with synchronous liver or peritoneal metastasis. (A) CD133* cells in
the primary tumor and synchronous liver metastatic tissues. (B) CD133" cells in the primary tumor and synchronous peritoneal metastatic tissues. X represents

the mean; horizontal line represents the median. “P<0.01.

E-cadherin expression levels in the CD133" cells were reduced
to 82% of those in normoxia following 24-h hypoxia; after
reoxygenation, E-cadherin levels recovered gradually and
almost reached pre-hypoxia levels within 24 h. In the CD133*
cells, E-cadherin expression levels were reduced to 42% of
those under normoxia after 24-h hypoxia, and were restored to
the pre-hypoxia levels within 24 h (Fig. 4). The flow cytometry

histogram plots of the time course experiment are presented
in Fig. S3. These results suggested that the CD133* cells could
recover their adhesive ability as rapidly as the CD133" cells
following reoxygenation.

Expression of CDI133 in primary tumors and synchronous
liver or peritoneal metastasis. To assess the differences in
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CD133 expression in different patterns of tumor metastasis,
CD133 expression levels were determined in tumor tissues
from patients with CRC with liver or peritoneal metastasis.
Immunohistochemical staining revealed CD133 expression on
the luminal cell surface of CRC tissues (Fig. S4).

The associations between patient clinicopathological
characteristics and CD133 expression are presented in Table I.
CD133 expression exhibited no association with any clinico-
pathological factor, with the exception of histopathological
differentiation in individuals with synchronous peritoneal
metastasis.

The percentage of CDI133* cells in liver metastatic
tissues was significantly higher compared with that in the
corresponding primary tumors (Fig. 5A). By contrast, the
percentage of CD133* cells in peritoneal metastatic tissues was
significantly lower compared with that in the corresponding
primary tumors (Fig. 5B).

Discussion

A hypoxic environment is essential for cancer cells to acquire
stem cell properties, and HIF pathways contribute to the
proliferation of such CSCs (35). CD133, one of the CSC
markers, has been reported to interact with HIF-1a. For
example, Maeda et al (26) have reported that CD133 knock-
down in pancreatic cancer cells inhibits HIF-1a expression. By
contrast, under hypoxic conditions, HIF-1a expression levels
in glioma cells increase, resulting in an increased proportion
of CD133* cells (36). These results suggest that CD133 expres-
sion may be associated with that of HIF-1a, and that these two
molecules may promote each other's expression.

The present study is the first to report the separation of
a single CRC cell line into CD133* and CD133" cells and to
directly compare the expression of HIF-1a and EMT-associated
proteins in these two populations under hypoxic conditions. In
the present study, HIF-1a expression in hypoxic CD133* LoVo
cells was higher compared with that in hypoxic CD133" LoVo
cells. These results suggested that CD133 may promote HIF-1a
expression in CRC cells.

Nuclear translocation of B-catenin was observed in the
CD133* cells only under hypoxia in the present study, and
significant upregulation of the levels of EMT markers under
hypoxia was observed in the CD133* cells compared with
those in CD133" cells. Under hypoxic conditions, HIF-1a
promotes the nuclear translocation of (3-catenin by activating
the Wnt signaling pathway (37). Combining the nuclear trans-
location of B-catenin with HIF-1a activates the transcription of
HIF-1a target genes such as VEGF and erythropoietin, which
promotes the EMT (38). Therefore, the results of the present
study suggested that the promotion of $-catenin nuclear trans-
location via CD133 and hypoxia-induced HIF-1a expression
may be the intermediary steps that enhance the expression of
EMT markers in CRC cell lines.

In the present study, although increased migration was
observed in the CD133* cells under hypoxia compared with
that in the CDI133" cells, no changes in the migratory ability
were observed in the CDI133" cells. Ding er al (39) have
reported that CD133 knockdown reduces the migratory ability
of pancreatic cancer cells, and that CD133 expression contrib-
utes to the promotion of migration. Additionally, promotion

of the EMT enhances the invasive and migratory abilities of
cancer cells (40). In the present study, hypoxia appeared to
increase the expression of EMT markers in the CD133* cells
and enhance the migratory ability of these cells. Collectively,
these results suggested that the promotion of the EMT induced
the migration of CRC cells.

The EMT and the mesenchymal-epithelial transition
(MET) serve important roles in cancer metastasis; although
the EMT induces distant metastasis from primary lesions,
the MET causes cancer cells in the metastatic site to revert
to epithelial cells, re-expressing E-cadherin (40). This is
considered to result in re-establishing adhesion between the
cancer cells and the surrounding tissues (41), leading to the
formation of macrometastasis (40). Accordingly, the MET
following reoxygenation is also considered to enable cancer
cells after undergoing the EMT under hypoxia to reverse the
EMT and form colonies under normoxic conditions in distant
organs (42). However, the MET in CDI133"* cells has not yet
been reported. In the present study, although the levels of
E-cadherin expression in the CD133* cells appeared to be
downregulated by exposure to hypoxia compared with those
under normoxia, they returned to pre-hypoxia levels 24 h
after reoxygenation. Thus, the CD133* CRC cells not only
possessed high EMT ability, but may also achieve the MET
after reoxygenation. This phenomenon may enable them to
form macrometastasis at a metastatic site.

Integrins, which are cell adhesion molecules, facilitate
the attachment between cancer cells and the extracellular
matrix (22). The HIF-1 pathway is one of the signaling
pathways that regulate integrin functions under hypoxic
conditions (43). Hypoxia induces the transcription of various
integrin family molecules in a number of cancer cell lines,
including colorectal and breast cancer (44-46). Previous
studies have reported that integrin expression induces
CD133 expression and increases the ratio of CD133* cells in
colorectal and liver cancer cell lines (47,48). Thus, although
the expression of a variety of integrin family molecules
contributes to CD133 expression levels, the mechanisms
underlying the interplay between CD133 and integrins remain
unclear. Our previous study demonstrated that f1 integrin
expression levels and the adhesive ability of the CD133" LoVo
cells were higher compared with those in the CD133* LoVo
cells (24). In the present study, compared with those in the
CD133" cells, the CD133" cells exhibited higher expression
levels of B1 integrin under both normoxic and hypoxic condi-
tions. These results suggested that the adhesive ability of
the CD133" cells may be stronger compared with that of the
CD133* cells, which are considered to be CSCs.

Adhesive ability serves an important role in the peri-
toneal dissemination of cancer cells. Specifically, cancer
cells released from the primary lesion need to adhere to the
peritoneal surface to penetrate the peritoneum and form a
colony (21). Cell adhesion molecules, such as (1 integrin
and E-cadherin, assist in the adhesion of cancer cells to the
peritoneal surface and facilitate the interaction of cancer cells
with the extracellular matrix (21). Cancer cells with strong
peritoneal metastatic capability can upregulate the expression
of Bl integrin in gastric (49), ovarian (50) and pancreatic (51)
cancer. In addition, blocking 1 integrin reduces the number
of tumor cells adhering to the peritoneum ex vivo (23). In
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the present study, 1 integrin expression levels in the CD133"
cells were higher compared with those in the CD133* cells.
These results suggest that CD133" cells with high Bl integrin
expression may be involved in the occurrence of peritoneal
metastasis.

Accordingly, we hypothesized that the CD133* cells may
induce hematogenous metastasis owing to their high EMT
and MET recovery abilities, whereas CD133" cells may induce
peritoneal metastasis due to their high f1 integrin content. In
our previous study, positive CD133 expression was defined
as the presence of CD133 staining in >5% of the tumor cells,
and the results demonstrated that CD133 positivity in liver
metastasis was slightly higher compared with that in primary
lesions (25). However, the specific ratio of CD133* cells could
not be evaluated in the previous study. In the present study,
the percentages of CD133* cells in primary tumor tissues
and liver metastatic lesions were compared; the percentage
of CD133* cells in metastatic liver tissues was significantly
higher compared with that in the corresponding primary
tumors. A previous in vivo study used a mouse liver metas-
tasis model to demonstrate the high liver metastatic potential
of CD133* human lung cancer cells compared with CD133"
cells (52). In a clinical sample-based study, CD133 mRNA
expression levels in metastatic liver lesions were significantly
higher compared with those in colorectal tumors (53), thus
corroborating the results of the present study. However, not
all liver metastatic cells were CD133* in the present study.
The CD133* cells may have undergone MET transformation
at the metastatic site and differentiation to CD133" cells after
liver metastasis occurred, as reported previously (24). Thus,
the number of CD133" cells may increase with tumor growth.
This is supported by the observation that CD133 protein
levels in colorectal metastatic liver tissues decrease as the
tumor grows (54).

Our previous study demonstrated that CD133 expression
levels in peritoneal metastatic tissues were lower compared
with those in primary lesions, which was contrary to the expres-
sion pattern observed in individuals with liver metastasis (31).
However, the specific positivity ratio was not evaluated. In the
present study, significantly lower CD133 expression levels were
identified in peritoneal metastatic tissues compared with those
in the corresponding primary tumors. Although a CD133*
ovarian cancer cell line has been reported to be more likely
to adhere to peritoneal mesothelial cells and cause peritoneal
dissemination compared with CD133" cells (29), another study
has demonstrated that CD133 expression levels in CRC with
peritoneal metastasis are lower compared with those in CRC
with liver metastasis (30). The present results also suggested
that the CD133" cells contributed to peritoneal metastasis in
CRC.

In conclusion, the results of the present study demonstrated
that the CD133* CRC cells exhibited a high EMT potential
under hypoxic conditions, which may lead to the development
of liver metastasis. By contrast, CD133" cells may potentiate
the development of peritoneal metastasis via expression of 1
integrin.
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