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Abstract. Mitotically quiescent cancer stem cells (CSCs)
possess higher malignant potential than other CSCs, indi-
cating their higher contribution to therapeutic resistance than
that of other CSCs. In esophageal squamous cell carcinoma
(ESCC), p75 neurotrophin receptor (p7SNTR) is expressed
in a candidate CSC population showing high tumorigenicity
and chemoresistance. In the present study, we isolated and
characterized quiescent CSCs population in ESCC based
on p75SNTR expression and cell cycle status. Expression of
p7SNTR and Ki-67 in ESCC cell lines (K'YSE cells) and surgi-
cally resected ESCC specimens was detected by performing
immunocytochemical analysis. p7SNTR-positive KYSE cells
were fractionated into quiescent and proliferating cells by
performing flow cytometry with a fluorescent DNA-staining
dye to determine their CSC phenotype. Immunocytochemical
analysis showed that 21.8 and 36.5% of the p7SNTR-positive
cells were Ki-67-negative (GO), which accounted for 11.4
and 15.7% of cells in KYSE-30 and KYSE-140 cell lines,
respectively. Flow cytometric cell sorting showed that
p7SNTR-positive cells in the GO-GI1 phase (p75SNTR-positive/
GO-1 cells) but not in the S-G2-M phase (p7SNTR-positive/S-
G2-M cells) showed strong expression of stem cell-related
genes Nanog, BMI-1, and p63; high colony formation ability;
high tumorigenicity in a mouse xenograft model; and strong
chemoresistance against cisplatin because of the expression
of drug resistance genes ABCG2 and ERCCI1. Label-retention
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assay showed that 3.4% p75SNTR-positive cells retained fluo-
rescent cell-tracing dye, but p7SNTR-negative cells did not.
Immunohistochemical analysis of ESCC specimens showed
p75SNTR expression in 39 of 95 (41.1%) patients, with a median
of 13.2% (range, 3.0-80.1%) p75NTR-positive/Ki-67-negative
cells, which were found to be associated with poorly differ-
entiated histology. Our results suggest that p7SNTR-positive/
GO-1 cells represent quiescent CSCs in ESCC and indicate
that these cells can be used as targets to investigate molecular
processes regulating CSC phenotype and to develop novel
therapeutic strategies.

Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the
most common malignancies worldwide (1). Despite recent
progress in multidisciplinary therapy and diagnostic approach,
prognosis of patients with ESCC remains poor because of the
high incidence of metastasis and therapeutic resistance (2,3).
However, increased understanding of the biological basis of
ESCC has led to the development of improved therapeutic and
diagnostic strategies.

Cancer stem cells (CSCs) are small number of cells with
stem cell properties such as self-renewal, differentiation
potential, tumorigenicity and therapeutic resistance (4-8).
Recent studies have detected mitotically quiescent CSCs in
solid tumors such as melanomas and breast and pancreatic
cancers (9-11). CSCs are predominantly present in the resting
phase of the cell cycle and undergo proliferation in response to
external stimuli (12). Quiescent CSCs possess higher tumori-
genicity and chemoresistance than other CSCs, indicating that
they are more responsible for the malignant potential of tumors
and they can be more effective therapeutic targets (10-14).

In ESCC, p75 neurotrophin receptor (p7SNTR, CD271) is
expressed in a candidate CSC population that shows strong
expression of stem cell-related genes, high sphere/colony
formation ability, high tumorigenicity in a mouse xenograft
model and chemoresistance (15-18). Originally, p7SNTR was
found to be expressed in the stem cell fraction of normal
esophageal keratinocytes, most of which were in the resting
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phase of the cell cycle (19,20). Cell proliferation marker Ki-67
expression analysis and flow cytometric cell cycle analysis
showed that <50% p75NTR-positive cells maintain a mitoti-
cally quiescent phenotype in ESCC (18). However, isolation
and characterization of these quiescent cells from p75NTR-
positive cells has not been performed to date. In the present
study, we isolated and characterized this candidate quiescent
CSC population in ESCC based on p75NTR expression and
cell cycle status.

Materials and methods

Cell culture. Human ESCC cell lines KYSE-30 and
KYSE-140 were established by Shimada et al (21) and
were cultured in a T75 tissue culture flask (Thermo Fisher
Scientific, Inc., Yokohama, Japan) containing DMEM/Ham's
F-12 medium (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) supplemented with 5% fetal calf serum (FCS; Gibco,
Grand Island, NY, USA) and 1% 100X antibiotic-antimycotic
(Gibco/Thermo Fisher Scientific, Waltham, MA, USA) by
using a standard previously reported method. The cells were
maintained at 37°C in a humidified atmosphere of 5% CO,
until confluence.

Cell sorting based on p75NTR expression and cell cycle
status. Cultured cells were washed once with phosphate-
buffered saline (PBS), then dissociated from culture plates
by using 0.25% trypsin EDTA (1X) and phenol red (Life
Technologies, Carlsbad, CA, USA) and were centrifuged at
300 x g for 10 min. Single cells were resuspended in PBS
containing 2% FCS and allophycocyanin (APC)-conjugated
human CD271 (LNGFR) antibody (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany) or a compared isotype control
were incubated in the dark at 4°C for 30 min. After washing
twice with PBS containing 2% FCS, the cells were resus-
pended in Hank's balanced salt solution (Wako Pure Chemical
Industries), were treated with Vybrant® DyeCycle™ Violet
stain (DCV; Invitrogen/Molecular Probes, Eugene, OR,
USA) and were mixed well. Next, the cells were incubated at
37°C for 30 min, protected from light. Cell samples by using
a flow cytometer (BD FACSAria™ II; BD Biosciences, San
Jose, CA, USA) were sorted into the following four fractions:
i) p75SNTR-positive cells in the GO-G1 phase (p75NTR-
positive/GO0-1); ii) p7SNTR-positive cells in the S-G2-M phase
(p75NTR-positive/S-G2-M); iii) p7SNTR-negative cells in the
GO0-G1 phase (p75SNTR-negative/G0-1); iv) p7SNTR-negative
cells in the S-G2-M phase (p7SNTR-negative/S-G2-M). Each
population was evaluated as follows.

RNA extraction, cDNA synthesis and real-time PCR. Total
RNA was extracted using NucleoSpin® RNA (Macherey-Nagel
GmbH & Co.KG., Diiren, Germany), according to the manu-
facturer's instructions. Quality and quantity of the total RNA
were determined using NanoDrop™ 2000 (Thermo Fisher
Scientific, Wilmington, DE, USA) according to the manufac-
turer's instructions. cDNA was synthesized using the
PrimeScript™ II First Strand cDNA Synthesis kit (Takara
Kyoto, Japan), according to the manufacturer's instructions.
cDNA samples were amplified using Mx3000P real-time
gPCR system (Agilent Technologies, Palo Alto, CA, USA) and

SYBR® Premix Ex Taq™ II (Takara), according to the manu-
facturer's instructions. PCR was performed using the following
protocol: 95°C for 15 sec, followed by 40 cycles of 95°C for
5 sec and 60°C for 30 sec. mRNA expression was evaluated
using AACt method, with GAPDH as an internal normaliza-
tion control. Primers used for real-time PCR are as follows:
p75NTR forward primer, AAGAAAAGTGGGCCAGTGTG
and p75NTR reverse primer, AACAGTCCTTTGCAGGGT
TG; Nanog forward primer, ATGCCTCACACGGAGACTGT
and Nanog reverse primer, AAGTGGGTTGTTTGCCTTTG;
p63 forward primer, CAGACTTGCCAGATCATCC and p63
reverse primer, CAGCATTGTCAGTTTCTTAGC; BMI-1
forward primer, CCACCTGATGTGTGTGCTTTG and BMI-1
reverse primer, TTCAGTAGTGGTCTGGTCTTGT; ABCG2
forward primer, AGCAGGGACGAACAATCATC and
ABCG?2 reverse primer, TTCCTGAGGCCAATAAGGTG;
ERCCI1 forward primer, GCCTCCGCTACCACAACCT and
ERCCI reverse primer, TCTTCTCTTGATGCGGCGA;
GAPDH forward primer, ACCACAGTCCATGCCATCAC
and GAPDH reverse primer, TCCACCACCCTGTTGCTGTA.

Cell cycle analysis. Cell cycle was analyzed by performing
flow cytometry with BD CycleTest™ Plus DNA reagent kit
(Becton-Dickinson, San Jose, CA, USA) following the specific
protocol provided by the supplier. Data were analyzed using
FCS4 Express cytometry (Becton-Dickinson).

Colony formation assay. KYSE-30 or KYSE-140 cells were
sorted into 1,000 cells by using BD FACSAria™ II. The cells
were plated in 60-mm tissue culture dishes (Thermo Fisher
Scientific). After 14 days of culturing, colonies were stained
with Diff-Quik (Sysmex International Reagents, Co., Ltd.,
Kobe, Japan) and the number of colonies with a diameter of
>3 mm was counted.

Cell fate assay by using a fluorescent cell-tracing dye.
KYSE-30 cells were stained with 10 uM CellTrace™ Violet
dye (Life Technologies, Carlsbad, CA, USA), according to
the manufacturer's instructions, and the stained cells were
incubated for 7 days at 37°C in an atmosphere of 5% CO,.
The cells were fixed with 4% paraformaldehyde in PBS for
15 min, followed by incubation with PBS containing 1%
FCS for 30 min at room temperature. The cells were then
incubated with anti-p75NGF receptor antibody (ab52987,;
dilution, 1:1,000; Abcam, Cambridge, UK) for 60 min at room
temperature. Next, the cells were washed three times with PBS
and were incubated with fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit IgG H&L (ab6717; dilution,
1:1,000; Abcam) for 30 min at room temperature. Finally, the
cells were analyzed using a fluorescent microscope (BZ-8000;
Keyence, Osaka, Japan).

Sensitivity to anticancer drug. Each cell population was
cultured at a density of 2x10° cells/well in a 96-well plate
(Thermo Fisher Scientific) containing DMEM/Ham's F-12
medium supplemented with 5% FCS at 37°C in a humidified
atmosphere of 5% CO,. The cells were cultured overnight until
they reached confluence, after which they were treated with or
without (control) different concentrations of cisplatin (CDDP;
Wako Pure Chemicals). Cell viability after 72 h of treatment
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with Cell Proliferation kit I (Roche Diagnostics GmbH,
Mannheim, Germany) was determined by performing 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) assay. Absorbance was measured at 595 nm by using
FilterMax F5 (Molecular Devices, Tokyo, Japan). All assays
were performed according to the manufacturer's protocols.

Tumorigenicity assay in nude mice. All mouse studies were
carried out under the approval of the Institutional Review Board
of the University of Toyama (no. A-2013 MED-11). Six-week-old
athymic nude mice (BALB/CAN. Cg-Foxnl™/CrCrlj; Charles
River Laboratories Japan Inc., Yokohama, Japan) were used for
performing tumorigenicity assay with KYSE-30 cells. Sorted
cells (density, 100-1,000 cells) were subcutaneously injected
into the bilateral lumber of mice. The mice were sacrificed after
8 weeks, and the sites of subcutaneous tumor development were
counted and tumor weights were measured.

Patients and surgical specimens. We analyzed 95 tumor
specimens from patients with ESCC who underwent a surgery
at our hospital from 1986 to 2016. Median follow-up time was
24 months (range, 1-134 months). The study included 84 male
and 11 female patients, and with a median age of 67 years
(range, 43-86 years). TNM stages (ver. 6) of the patients are as
follows: stage I, 8 patients; stage IIA, 22 patients; stage IIB, 11
patients; stage III, 48 patients; and stage IV, 6 patients. In all,
23 patients received CDDP-based neoadjuvant chemotherapy,
of which 19 patients received CDDP plus 5-fluorouracil
(5-FU) therapy, and 4 patients received CDDP plus docetaxel
and 5-FU therapy. The Institutional Review Board at the
University of Toyama approved this study (no. 20-57).

Immunohistochemical analysis. Immunohistochemical
staining was performed using anti-Ki-67 antibody (dilu-
tion, 1:100; Abcam) and human p75NTR monoclonal
antibody against p7SNGER (NGER 5; dilution, 1:100;
Abcam). Immunostaining was performed using Envision Plus
kits, horseradish peroxidase, or 3,3'-diaminobenzidine (Dako
Cytomation, Kyoto, Japan), as recommended by the supplier.
Counterstaining was performed using Mayer's hematoxylin.

The numbers of p7SNTR-positive cells and all tumor cells
with nuclear staining were counted in three random fields of
each section. Then, the proportions of each cell type in each
tumor were calculated. We classified tumors as positive when
>5% of the tumor cells were stained.

Double immunocytochemical staining of p7SNTR and cell
proliferation marker Ki-67. Double immunocytochemical
staining of p7SNTR and Ki-67 was performed using BOND-III
automated immunostainers (Leica Biosystems, Nussloch,
Germany). Primary antibodies used for double immunocyto-
chemical staining against p7/SNTR and Ki-67 were the same
as used for immunohistochemical analysis.

Statistical analysis. Statistical analysis was performed
using JMP 11.2.0 software (SAS Institute, Inc., Cary, NC,
USA). Chi-square test and Fisher's exact test were used for
performing statistical analyses, with P-values of <0.05 being
considered statistically significant. Kaplan-Meier method was
used for performing survival analysis.
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Results

Differentiation of cell subsets according to p/SNTR expres-
sion and cell cycle status. Double immunocytochemical
staining of p7SNTR (red) and cell proliferation marker Ki-67
(brown), which are expressed in cells in the G1, S, G2 and
M phases of the cell cycle, differentiated KYSE-30 and
KYSE-140 cells into p7SNTR-positive/Ki-67-negative (white
arrowhead), p7SNTR-positive/Ki-67-positive (red arrowhead),
p75NTR-negative/Ki-67-negative (blue arrowhead) and
p75NTR-negative/Ki-67-positive (green arrowhead) cells
(Fig. 1A). Precise cell counting showed that 11.4 and 15.7%
KYSE-30 and KYSE-140 cells, respectively, showed p7SNTR
positivity and Ki-67-negativity (GO phase). Furthermore, 21.8
and 33.8% p75NTR-positive and p7SNTR-negative KYSE-30
cells, respectively, yielded negative results for Ki-67. Similarly,
36.5 and 43.1% p75NTR-positive and p75NTR-negative
KYSE-140 cells, respectively, yielded negative results for
Ki-67 (Fig. 1A).

Flow cytometric analysis of p7SNTR expression showed
positive staining in 26.8 and 36.4% KYSE-30 and KYSE-140,
respectively (Fig. 1A). Flow cytometric analysis of cell cycle
based on DNA content showed that 63.0 and 79.4% p75NTR-
positive and p7SNTR-negative KYSE-30 cells, respectively,
were in the GO/G1 phase and that 65.2 and 82.4% of p7SNTR-
positive and p7SNTR-negative KYSE-140 cells, respectively,
were in the GO/G1 phase (Fig. 1A). Thus, 16.9 and 23.7%
p75SNTR-positive KYSE-30 and KYSE-140 cells, respectively,
were in the GO-G1 phase of the cell cycle.

Flow cytometric analysis identified four distinct cell
subsets, i.e., p7SNTR-positive/G0-1, p7SNTR-positive/S-
G2-M, p75NTR-negative/G0O-1 and p7SNTR-negative/ S-G2-M
cells, based on p7SNTR expression and cell cycle status.

Flow cytometric cell sorting based on p75SNTR expression
and cell cycle status. To isolate viable p75NTR-positive/
GO-1, p75SNTR-positive/S-G2-M, p75NTR-negative/GO-1, and
p75NTR-negative/S-G2-M cells, KYSE-30 and KYSE-140
cells were fractionated into p75SNTR-positive and p7SNTR-
negative cells by using the APC-conjugated anti-p7SNTR
antibody, followed by fractionation into cells in the GO-G1
and S-G2-M phases by using a fluorescent DNA-staining dye
DCV (Fig. 1B).

Expression of p75NTR in the four cell subsets sorted by
flow cytometry was confirmed by performing real-time PCR.
The mRNA expression of p7SNTR was significantly higher
in p75SNTR-positive/GO-1 and p7SNTR-positive/S-G2-M cells
than in p7SNTR-negative/G0-1 or p7SNTR-negative/S-G2-M
cells (Fig. 1C).

Cell cycle status of each cell subset was confirmed using
another DNA-staining dye (BD CycleTest™ Plus DNA reagent
kit). Results showed that 93.29 and 92.88% in p75NTR-posi-
tive and p7SNTR-negative KYSE-30 cells, respectively, were
in the GO-G1 phase and 92.74 and 94.29% p75NTR-positive
and p75NTR-negative KYSE-140 cells, respectively, were in
the GO-Gl1 phase (Fig. 1C). Furthermore, 99.9 and 93.43%
p75NTR-positive and p7SNTR-negative KYSE-30 cells,
respectively, were in the S-G2-M phase, and 99.9 and 94.43%
p75NTR-positive and p7SNTR-negative KYSE-140 cells,
respectively, were in the S-G2-M phase (Fig. 1C).
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Figure 1. Flow cytometric cell sorting based on p7SNTR expression and cell cycle status. (A) The left panels show representative results of double immuno-
cytochemical staining of Ki-67 (brown) and p7SNTR (red) in KYSE-30 (upper panel) and KYSE-140 cells (lower panel). Nuclei are stained with hematoxylin.
The white, red, blue and green arrowheads indicate p7SNTR-positive/Ki-67-negative, p7SNTR-positive/Ki-67-positive, p7SNTR-negative/Ki-67-negative
and p75NTR-negative/Ki-67-positive cells, respectively. The middle panels show representative results of flow cytometric analysis of p7SNTR expression in
KYSE-30 (upper panel) and KYSE-140 cells (lower panel). Cut-off levels were set based on control IgG, and percentages of positive cells are shown in the
panels. The right panels show cell cycle distribution in p7SNTR-positive and p7SNTR-negative KYSE-30 (upper panel) and KYSE-140 cells (lower panel).
Live cells were analyzed using a DNA-staining dye (DCV) and FACSAria II. The proportion of cells in each phase of the cell cycle is shown. (B) Diagram
showing the steps of flow cytometric cell fractionation based on p7SNTR expression and cell cycle status. KYSE-30 and KYSE-140 cells were fractionated

into p75SNTR-positive and p7SNTR-negative cells. Next, each cell subset was fractionated into cells in the GO-G1 and S-G2-M phases of the cell cycle by using
a fluorescent DNA-staining dye (DCV).

Stem cell phenotype of fractionated cell subsets. Results of  genes such as Nanog, BMI-1 and p63 was significantly higher
real-time PCR showed that expression of stem cell-related  in p7SNTR-positive/G0-1 KYSE-30 and KYSE-140 cells than
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Figure 1. Continued. (C) The left panels show p7SNTR expression in the four cell subsets sorted from KYSE-30 (upper panel) and KYSE-140 cells (lower
panel), as determined by performing real-time PCR. The right panels show cell cycle status of each of the four cell subsets sorted from KYSE-30 (upper panel)
and K'YSE-140 cells (lower panel), as determined using another fluorescent DNA-staining dye (BD CycleTest™ Plus DNA reagent kit). The error bars represent

standard error of mean; ““P<0.001.

Table 1. In vivo tumor development after injecting p7SNTR-
positive/GO-1, p75NTR-positive/S-G2-M, p75NTR-negative/
GO-1 and p75NTR-negative/S-G2-M KYSE-30 cells into nude
mice.

Tumor incidence

No. of cells injected 1,000 300 100
KYSE-30
p75NTR-positive/GO-1 6/6 4/6 5/6
p75NTR-positive/S-G2-M 4/6 4/6 2/6
p75NTR-negative/GO-1 3/6 2/6 0/6
p75NTR-negative/S-G2-M 2/6 1/6 0/6

in the other cell subsets, including p7SNTR-positive/S-G2-M
fraction KYSE-30 and KYSE-140 cells (Fig. 2A). Furthermore,
p75SNTR-positive/GO-1 KYSE-30 and KYSE-140 cells
showed the highest colony formation ability, with statistical
significance, among the four cell subsets, while p7SNTR-
positive/S-G2-M KYSE-30 and KYSE-140 cells showed the
second highest colony formation ability (Fig. 2B).

To detect slow-cycling p7SNTR-positive cells, KYSE-30
cells were stained with a fluorescent cell-tracing reagent,

which diffuses into cells and covalently binds to intracellular
amines. After labeling, all the adherent KYSE-30 cells showed
fluorescent staining on culture day 1 (Fig. 2C). However, the
number of unstained cells increased by culture day 7 because
the concentration of the label decreased after cell division.
However, a small number of p7SNTR-positive cells retained
the label, suggesting that these cells divided less frequently
(Fig. 2C). Cell counting showed that 0.9% of all the cells
retained the label, and 3.4% of p7SNTR-positive cells were
label-retaining cells. In contrast, no label-retention was
observed in p75SNTR-negative cells (Fig. 2C).

Drug resistance ability of the fractionated cell subsets.
Results of real-time PCR showed that the expression of
ATP-binding cassette sub-family G member 2 (ABCG2)
was significantly higher in p7SNTR-positive cells than in
p75NTR-negative cells, irrespective of their cell cycle status
(Fig. 3A). On the other hand, expression of excision repair
cross-complementation group 1 (ERCC1), which contrib-
utes to resistance against platinum-based chemotherapeutic
drugs, was significantly higher in p75SNTR-positive/GO-1
cells than in other cell subsets, including p7SNTR-positive/S-
G2-M cells (Fig. 3A). Results of the MTT assay showed
that the viability of total cells decrease by CDDP treatment
dose-dependently both in KYSE-30 and KYSE-40. However,
the viability of p7SNTR-positive/G0-1 KYSE-30 cells was
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Figure 2. In vitro stem cell phenotypes of the fractionated cell subsets. (A) Expression of stem cell-related genes in the four cell subsets sorted from KYSE-30
(upper panel) and KYSE-140 cells (lower panel) was determined by performing real-time PCR. Expression levels of these genes are shown relative to their
expression levels in p7SNTR-negative/S-G2-M cells. The error bars represent standard error of mean; “P<0.01, **P<0.001.

significantly higher than that of the other cell subsets at all
CDDP concentrations. Furthermore, the viability of p7SNTR-
positive/G0-1 KYSE-140 cells was significantly higher than
that of the other cell subsets at CDDP concentrations of 100
and 200 uM (Fig. 3B).

Tumorigenicity in nude mice. Subcutaneous injection of as
few as 100 p75NTR-positive/G0-1 KYSE-30 cells into nude
mice resulted in tumor development at 5 of 6 (83.3%) injection
sites after 8 weeks, while that of p7SNTR-positive/S-G2-M
KYSE-30 cells resulted in tumor development at 2 of 6 (33.3%)
injection sites. Injection of 100 p75SNTR-negative/GO-1 or
p75NTR-negative/S-G2-M cells did not result in tumor
development (Table I). The weights of tumors derived from
p7SNTR-positive/GO-1 cells were higher than those of tumors
derived from p75SNTR-positive/S-G2-M cells (Fig. 4A).
Histological examination of xenograft tumors showed that
a large percentage (83.4%) of cells in tumors derived from
300 p75NTR-positive/GO-1 cells showed p75SNTR (red) and
Ki-67 (brown) positivity. The proportion of other cell fractions
was as follows: p7SNTR-positive/Ki-67-negative cells, 9.3%;
p75SNTR-negative/Ki-67-positive cells, 3.5%; and p75SNTR-
negative/Ki-67-negative cells, 3.8% (Fig. 4B).

Identification of cell subsets based on p75SNTR expression
and cell cycle status in surgically resected ESCC specimens

and their clinicopathological significance. The expression of
p75NTR was positive (>5% of the cancer cells were stained
in tumor) in 39 of 95 (41.1%) ESCC specimens, with positive
staining observed in the first few layers of infiltrative margin
(Fig. 5A). Correlation between p75SNTR expression and
various prognostic factors is summarized in Table II. p7SNTR
was correlated with tumor depth (P=0.032) and neoadjuvant
chemotherapy (P=0.031). However, no significant correlation
was observed between p75SNTR expression and other factors
such as age, sex, tumor location, lymph node metastasis, distant
metastasis, TNM classification, histology and postoperative
tumor recurrence. Kaplan-Meier survival curves showed that
p75NTR expression was correlated with a favorable overall
survival (Fig. 5B).

Double immunohistochemical staining of p7SNTR and
Ki-67 was performed in 20 of 39 p7SNTR-positive patients who
provided appropriate additional specimens. Representative
images of well differentiated and poorly differentiated tumors
are shown in Fig. 5C. p7SNTR-positive staining was apparent
in the first one to two layers from the infiltrative margin in well
differentiated tumors. In contrast, p7SNTR-positive staining
was diffusely distributed in poorly differentiated tumors.
Double immunohistochemical staining of p7SNTR (red) and
Ki-67 (brown) helped in distinguishing p75SNTR-positive/
Ki-67-negative (white arrowhead), p7SNTR-positive/Ki-67-
positive (red arrowhead), p7SNTR-negative/Ki-67-negative
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Figure 2. Continued. (B) Colony formation ability of the four cell subsets sorted from KYSE-30 (upper panels) and KYSE-140 cells (lower panels). Crystal
violet staining of the colonies formed at 2 weeks after seeding (left panels). Mean number of colonies with a diameter of >3 mm was counted (right panels). The
error bars represent standard error of mean; “P<0.05, “P<0.01, ““P<0.001. (C) Expression of p7SNTR in label-retaining KYSE-30 cells, as determined using the
fluorescent cell-tracing reagent. Fluorescently labeled cells (violet) were detected using a fluorescence microscope on days 1 (upper left panel) and 7 (upper mid
panel: original photo, upper right panel: the contrast was decreased to visualize cells with decreased label-retention). On day 7, cell culture plate was stained
with FITC-conjugated anti-p7SNTR antibody and positive cells (green) were detected using fluorescence microscope (lower left panel). The merged image is

shown in the lower right panel; scale bar, 50 ym.

(blue arrowhead) and p75SNTR-negative/Ki-67-positive (green
arrowhead) cells. The number of cells belonging to each subset
was counted for each section (Fig. 5C). The median propor-
tion of p7SNTR-positive cells in 20 tumors was 28.7% (range,
12.9-94.0%) and that of p7SNTR-positive/Ki-67-negative cells
in 20 tumors was 13.2% (range, 3.0-80.1%).

The relationship between the proportion of p7SNTR-posi-
tive/Ki-67-negative cells in tumors and clinicopathological
factors is summarized in Table III. High proportion of p7SNTR-
positive/Ki-67-negative cells was correlated with poorly
differentiated histology (P=0.02), postoperative tumor recur-
rence (P=0.007) and with the proportion of p7SNTR-positive
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Table II. Relationship between p75NTR expression and clini-
copathological characteristics of patients with ESCC.

Table III. Relationship between p75NTR and Ki-67 expression
and clinicopathological characteristics of patients with ESCC.

p75NTR
Positive Negative
(n=39) (n=56) P-value
Sex
Male 34 50 0.756
Female 5 6
Age (years)
=65 23 31 0.834
<65 16 25
Site
Ce-Ut 4 6 0.943
Mt-Ae 35 50
pT
T1-T2 19 15 0.032*
T3-T4 20 41
pN
NO 13 22 0.667
N1-3 26 34
M
MO 37 52 0.691
Ml 2 4
pStage
I-11 20 21 0.211
II-1v 19 35
Histology
Well-mod 30 46 0.601
Poor 9 10
Neoadjuvant chemotherapy
Yes 14 9 0.031°
No 25 47
Postoperative tumor recurrence
Yes 7 17 0.231
No 32 39

P<0.05.

cells in tumors (P=0.01). Kaplan-Meier survival curves showed
a trend of unfavorable postoperative prognosis in patients who
had tumor with higher proportion of p7SNTR-positive/Ki-67-
negative cells, although there was no statistically significant
correlation (Fig. 5D).

Discussion
Recent studies involving ESCC cell lines have shown that

P7SNTR is expressed in a cell subset possessing CSC proper-
ties such as colony formation ability, tumorigenicity in mouse

Proportion of p75SNTR-positive/
Ki-67-negative cells

Low High
(<132%) (=13.2%)
(n=10) (n=10)  P-value
Sex
Male 8 9 0.528
Female 2 1
Age (years)
=65 4 5 0.653
<65 6 5
Site
Ce-Ut 6 5 0.653
Mt-Ae 4 5
pT
T1-T2 6 4 0.371
T3-T4 4 6
pN
NO 3 1 0.255
NI1-3 7 9
M
MO 10 10 N/A
M1 0 0
pStage
I-II 3 3 1.00
I-1v
Histology
Well-mod 8 3 0.021*
Poor
Neoadjuvant chemotherapy
Yes 5 6 0.653
No 5 4
Postoperative tumor
recurrence
Yes 1 0.007°
No 9 3
p75NTR-positive cells (%)
Low (<29.1%) 8 0.006°
High (=29.1%) 2 8

N/A, not applicable. *P<0.05; °P<0.01.

xenograft models and chemoresistance (15-18). However,
p75NTR-positive cells are heterogeneous in terms of cell
surface marker expression and cell cycle status (18). Double
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Figure 3. Drug resistance of the fractionated cell subsets. (A) Expression of drug resistance-related genes in the four cell subsets sorted from KYSE-30 (upper
panels) and KYSE-140 cells (lower panels) was determined by performing real-time PCR. Expression levels of these genes are shown relative to their expres-

sion levels in p75SNTR-negative/S-G2-M cells. The error bars represent standard error of mean; “"P<0.01, ™

“P<0.001. (B) Fractionated KYSE-30 (left panel) and

KYSE-140 (right panel) cells in 96 well plates (2x10° cells/well) were treated with CDDP (25, 50, 100 or 200 M) for 3 days, and their viability was determined

by performing the MTT assay. The error bars represent standard error of mean; “P<0.01, ™

immunostaining performed in the present study detected four
distinct cell subsets based on the expression of p7SNTR and
Ki-67 and showed that 11.4 and 15.7% KYSE-30 and KYSE-
140 cells, respectively, were p7SNTR-positive quiescent cells
(which are present in the resting phase of the cell cycle). Flow
cytometric cell sorting based on p75NTR expression and by
using a fluorescent DNA-staining dye showed that p7SNTR-
positive/G0-1 cells, but not p7SNTR-positive/S-G2-M cells,
showed strong expression of stem-related genes (Nanog, BMI-1
and p63), high colony formation ability, high tumorigenicity in

"P<0.001.

a mouse xenograft model, and strong chemoresistance, indi-
cating that p7SNTR-positive/GO-1 cells represented a more
enriched CSC population in ESCC. The above results along
with the recent studies that detected quiescent CSCs with
enhanced CSC phenotypes in solid tumors (9-11), suggest that
p75SNTR-positive/GO-1 cells are quiescent CSCs in ESCC.
Results of Ki-67 immunocytochemical analysis and flow
cytometric cell cycle analysis did not show a significant
difference between p75NTR-positive and p7SNTR-negative
cells with respect to cell cycle distribution. This is consistent
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Figure 4. In vivo tumorigenicity analysis of the fractionated cell subsets. (A) Representative images of nude mice with subcutaneous tumors derived from
100 fractionated KYSE-30 cell subsets and tumors derived from these cell subsets (left panels). Mean tumor weight at each site (right panels). The error bars
represent standard error of mean. (B) Representative results of double immunohistochemical staining of Ki-67 and p7SNTR in subcutaneous tumors derived
from 300 fractionated KYSE-30 cell subsets. Negative control (left upper panel). The white, red, blue and green arrowheads indicate p7SNTR-positive/Ki-67-
negative, p7SNTR-positive/Ki-67-positive, p7SNTR-negative/Ki-67-negative and p7SNTR-negative/Ki-67-positive cells, respectively (left lower panel); scale
bar, 50 m. The number of cells in each subset was counted (right panel). The error bars represent standard error of mean; ““P<0.001.

with the results of previous studies on ESCC (18) and pancre-
atic cancer cell lines (22), indicating that cell cycle status
alone cannot be used to isolate quiescent CSCs. In the present
study, cell sorting along with the detection of cell cycle status

and proposed CSC marker p7/SNTR enabled us to differen-
tiate between quiescent CSCs and quiescent non-CSCs.
A previous study reported that squamous differentiation
marker involucrin is highly expressed in a subpopulation
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Figure 5. Identification of cell subsets based on p7SNTR expression and cell cycle status in surgically resected ESCC specimens. (A) Representative results
of positive staining for H&E, p7SNTR and Ki-67 in a serial section of a well differentiated ESCC specimen. Original magnification, x200; scale bar, 200 ym.
(B) Correlation between p7SNTR expression and overall survival after surgery. In all, 95 patients with ESCC were analyzed by performing Kaplan-Meier sur-
vival analysis (log-rank test). (C) Representative results of double immunohistochemical staining of p7SNTR (red) and Ki-67 (brown) in a well differentiated
tumor specimen (upper left panel) and a poorly differentiated tumor specimen (lower left panel). Nuclei were stained with hematoxylin. The white, red, blue
and green arrowheads indicate p7SNTR-positive/Ki-67-negative, p7SNTR-positive/Ki-67-positive, p7SNTR-negative/Ki-67-negative and p7SNTR-negative/
Ki-67-positive cells, respectively; scale bar, 200 ym. The number of cells of each subset was counted (right panels). The error bars represent standard error of
mean. (D) Correlation between the proportion of p7SNTR-positive/Ki-67-negative cells in tumors and overall survival after curative surgery. In all, 20 patients
with p7SNTR-positive ESCC tumors were analyzed by performing Kaplan-Meier survival analysis (log-rank test).
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of p75NTR-negative cells, most of which are in the GO/G1
phase of the cell cycle (18). p7SNTR-negative/GO-1 cells
were suggested to include cells that withdrew from the cell
cycle as well as cells that showed squamous differentiation or
cellular senescence.

In the present study, 21.8 and 36.5% p75NTR-positive
KYSE-30 and KYSE-140 cells, respectively, showed Ki-67
negativity. Flow cytometric analysis showed that 63.0 and
65.2% p75NTR-positive KYSE-30 and KYSE-140 cells,
respectively, were in the GO/G1 phase of the cell cycle. Ki-67
is a marker of cell proliferation and is expressed during all
the active phases of the cell cycle (G1, S, G2 and M) but is not
expressed in resting (GO) cells (23). Flow cytometric cell cycle
assays based on the quantification of DNA content by using
DNA-binding dye-detected cells in the GO/GI1, S and G2/M
phases (24). Flow cytometric cell cycle assay performed in
the present study showed that ~33.3% (21.8/63.0) and 56.0%
(36.5/65.2) p7SNTR-positive KYSE-30 and KYSE-140 cells,
respectively, were in the GO phase. A novel assay system that
enables the isolation of viable CSCs in the GO phase may allow
more precise characterization of quiescent CSCs.

In previous studies, slow-cycling CSCs were detected
by performing label-retention assays with thymidine analog
BrdU, which incorporates into newly synthesized DNA, or
with lipophilic labeling dyes such as Dil and PKH26, which
incorporate into the cell membrane (9-11). After several weeks
in culture, infrequently dividing slow-cycling cells that retain
originally incorporated labels are detected as label-retaining
cells; in contrast, label concentration decreases in fast-cycling
bulk tumor cells after each round of cell division (25). In the
present study, absence of Ki-67 immunoreactivity and detec-
tion of cells in the GO phase indicate quiescence of cells just
at the time of analysis but does not indicate a continuously
slow-cycling phenotype, which depends on the doubling time
of quiescent cells (i.e., the duration for which the cells stay
in the resting phase of the cell cycle). However, results of
label-retention assay performed in the present study by using
a fluorescent cell-tracing reagent showed label-retention in
3.4% p7SNTR-positive cells, but not in p7SNTR-negative cells,
suggesting relatively slow cycling of some p75SNTR-positive/
GO-1 cells. We performed flow cytometric cell sorting based
on p75NTR expression and by using DNA-staining dye DCV
to isolate cells in specific phases of the cell cycle. DCV is a
fluorescent dye with low cytotoxicity that enters living cells
and selectively binds to DNA without fixation and permea-
bilization, thus, enabling the isolation of viable cells and
assessment of their biological phenotypes (24). To the best of
our knowledge, the present study is the first to isolate and char-
acterize candidate quiescent CSCs in ESCC, thus, providing
a novel target for investigating molecular mechanisms regu-
lating quiescent CSCs and for developing novel therapeutic
strategies.

Results of real-time PCR performed in the present
study showed strong Nanog, BMI-1 and p63 expression
in p75NTR-positive/GO-1 cells. Nanog is an embryonic
pluripotency marker associated with the stem cell-like
phenotype of CSCs (26). BMI-1 plays a crucial role in
the self-renewal of CSCs in different cancers, including
esophageal cancer (27,28). p63 encoded by the oncogene
TP63 regulates the growth and invasion of ESCC (29,30).

These findings suggest that Nanog, BMI-1 and p63 regulate
p75NTR-positive/GO-1 cells. NGF/proNGF/p75NTR axis
plays a critical role in regulating the self-renewal of quies-
cent CSCs in breast cancer (31). Overexpression of NGF and
its autocrine loop enhances the proliferation and migration
of ESCC cell lines (32), suggesting that p7SNTR signaling
plays a role in the regulation of quiescent p7SNTR-positive/
GO-1 cells.

In the present study, p7SNTR-positive/GO-1 cells showed
strong chemoresistance to CDDP. CDDP is one of the most
effective anticancer drugs widely used in the first-line therapy
of several cancers, including ESCC (3,33). Because CDDP
targets rapidly proliferating tumor cells (34), it generally does
not affect quiescent CSCs. However, resistance to chemo-
therapies depends not only on cell quiescence but also on
various molecular pathways in tumor cells (35). In this study,
p75NTR-positive/GO-1 cells showed strong expression of
ABCG?2 and ERCCI1. ABCG2 is an efflux transporter involved
in multidrug resistance, and its overexpression is associated
with response to chemotherapy and prognosis in ESCC (36).
ERCCI is involved in nucleotide excision repair pathway that
modulates the efficacy of platinum-based chemotherapies by
removing drug-induced DNA damage (37). In ESCC, expres-
sion of polymorphism in ERCCI is a predictor of CDDP-based
chemotherapy (38-40). Stem cell-related genes that were
strongly expressed in p7SNTR-positive/GO-1 cells, such as
Nanog and BMI-1, are also involved in chemoresistance in
different cancers (41-43). These findings strongly suggest that
p75NTR-positive/GO-1 cells are responsible for resistance to
CDDP-based chemotherapy in ESCC.

Immunohistochemical staining of surgically resected
ESCC specimens showed p7SNTR-positive (>5% of the tumor
cells were stained) in 41.1% patients who showed favorable
postoperative survival, which is consistent with the results
of previous studies (15,18). Moreover, p7SNTR expression
was significantly correlated with neoadjuvant chemotherapy,
suggesting possible induction of p7SNTR expression or selec-
tive survival of chemoresistant p7SNTR-positive cells during
chemotherapy. On the other hand, clinical significance of very
small number of the cells with p7SNTR expression (when <5%
of the cancer cells were stained in a tumor) remains to be
addressed. In addition, as was shown in a previous report, the
expression of p7SNTR decreases during progression of cancer
in about half of ESCC tumors, resulting in complete loss of the
expression in some cases (20). Therefore, other CSC markers
are needed in tumors in which the expression of p7SNTR is
completely lost.

Double immunohistochemical staining of p7SNTR-positive
ESCC specimens detected p7SNTR-positive/Ki-67-negative
quiescent cells, with a median proportion of 13.2% cells
(range, 3.0-80.1%), which is consistent with the distribution
of p75NTR-positive/Ki-67-negative KYSE cells both in vitro
and in vivo. In addition, the proportion of p7SNTR-positive/
Ki-67-negative cells was correlated with poorly differenti-
ated histology and postoperative tumor recurrence, indicating
that these cells represented relatively immature cells and are
responsible for malignant potential in ESCC. Kaplan-Meier
survival curves showed that patients with tumors having a high
proportion of p7SNTR-positive/Ki-67-negative cells showed
poor survival; however, the correlation was not statistically
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significant. These results suggest that p7SNTR-positive/Ki-67-
negative cells in ESCC possess quiescent CSC phenotypes
similar to cultured KYSE cells. Further studies involving
a large number of patients, extended follow-up, isolation of
viable p75NTR-positive quiescent cells from fresh tumor
samples may help elucidate the biological characteristics and
clinical significance of quiescent CSCs.

In addition to p7SNTR,CD44 (44) and CD90 (45) have been
reported to be putative CSC markers in ESCC. In a previous
report from our laboratory (18), the p7SNTR-positive CD44-
negative fraction of KYSE-30 possessed CSC properties, such
as stem cell-related gene expression, lower expression of differ-
entiation markers, drug resistance and in vivo tumorigenicity.
Furthermore, the majority of p7SNTR-positive/CD44-negative
cells were in a mitotically quiescent state, while p7SNTR-posi-
tive/CD44-positive cells were actively proliferating. Similarly,
the p7SNTR-positive/CD90-negative subset was mitotically
quiescent cells, while the p7SNTR-positive/CD90-positive
subset was actively proliferating. These observations indicate
that p7SNTR-positive/G0-1 fraction in this study is a specific
subpopulation of ESCC with quiescent CSC properties, which
cannot be identified using CD44 or CD90.

In conclusion, flow cytometric cell sorting based on
p75NTR expression and cell cycle status helped in isolating
and characterizing candidate quiescent CSCs from ESCC cell
lines. These cells showed enhanced tumorigenicity and strong
chemoresistance. Immunohistochemical examination detected
small number of p75NTR-positive/Ki-67-negative cells in
surgically resected ESCC specimens and indicate that these
cells were associated with poorly differentiated histology
of ESCC tumor. The results of the present study indicate
that quiescent CSCs can be used as targets for investigating
molecular process regulating quiescent CSC phenotypes and
for developing novel therapeutic strategies.
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