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Abstract Cancer stem cells have been hypothesized to

drive the growth and metastasis of tumors. Because they

need to be targeted for cancer treatment, they have been

isolated from many solid cancers. However, cancer stem

cells from primary human gastric cancer tissues have not

been isolated as yet. For the isolation, we used two cell

surface markers: the epithelial cell adhesion molecule

(EpCAM) and CD44. When analyzed by flow cytometry,

the EpCAM?/CD44? population accounts for 4.5% of

tumor cells. EpCAM?/CD44? gastric cancer cells formed

tumors in immunocompromised mice; however, EpCAM-/

CD44-, EpCAM?/CD44- and EpCAM-/CD44? cells

failed to do so. Xenografts of EpCAM?/CD44? gastric

cancer cells maintained a differentiated phenotype and

reproduced the morphological and phenotypical heteroge-

neity of the original gastric tumor tissues. The tumorigenic

subpopulation was serially passaged for several genera-

tions without significant phenotypic alterations. Moreover,

EpCAM?/CD44?, but not EpCAM-/CD44-, EpCAM?/

CD44- or EpCAM-/CD44? cells grew exponentially in

vitro as cancer spheres in serum-free medium, maintaining

the tumorigenicity. Interestingly, a single cancer stem cell

generated a cancer sphere that contained various differen-

tiated cells, supporting multi-potency and self-renewal of a

cancer stem cell. EpCAM?/CD44? cells had greater

resistance to anti-cancer drugs than other subpopulation

cells. The above in vivo and in vitro results suggest that

cancer stem cells, which are enriched in the EpCAM?/

CD44? subpopulation of gastric cancer cells, provide an

ideal model system for cancer stem cell research.

Keywords Cancer stem cells � Gastric cancer �
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Introduction

Gastric cancer is the second leading cause of cancer deaths

worldwide [1, 2]. Despite advances in various diagnostic

tools, including endoscopy, the 5-year relative survival rate

is only 20–30% [3]. Most gastric malignancies are adeno-

carcinomas, which have been classified under the Lauren

system into two histological types: intestinal and diffuse

[4]. The intestinal type is a well-differentiated tumor

characterized by cohesive neoplastic cells that form gland-

like tubular structures. This type of gastric cancer usually

occurs at a late age and progresses through a relatively

well-defined series of pre-neoplastic histological steps. The

diffuse type of gastric cancer is a poorly differentiated

tumor in which individual cells infiltrate and thicken

the gastric wall. Cancer cells do not form glandular

structures and are not associated with intestinal metaplasia.

The intestinal type is frequently accompanied by liver
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metastasis, whereas the diffuse type is frequently associ-

ated with peritoneal dissemination.

Two critical survival-influencing factors in gastric can-

cer are the depth of invasion and the presence of regional

lymph node involvement [5, 6]. In other words, metastasis

of cancer cells is one of the most important prognostic

factors in gastric cancer, as in other epithelial cancers.

Thus, studies involving the development of prognostic and

therapeutic tools for gastric cancer should be focused on

metastatic cancer cells.

At a recent American Association of Cancer Research

(AACR) workshop, cancer stem cells have been defined as

‘‘cells within a tumor that possess the capacity for self-

renewal and that can cause the heterogeneous lineages of

cancer cells that constitute the tumor’’ [7]. Recently, a

connection between metastasis and the stem cell state has

been proposed [8–11]. Specifically, it was suggested that

migrating cancer cells must be in a stem cell state. The

ability to find macroscopic metastasis is compromised

from the outset because of the limited proliferative potential

if the vast majority of cells leaving a primary tumor and

disseminating to distant sites lack self-renewal capability.

Interestingly, induction of the epithelial-mesenchymal

transition (EMT) in differentiated breast cancer cells causes

the appearance of the cancer stem cell state [10]. Overex-

pression of Snail or Twist, important transcription factors

for EMT in cancer cells, increases the self-renewal ability in

vitro and tumorigenicity in vivo [10]. Taken together, it

appears that cancer stem cells can drive metastasis.

Cancer stem cells have been isolated in solid tumors of a

wide variety of organs using surface markers [12–17]. The

existence of gastric cancer stem cells has been suggested. In

gastric cancer cell lines, putative cancer stem cells have

been identified using the cell surface marker, CD44 [18].

However, they did not confirm their results in primary

gastric cancer tissues. Side population (SP) cells have also

been isolated from gastric cancer cell lines and primary

gastric cancer tissues [19, 20]. However, several studies

showed evidence against an association between the SP

population and cancer stem cells. SP cells exist in MKN28

gastric cancer cells [18]. However, this cell line did not

produce tumor in a xenograft model. Moreover, glioma

cells, which were negative for ABCG2, an ATP-binding

cassette half-transporter that is associated with SP cells,

produced tumors in a xenograft model [21]. Furthermore, SP

and non-SP cells of colon cancer cell lines showed similar

tumorigenicity in the xenograft model and equivalent mul-

tipotential differentiation potential [22]. In the present

study, we were successful in enriching cancer stem cells

from primary gastric cancer tissues using two cell surface

markers [CD44 and the epithelial cell adhesion molecule

(EpCAM), also known as epithelial specific antigen (ESA)].

EpCAM?/CD44? cells isolated from primary cancer tissues

were tumorigenic in immunocompromised mice and suc-

cessfully transferred for several generations. In addition to

in vivo experiments, gastric cancer stem cells generated

various differentiated cells in cancer sphere culture.

Because cancer stem cells can drive metastasis, strategies to

target these cells will significantly advance the treatment of

gastric cancer.

Materials and methods

Tumor tissues and their disaggregation

Gastric cancer tissues were obtained with informed consent

from patients who underwent surgical resection at Pusan

National University Hospital and Pusan National University

Yangsan Hospital, and the study was approved by the

institutional review boards of the respective hospital. The

human gastric cancer tissues used in this study are listed in

Table 1, together with clinical information related to the

corresponding patients. All primary tissues were collected

under protocols approved by the Pusan National University

Hospital Institutional Review Board between 2007 and

2010. Tumor tissues were disaggregated as described

previously, with minor modifications [23]. Solid tissues,

both normal and neoplastic, collected from primary surgical

specimens or mouse xenografts were mechanically and

enzymatically disaggregated into single-cell suspensions

and analyzed by flow cytometry. Solid tissues were minced

with scissors into small (2–3 mm3) fragments and incubated

for 15 min at room temperature in 100 mM phosphate buffer

(pH 7.0) with 6.5 mM DTT (Sigma-Aldrich, St. Louis, MO)

to remove mucus contamination. After gentle removal of the

DTT solution, tissue fragments were rinsed once with

phosphate solution, resuspended in serum-free RPMI med-

ium 1640 (2 mmol/l L-glutamine, 120 lg/ml of penicillin,

100 lg/ml of streptomycin, 50 lg/ml of ceftazidime,

0.25 lg/ml of amphotericin-B, and 20 mmol/l HEPES) with

200 units/ml collagenase type III (Worthington, Lakewood,

NJ) and 100 units/ml DNase I (Worthington), and incubated

for 1 h at 37�C to achieve enzymatic disaggregation. The

cells were then resuspended by pipetting and serially filtered

by using 70-lm and 35-lm nylon meshes. The contami-

nating red blood cells were removed by osmotic lysis (i.e.,

incubation in ammonium chloride potassium phosphate

hypotonic buffer for 5 min on ice).

Flow cytometry and cell-sorting experiments

To minimize experimental variability and loss of cell via-

bility, all experiments were performed on fresh tumor

cell suspensions prepared shortly before flow cytometry.

Antibody staining was performed in PBS supplemented
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with 1% bovine serum albumin. To minimize non-specific

binding of antibodies, cells were incubated with 0.6%

human immunoglobulins (GreenCross Corp., Seoul, South

Korea) for 10 min on ice at a cell concentration of

3–5 9 105/100 ll. Cells were subsequently washed and

stained with antibodies at dilutions determined by titration

experiments on each xenograft line. The antibodies used in

this study include anti-human ESA-APC (clone EBA-1;

Becton-Dickinson, San Jose, CA) and anti-human CD44-

FITC antibodies (clone G44-26; BD Biosciences, San

Diego, CA). In all experiments, cells positive for the

expression of non-epithelial lineage markers (Lin ?) were

excluded by staining with PE.Cy5-labeled antibodies using

two different strategies for primary tissues and mouse xe-

nografts. In experiments involving primary human tissues,

stromal cells were excluded by simultaneous staining with

anti-human CD3-PE.Cy5 (clone UCHT1: BD Biosciences),

CD10-PE.Cy5 (clone HI10a: BD Biosciences) and CD45-

PE.Cy5 antibodies (clone HI30; BD Biosciences). In

experiments involving gastric cancer xenografts, mouse

cells were excluded by simultaneous staining with anti-

mouse CD45-PE.Cy5 antibody (clone 30-F11; BD Biosci-

ences). Flow cytometry analysis was performed using a BD

FACSAria cell sorter (Becton-Dickinson). The forward

scatter area versus forward scatter width profiles were used

to eliminate cell doublets. Dead cells were eliminated by

excluding DAPI-positive cells.

Tumorigenicity experiments

Sorted cells were spun down by low-speed centrifugation

(850 9 g for 5 min) and resuspended in RPMI 1640 sup-

plemented with 10% FBS, 20 mM HEPES and 2 mM

L-glutamine. In all experiments, a small aliquot of cells was

set aside to confirm the cell count and viability using

conventional techniques (i.e., trypan blue exclusion). Once

the cell count and viability were confirmed, cells were

diluted to appropriate injection doses, mixed with BD

Matrigel (BD Biosciences) at 1:1 ratio and injected sub-

cutaneously in nude mice on the dorsal side of each flank.

To minimize experimental variability due to individual

differences in recipient mice, cell populations that were to

be compared were injected on opposite flanks of the same

animals. The injected mice were followed for up to

5 months and killed when tumors reached a maximum

diameter of 17 mm. The Pusan National University Insti-

tutional Animal Care and Use Committee (PNUIACUC)

approved the experimental procedures.

Cell cultures

Tumor samples were subjected to mechanical and enzy-

matic disaggregation as described above. The resultingT
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cancer cells were cultured in Neurobasal-A medium (Gibco,

Camarillo, CA) supplemented with 2 mM L-glutamine,

120 lg/ml of penicillin, 100 lg/ml of streptomycin, B27,

50 ng/ml of EGF, and 50 ng/ml of FGF-2. For differentia-

tion, 5% FCS was added to the media instead of growth

factors.

Histological evaluation

Tumor tissues were fixed in 4% paraformaldehyde in

0.1 M phosphate buffer saline [PBS (pH 7.4)] for 4–6 h

and embedded in paraffin. After cutting with a microtome,

sections (4 lm thick) were deparaffinized and hydrated

using xylene and graded methanol, respectively. Depa-

raffinized and hydrated sections were stained in a standard

fashion with hematoxylin-eosin (H&E).

Cell survival assay

Cancer spheres were disaggregated, and the resulting cells

were sorted into each subpopulation as described above.

Sorted cells were seeded at a density of 1.5 9 104/well in

96-well plates. Next, they were treated with the indicated

concentrations of various anti-cancer drugs including

5-fluorouracil (Sigma-Aldrich, St. Louis, MO), doxorubi-

cin (Sigma-Aldrich), vinblastine (Sigma-Aldrich) and

paclitaxel (Sigma-Aldrich). After 48 h, cell proliferation

reagent WST-1 (Roche, Mannheim, Germany) was added

at a concentration of 10 ll/well, and the cells were further

incubated for 4 h at 37�C in a humidified atmosphere of

5% CO2. Cell viability was measured by absorbance at

450 nm using an enzyme-linked immunosorbent assay

(ELISA) reader (TECAN, Mannedorf, Switzerland). The

cell proliferation curve was plotted using the absorb-

ance at each time point. Viability was determined in

quintuplicate.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed,

paraffin-embedded tissue. Sections of paraffin-embedded

tissue were dewaxed in xylene and rehydrated with dis-

tilled water. Sections were then incubated with 0.3%

hydrogen peroxide. The slides were subsequently incu-

bated with the following antibodies overnight at 4�C: anti-

MUC5AC (Novocastra, Newcastle, UK), anti-MUC6

(Novocastra) and anti-Pan-cytokeratin antibodies (Invitro-

gen, Camarillo, CA). The reaction was performed using

an Elite Vector Stain ABC system (Vector Laborato-

ries, Burlingame, CA) and DAB substrate chromogen

(DakoCytomation, Denmark), followed by hematoxylin

counterstaining.

Transmission electron microscopy (TEM)

Cells were harvested by centrifugation, washed in PBS and

then resuspended in 200 ml of PBS. Cells were fixed with

2.5% glutaraldehyde in 0.1 M phosphate buffer at room

temperature, and then postfixed with 1% OsO4 in the

same buffer. The pellet was rinsed with distilled water,

dehydrated in a graded ethanol series, and embedded in

Spurr’s resin according to the recommendations of the

supplier(Ladd Research Industry, Burlington, VT). Thin

sections were prepared on an LKB Nova ultramicrotome

(Leica, Vienna, Austria) fitted with a diamond knife and

were observed in a transmission electron microscope

Hitachi H-7600(Hitachi, Japan) operated by the Center for

Research Facilities, Pusan National University (South

Korea).

Statistical analysis

Statistical comparisons between two groups were made

using the nonparametric Mann-Whitney U test or Student’s

t test. For comparison of more than three groups, one-way

analysis of variance (ANOVA), followed by Tukey’s

multiple comparison, was used. P values of \0.05 were

considered statistically significant.

Results

Expression of surface markers in gastric cancer tissues

Fresh human gastric cancer specimens and corresponding

normal mucosal specimens were obtained at the time of

surgery from 19 patients (Table 1). To isolate cancer stem

cells, the primary tissues were disaggregated into single-

cell suspensions and analyzed by flow cytometry. We used

two cell surface markers (CD44 and EpCAM) because

these two markers have been used to isolate cancer stem

cells from other cancer tissues [12, 23]. Based on the

expression of CD44 and EpCAM, we were able to dis-

criminate four main populations of epithelial cells

(EpCAM?/CD44?, EpCAM-/CD44-, EpCAM?/CD44-,

EpCAM-/CD44?). In normal gastric muscosa, EpCAM?/

CD44? cells were very rare compared to cancer tissues

(Fig. 1). The overall frequency of EpCAM?/CD44? was

0.5% of total live normal gastric mucosal cells. In primary

gastric cancer tissues, the frequency of EpCAM?/CD44?

cells was 4.5% of total live tumor cells. Although a con-

sistent pattern was not observed in flow cytometry plots of

primary cancer tissues, more EpCAM?/CD44? cells were

observed in the diffuse type (7.1%) than in the intestinal

type (3%) of gastric cancer tissues (Fig. 1).
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To determine the anatomic location of CD44? cells in

gastric cancer tissues, we performed immunohistochemis-

try in the xenograft, using gastric cancer tissues from

patients and in the original patient’s tumor. CD44 expres-

sion was detected in the invasive gastric cancer cells and

some immune and stromal cells (Fig. 2). However, it was

hard to detect CD44 expression in normal gastric epithelial

cells (data not shown).

Differential tumorigenicity of gastric cancer phenotypic

subpopulation

To determine whether two phenotypic subpopulations have

differential tumorigenic properties, we did engraftment

experiments in the immunocompromised mice. The results

showed a substantial difference in tumorigenic properties.

Tumors frequently arose following injection of EpCAM?/

CD44? cells, whereas EpCAM-/CD44- cells consistently

failed to form tumors 20 weeks following the transplanta-

tion, indicating that EpCAM?/CD44? cells are cancer stem

cells (Fig. 3; Table 1). Moreover, EpCAM?/CD44- and

EpCAM-/CD44? cells also failed to do so 20 weeks fol-

lowing the transplant (data not shown). As few as 500

EpCAM?/CD44? cells formed tumors; however, 104 Ep-

CAM-/CD44- failed to form tumors (Table 1). In fact,

1 9 104 of the unseparated cells were required to initiate

tumor formation; however, tumor formation was inefficient

(1 of 10 injected hosts), suggesting that cancer stem cells

were enriched with the EpCAM?/CD44? subpopulation.

Moreover, hematoxylin-eosin staining and microscopic

analysis indicated that EpCAM?/CD44?-derived tumor

xenografts reproduced the morphological and phenotypical

heterogeneity of the primary tumor, including production

of gastric mucins (Fig. 2). Staining of cytokeratin, MUC-

5AC, MUC6 and CD44 showed a similar pattern between

the original tumor tissue and the xenograft tumor tissue

(Fig. 2). Furthermore, not all of the cells derived from the

EpCAM?/CD44? subpopulation were CD44?, despite the

fact that all of the injected cells were CD44?, indicating

that CD44? cells likely generated CD44- cells. When

analyzed by flow cytometry, the xenograft tumors con-

tained both EpCAM?/CD44? and EpCAM-/CD44-

populations in proportions similar to those of the primary

lesions (Fig. 4a).

To investigate whether EpCAM?/CD44? gastric cancer

cells display long-term tumorigenic potential, we evaluated

the ability of these cells to generate tumors after serial

transplantation. Tumor xenografts from the freshly isolated

EpCAM?/CD44? cells were digested to isolate EpCAM?/

CD44? and EpCAM-/CD44- cells, which in turn were

transplanted. Although EpCAM-/CD44- cells were not

able to form tumors into secondary mice, EpCAM?/

CD44? cells were tumorigenic. EpCAM?/CD44? cells in

secondary tumors were used as a new source of EpCAM?/

CD44? cells to generate tertiary and then quaternary

tumors. During the in vivo passages, EpCAM?/CD44?

cells maintained their tumorigenicity. In addition, the

aggressiveness of EpCAM?/CD44? cells increased, as

evidenced by the more rapid growth (Fig. 4b).

Formation of cancer spheres

Previous reports have shown that normal and neoplastic

stem cells from neural and epithelial organs can be

expanded as sphere-like cellular aggregates in serum-free

medium containing EGF and FGF-2 [13, 17, 24]. We tried

to culture gastric cancer cells after dissociation of cancer

tissues in serum-free media containing EGF and FGF-2.

After we sorted EpCAM?/CD44?, EpCAM?/CD44-,

EpCAM-/CD44?, and EpCAM-/CD44- subpopulations

from patients’ tissues, we cultured each subpopulation to

observe sphere formation. Interestingly, only the Ep-

CAM?/CD44? subpopulation formed cancer spheres after

4–5 weeks of culture (Table 1), although not all EpCAM?/

CD44? cells formed cancer spheres. When 5% serum was

added to the media instead of EGF and FGF-2, floating

cancer spheres attached to the plastic and became adherent.

Following adhesion, the cells lost the expression of CD44

(Fig. 5a). To determine whether or not expanded CD44?

cells in tumor spheres maintained tumorigenic potential,

we injected cancer spheres or differentiated cells subcuta-

neously into nude mice and monitored the formation of

tumors weekly. While 104 adherent cells were not tumor-

igenic, cancer spheres engrafted and generated tumors

(Fig. 5b).

Differentiation of a cancer stem cell inside a cancer

sphere

Next, we examined whether a single EpCAM?/CD44?

cancer stem cell can form a cancer sphere and generate

differentiated cells in a cancer sphere. After sorting using

FACS, we cultured a single EpCAM?/CD44? cell in a well

of a 96-well plate after limiting dilution and observed its

Fig. 1 EpCAM/CD44 expression profiles in primary gastric cancers

and normal gastric mucosa. a The pattern of EpCAM/CD44 expression

in primary gastric cancers and normal gastric mucosa was compared. To

minimize experimental variability and contributions of genetic back-

ground, primary cancers (right panels) were compared with autologous

normal mucosa (left panels) for patients 15 and 3 (Table 1), and

analyzed on the same day. The upper two panels were derived from the

intestinal type of gastric cancer (patient 15) and lower two panels from

the diffuse type of gastric cancer (patient 3). The percentages reported in

flow plots indicate the percentage of cells contained within gate P2.

b Comparison of EpCAM/CD44 expression between the intestinal and

the diffuse types of gastric cancers. Data are the mean ± SE of 19

patients (*P \ 0.05, Student’s t test)

c

3594 M.-E. Han et al.

123



growth. A single EpCAM?/CD44? formed a sphere within

10 days (Fig. 6). To examine the status of differentiation of

a sphere, we made a paraffin block for the sphere and

labeled it with various markers including cytokeratin,

MUC-5AC, MUC6, MUC2 and pepsinogen. Remarkably,

we observed positive cells for various markers inside the

Intestinal Diffuse

*

E
p

C
A

M
+ C

D
44

+
ce

lls
 (

%
)

A

B

Gastric cancer stem cell 3595

123



Fig. 2 Xenografts generated

from EpCAM?/CD44? gastric

cancer cells resemble the

original patient tumor (patient

6). The histology of the two

tumors, as examined by H&E

staining, shows similar

structures. The

immunohistochemical staining

using various markers,

including MUC5AC, MUC6,

Pan-cytokeratin (Pan-CK) and

CD44, showed comparable

staining patterns in both the

xenograft and parental tumors.

In the invasive front of gastric

cancer, CD44 staining was

similarly observed in both

tumors. Production of two

gastric mucins (MUC5AC and

MUC6) was also similar in both

tumors. Scale bar = 200 lm
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sphere (Fig. 7a), indicating that a single cancer stem cell

can differentiate into various kinds of cells. To further

analyze the sphere, we observed spheres using a trans-

mission electron microscope (TEM). TEM showed various

kinds of differentiated structures including microvilli,

intercellular junctions and different kinds of intracellular

vesicles (Fig. 7b).

Chemo-resistance of gastric cancer stem cells

Cancer stem cells have been shown to resist chemotherapy

compared to other differentiated cells [25, 26]. To examine

this hypothesis, we carried out cell survival assay after

sorting each subpopulation. EpCAM?/CD44?, EpCAM?/

CD44-, EpCAM-/CD44? and EpCAM-/CD44- subpop-

ulations were treated with various concentrations of anti-

cancer drugs including 5-fluorouracil, doxorubicin, vin-

blastine and paclitaxel (Fig. 8). The EpCAM?/CD44?

subpopulation had significantly greater resistance to all

tested anti-cancer drugs than other subpopulations.

Discussion

Lauren classification has long been applied to the pathology

of gastric cancer. The diffuse type of gastric cancer showed

more poorly differentiated cells than the intestinal type.

Because the diffuse type has an increased propensity for

intra- and trans-mural spread, it has been associated with

a poorer prognosis [27]. These results are consistent with

our finding that diffuse types of gastric cancer had more

EpCAM?/CD44? cells than the intestinal type (Fig. 1)

because cancer stem cells are metastatic and undifferenti-

ated. Although we could not associate the cancer stem cell

population with patients’ survival rates, recent studies have

shown that aberrant expression of CD44 and CD44 variants

are associated with lymph node metastasis, invasion,

recurrence rate and survival rate in gastric cancer [28–30].

Moreover, invasive gastric cancer cells in patients’ tissue

overexpressed EpCAM and its knockdown by siRNA sup-

pressed the in vitro and in vivo invasive abilities of gastric

cancer cells [31]. In future study, the correlation of CD44

and EpCAM expression with patients’ survival rate needs to

be investigated.

CD44 is a transmembrane glycoprotein involved in a

variety of cellular processes including cellular adhesion

[32]. Alternative splicing creates more than ten different

isoforms of CD44. The expression of CD44 potentiates

tumor cells to adhere to the extracellular matrix through

ligands, such as hyaluronan, and facilitates the efficient

formation of cell colonies. Interestingly, CD44 variants

facilitate conferring a metastatic phenotype in various

tumors [33–36]. CD44 has been described as a marker for

cancer stem cells in a variety of cancers including colon,

breast, prostate and pancreatic cancer, and leukemia [14,

23, 37–39]. Knockdown of CD44 in colon cancer stem

cells prevented clonal formation and inhibited tumorige-

nicity in a xenograft model [40]. Collaboration between

CD44 with epidermal growth factor receptor and c-MET,

which are critical signaling molecules for cell migration,

has been demonstrated [41]. In addition, Guo et al. [42]

showed that the concentration of soluble CD44 in the

serum is raised in patients with advanced gastric cancers.

They also showed that the serum CD44 concentration

correlated with tumor burden and metastasis of gastric

cancer. Taken together, these results suggest that CD44 can

be a surface marker for gastric cancer stem cells.
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patient 6). Data concerning tumor volumes are the mean ± SE of five

independent experiments in duplicate (b)
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EpCAM is a glycosylated, 30–40-kDa type I membrane

protein that is expressed in a variety of human epithelial

tissues, cancers, and progenitor cells and embryonic stem

cells [43–46]. Because EpCAM is expressed on essentially

all human adenocarcinomas, it was used as a marker to

identify disseminated cancerous cells in the circulation to

predict matastasis and recurrence of the tumor [47, 48].

EpCAM is believed to mediate Ca2?-independent homo-

typic cell-cell adhesion [49]. However, the role of EpCAM

in proliferation, migration and invasive capacity of cancer

cells has been demonstrated [50]. Moreover, tumorigenic

activity of EpCAM was demonstrated in a SCID mouse

tumor model [51]. Taken together, these results suggest

that EpCAM can be a marker for cancer stem cells. As

expected, EpCAM has been used as a marker for cancer

stem cells in various cancers including liver, colon, breast

and pancreatic cancer [12, 16, 17, 39, 52, 53]. A high level

of EpCAM in hepatocellular carcinoma was associated

with expression of markers of hepatic stem cells, efficient

formation of spheres and development of tumors in NOD-

SCID mice [52]. Moreover, EpCAM? hepatocellular

carcinoma cells showed the abilities to self-renew and

differentiate [52]. The underlying mechanism with which

EpCAM regulates stemness has been suggested. In carci-

noma cells, cell-to-cell contact triggers activation and

proteolysis of EpCAM. The resulting intracellular domain

of EpCAM travels into the nucleus and becomes part of a

large complex containing the transcriptional regulators

b-catenin and Lef, which are both components of the Wnt

pathway, which is critical in the maintenance of normal

and cancer stem cells [43]. EpCAM has also been shown to

be involved in the maintenance of embryonic stem cells

[46, 54, 55]. It is notable that EpCAM is overexpressed in

metastatic gastric cancer cells [31].

In this study, we used two markers (CD44 and EpCAM)

to isolate gastric cancer stem cells. A previous study

showed that gastric cancer stem cells can be isolated from

gastric cancer cell lines using CD44 alone [18]. However,

in the present study, the EpCAM?/CD44- or EpCAM-/

CD44? subpopulation did not form a cancer sphere in vitro

and a tumor in vivo, suggesting that both CD44 and

EpCAM markers are needed for isolation of cancer stem

cells directly from patients. Interestingly, the interaction

between CD44 and EpCAM has been suggested before,
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which may support the usage of two markers. In colorectal

cancer, claudin-7-associated EpCAM is recruited into tet-

raspanin-enriched membrane microdomains (TEM) and

forms a complex with CO-029 and CD44v6 that facilitates

metastasis formation [56]. Moreover, in rat pancreatic

adenocarcinoma cells, interaction between CD44v4-v7 and

EpCAM was demonstrated to affect cell-cell and cell-

matrix adhesion and apoptosis resistance [57].

The standard experimental method for isolation of

cancer stem cells is to test the tumorigenicity of cancer

cells that were separated from other cancer cells by various

surface markers in immune-compromised mice [7]. How-

ever, this in vivo xenotransplantation test takes a long time.

For one test, we needed to spend 5 months. A simple and

easy in vitro experimental test is sphere formation assay.

Various cancer stem cells from colon, brain and breast

cancer, etc., formed spheres [13, 17, 58]. However, the

status of cancer spheres has never been characterized.

In this study, we showed that a single gastric cancer

stem cell can form a cancer sphere that contains various

kinds of differentiated cells. In addition to the appearance

of various differentiation markers (Fig. 7a), microvilli,

intercellular junction and intracellular vesicles were con-

firmed by electron microscope (Fig. 7b). Because we can

observe differentiation of cancer stem cells into various

cells in vitro, we can apply this model for studying

molecular mechanisms for the maintenance of stemness,

differentiation and interaction with other kinds of cells of

cancer stem cells. In this regard, we think cancer spheres

isolated directly from patients are better than those from

cell lines. Moreover, differentiation of cancer spheres by

serum abolished the tumorigenicity of the cancer stem
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Fig. 5 The tumorigenic potential of EpCAM?/CD44? gastric cancer

cells is lost upon differentiation. a Microscopic analysis of gastric

cancer spheres (patient 16) cultivated in differentiation condition for

7 days. CD44 expression in undifferentiated and differentiated gastric

cancer cells was analyzed by immunocytochemistry. Before immu-

nocytochemistry, undifferentiated cancer spheres were disaggregated

into single cells by trypsin treatment. b Tumorigenic potential of

cancer spheres and differentiated EpCAM?/CD44? gastric cancer

cells. Differentiated cells are not CD44-postive. Tumor volumes of

mice injected with 104 cells are shown. Data are the mean ± SE of

three independent experiments in duplicate

Gastric cancer stem cell 3599

123



1d 2d 2.5d 3d 4d 5d 6d

8d

7d

Fig. 6 Representative example of a sphere formation originating from

a single cancer stem cell. After FACS using CD44 and EpCAM

antibody, a single cancer stem cell was cultured in a well of 96-well

plate, and images were taken at the indicated times (patient 16). Original

magnifications: days 1–3, 409 magnification; days 4–5, 209 magni-

fication; days 6–7, 109 magnification; and day 8, 49 magnification
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cells. So, we can use this model for development of ther-

apeutic reagents.

Cancer stem cells have been associated with chemo-

resistance [25, 26], which is critical for their therapeutic

implications. The underlying mechanism for the chemo-

resistance of cancer stem cells has been explained by

several pathways including a high level of ATP-binding

cassette (ABC) transporters, DNA repair capacity, detoxi-

fying enzymes and anti-apoptotic factors [59]. It is notable

that EpCAM and CD44 expressions have been associated

with drug resistance by their anti-apoptotic action [60–64].

Claudin-7-EpCAM complex in tetraspanin-enriched

membrane microdomains (TEM) induced extracellular

signal-regulated kinase-1/2 phosphorylation, upregulation

of anti-apoptotic proteins and drug resistance [65]. CD44

knockout mice showed increased apoptosis in colonic

epithelium [60]. Moreover, activation of CD44 by binding

with osteopontin increased apoptosis resistance via the

phosphatidylinositol 3-kinase (PI3 K)/AKT pathway [64].

Furthermore, genetic variants in the CD44 gene were sig-

nificantly associated with decreased cellular response to

various cytotoxic chemotherapeutics [66]. In this study we

showed EpCAM?/CD44? gastric cancer stem cells are

more resistant to anti-cancer drugs than other subpopula-

tion cells. In future study, the underlying mechanism for

this chemo-resistance needs to be explored.

A xenotransplantation model for the isolation of cancer

stem cells has a critical problem because immunodeficient

mice may not provide an ideal local microenvironment for

the growth of human cancer cells [18, 67]. A recent study

showed that when lymphomas and leukemias of mouse

origin are transplanted into histocompatible mice, a very

high frequency of the tumor cells can seed tumor growth

[68]. Moreover, it appears that the severity of immunode-

ficiency of the recipient mice may affect the outcome of

xenograft transplantation studies. The use of more highly

immunocompromised NOD/SCID interleukin-2 receptor

gamma chain null mice increased the detection of

Fig. 8 Gastric cancer stem cells resist chemotherapy. Each subpop-

ulation EpCAM?/CD44?, EpCAM?/CD44-, EpCAM-/CD44- and

EpCAM-/CD44? was isolated from cancer spheres, and the chemo-

sensitivity was assessed in each subpopulation. Cells were treated

with various concentrations of anti-cancer drugs including

5-fluorouracil (5-FU, a), doxorubicin (b), vinblastine (c) and paclit-

axel (d) for 48 h. Data are the mean ± SE of three independent

experiments in quintuplicate [*P \ 0.01, one-way analysis of vari-

ance (ANOVA), followed by Tukey’s multiple comparison]
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tumorigenic melanoma cells by several orders of magni-

tude [69]. Taken together, calculation of the percentage of

cancer stem cells in cancer tissues may not be meaningful

because the microenvironment for human cancer cells is

not perfect in mice. However, we can conclude that gastric

cancer stem cells are enriched in EpCAM?/CD44? cells.

In this study, we successfully isolated gastric cancer

stem cells from patients using two EpCAM and CD44

surface markers. In addition to in vivo experiments, gastric

cancer stem cells generated various differentiated cells in

cancer sphere culture. Therefore, these cancer spheres

isolated directly from patients can be used for studying

maintenance of stemness, differentiation and interaction

with other cells of cancer stem cells.
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