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The side population (SP) of tumor cell lines shares
characteristics with tumor stem cells. The objective of
this study was to phenotypically and genotypically
characterize the SP of gastric cancer cell lines. SP cells
were obtained from AGS and MKN45 gastric cancer
cells using Hoechst 33342 staining and fluorescence-
activated cell sorting. The cells were subsequently
studied morphologically at cytology and immunocy-
tochemistry, on the transcriptional level via gene ar-
ray, and in cell culture using recultivation assays.
Genes differentially expressed in SP cells were evalu-
ated at immunohistochemistry in tissue samples from
486 patients with gastric cancer. The SP cells were
smaller and rounder then non-SP cells. SP cells self-
renewed in recultivation experiments and differenti-
ated into SP and non-SP cells. Recultivated SP and
non-SP cells exhibited distinct phenotypes in culture
insofar as cell shape and colony formation. SP cells
demonstrated increased levels of the stem cell mark-
ers CD133 and Musashi-1. Transcriptional analyses
demonstrated that SP cells express genes that encode
for stem cell properties including FZD7, HEY1, SMO,
and ADAM17. It was observed that ADAM17 and FZD7
are differentially expressed in human gastric cancer,
and FZD7-positive cancers are associated with signifi-
cantly shorter patient survival. In conclusion, human
gastric cancer cell lines enclose a phenotypically and
genotypically distinct cell population with tumor stem
cell features. Phenotypic characteristics of this distinct
cell population are also present in gastric cancer tissue,
and correlate with patient survival. (4m J Pathol 2011,
178:1792-1804 DOI: 10.1016/j.ajpath.2010.12.043)

Gastric cancer is among the most common malignant
diseases worldwide and is associated with a poor prog-
nosis. More than 80% of patients with advanced gastric
cancer die of the disease within 1 year after diagnosis.
Although chemotherapy improves life expectancy, many
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patients die of recurrent disease, which suggests that
standard treatment protocols are ineffective in a consid-
erable number of cases." A putative explanation for inef-
fective therapy is the presence of cancer stem cells (CSCs).
The CSC hypothesis postulates that a tumor is a conglom-
erate of heterogeneous cell populations. Only a subpopu-
lation of this conglomerate maintains the capability for ex-
cessive proliferation. In some studies, as few as 100 cells of
the CSC subpopulation induced tumor growth in immuno-
deficient mice.? Those cells exhibit stem cell features and
give rise to phenotypically diverse cancer cells. CSCs are
more resistant to therapy, leading to tumor recurrence, pro-
gression, and, ultimately, patient death.®*

The role of CSCs in gastrointestinal cancer in general
and in gastric cancer in particular has not been fully
clarified. One of the problems associated with identifica-
tion and characterization of stem cells is their separation
from the surrounding cell population. Although promising
efforts have been made to isolate CSCs in gastric cancer
by using surface markers such as CD44,° this method is
impractical in most tissues because there are only a few
known surface marker profiles for stem cells, and those
identified differ between stem cells of different tissues. A
novel approach to identification and characterization of a
tumor cell subpopulation with putative stem cell features is
use of the side population (SP) of cancer cell lines. The SP
is characterized by the ability to efflux the DNA-binding dye
Hoechst 33342. It was first described in 1996 in a pioneer-
ing study by Goodell et al® in which a subpopulation of
hematopoietic cells with a low staining profile was discov-
ered. This small subset of cells (0.2%) exhibited a Sca-17°°
Lin"ee°" surface marker profile characteristic of hemato-
poietic progenitor cells. A small number of these SP cells
could rebuild bone marrow in mice administered sublethal
dosages of irradiation, whereas the other cells could not.
Progress has been made to advance our understanding of
these cells. Not only do SP cells represent the stem cell
subset in various tissues such as brain, liver, and kidney,
they also seem to have a vital role in cancer genesis in
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leukemia” and solid tumors.?2 The mechanism of the char-
acteristic staining pattern of SP cells is based on their ability
to efflux Hoechst 33342 dye via ATP-binding cassette
(ABC) transporters. ABC transporters seem to correlate with
maintenance of stem cell features.®

The present study was based on the hypotheses that i)
gastric cancer contains a tumor cell subpopulation that
demonstrates stem cell characteristics and that deter-
mines tumor recurrence and progression, ii) this popula-
tion can be identified by sorting for SP cells, and iii)
phenotypic and genotypic characterization of these cells
may aid in identification of novel therapeutic targets for
treatment of gastric cancer. Using Hoechst 33342 dye
and gastric cancer cell lines, SP cells were isolated and
characterized phenotypically, genotypically, and in recul-
tivation experiments. Genes differentially expressed in SP
cells were evaluated at immunohistochemistry in tissue
samples from patients with gastric cancer.

Materials and Methods
Cell Lines and Cell Culture

The human gastric cancer cell line AGS was obtained from
the American Type Culture Collection (Wesel, Germany),
and MKN 45 from the German Collection of Microorganisms
and Cell Cultures (Braunschweig, Germany). Both cell lines
were derived from adenocarcinomas of the intestinal type
according to the Lauren classification. The cells were grown
in VLE RPMI 1640 medium supplemented with 10% (AGS)
or 20% (MKN 45) fetal bovine serum (Biochrom AG, Berlin,
Germany) at 37°C in a humidified atmosphere with 5% CO..
For recultivation experiments, the cell culture medium was
supplemented with 10 uL/mL penicillin or streptomycin
(PAA Laboratories GmbH, Pasching, Austria). Cells were
washed with PBS, and harvested by incubating for 5
minutes with trypsin. Trypsin was inhibited by addition of
culture medium, and the cells were pelleted via centrifu-
gation for 5 minutes at 800 rpm. The cells were resus-
pended in culture medium, counted using a Z1 Coulter
cell counter (Beckman Coulter GmbH, Krefeld, Ger-
many), and aliquoted in portions of 1 X 10° cells. All
experiments were performed in a culture hood, and all
cell culture solutions were preheated to 37°C before use.

Hoechst Staining

Staining with Hoechst 33342 dye (B2261; Sigma-Aldrich
Corp., St Louis, MO) was performed according to the
method of Lin and Goodell.™® In brief, gastric cancer cells
were detached at trypsinization, and 1 X 10° cells were
incubated in the growth medium with 2.5, 4.0, 5.0, 6.0, 8.0,
or 10.0 ug/mL Hoechst 33342 either alone or in combination
with 50 png/mL verapamil at 37°C for 90 minutes in the dark,
with interval mixing. After washing with PBS or 2% fetal
bovine serum, the cells were incubated with 2 ug/mL pro-
pidium iodide to exclude nonviable cells demonstrating up-
take. The freshly harvested cells were washed with ice-cold
PBS and filtered with a 30-um cell filter (Partec GmbH,
Gorlitz, Germany) to prevent clogging of the fluorescence-
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activated cell-sorting (FACS) devices. After staining, cells
were kept in the dark on ice to prevent further dye efflux.

Fluorescence-Activated Cell Sorting

FACS was performed using the FACS DIVA instrument (BD
Biosciences, San Jose, CA). The Hoechst dye was excited
with a UV laser (350 nm), and fluorescence was measured
using both a 675/20 filter (Hoechst red) and a 450/20 filter
(Hoechst blue). Hoechst fluorescence was displayed on a
blue versus red plot, with blue on the vertical axis and red
on the horizontal axis, both in linear mode. The voltage was
adjusted so that the propidium iodide—positive cells accu-
mulated along the rightmost vertical line. Most cells were
located in the center and upper right. The SP cells concen-
trated on a diagonal line in the lower left.

Recultivation Assays

After FACS sorting, SP and non-SP cells were cultured
separately in small cell culture flasks and photographed
every other day. The cells were then harvested, stained with
Hoechst 33342, and reanalyzed with FACS after 6 to 10
days, as described. AGS cells were used for recultivation
assays, and three separate sortings were performed that
resulted in six samples, three SP and three non-SP.

Cell Viability

Cell viability was studied before and after Hoechst
33342-staining and before and after FACS analysis. Cells
were washed with PBS, fixed in 100% ethanol, and coun-
terstained with 1% methylene blue.

Cytology and Immunocytochemistry

The morphologic features and immunophenotype of SP
and non-SP cells were studied at cytology and immuno-
cytochemistry. Approximately 1 X 10% to 1 X 10° AGS
cells were cytocentrifuged for 10 minutes at 1000 rpm
onto glass slides and fixed in a 7:3 acetone-methanol
mixture for 20 minutes at —20°C. The number of SP and
non-SP cells obtained from MKN45 was too small to gen-
erate an adequate number of slides at cytocentrifugation
for all phenotypic analyses. Therefore, MKN45 cells were
embedded in small agarose beads as follows: MKN45 cells
were fixed in 4% p-formaldehyde overnight and pelleted in
an Eppendorf tube via centrifugation for 5 minutes at 3500
rom, and washed twice in PBS. The Eppendorf tube was
weighed without and with the cell pellet. An amount of 2%
low-melt agarose solution identical to the mass (in micro-
grams) of the cell pellet was added to the cells. The fixed
cells were suspended in the warm 2% low-melt agarose
solution and placed on parafiim. The agarose cell suspen-
sion was hardened in a refrigerator at —20°C for at least 10
minutes, processed using a conventional tissue processor
(Leica TP; Global Medical Instrumentation Inc., Ramsey,
MN), and manually embedded in paraffin. Paraffin sections
3 um thick were mounted on glass slides, dewaxed in
xylene, rehydrated in a descending (96%, 70%, and 50%)
ethanol series, and stained.
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Cell size and morphologic features were assessed at
H&E staining. The cells were immunostained using mono-
clonal antibodies directed against CD44 (diluted 1:100;
Biozol Diagnostica Vertrieb GmbH, Eching, Germany)
and CD133 (1:100; Cell Signaling Technology, Inc., Bev-
erly, MA), and polyclonal antibodies directed against
CD117 (1:100; Dako Cytomation A/S, Glostrup, Den-
mark), LGR5 (1:400; Abcam, Inc., Cambridge, MA), and
Musashi-1 (MSI-1; 1:100; Chemicon International Inc.,
Temecula, CA). For immunocytochemistry, cells and sec-
tions were pretreated with an avidin-biotin block (Corning
Inc., Corning, NY) before antibody staining to minimize
unspecific staining reaction. Incubation with the primary
antibodies was performed in a moist chamber at room
temperature for 30 minutes and then at 4°C overnight.
Paraffin sections were pretreated with sodium citrate (pH
6.0) before staining with anti-LGR5 antibody. Slides were
washed between steps with Tris-buffered saline solution.
Immunoreactions were visualized using the Super Sensi-
tive Link Label Detection System (BioGenex Laborato-
ries, San Ramon, CA) combined with the SIGMAFAST kit
(Sigma-Aldrich Corp.) according to the manufacturer’s
instructions. Specimens were counterstained with hema-
toxylin. Omission of primary antibodies served as nega-
tive controls. Nonneoplastic human stomach (CD44), ap-
pendix (CD117), colon cancer (CD133), kidney (FZD7),
and brain (LGR5 and MSI-1) tissue served as positive
controls, and demonstrated cytoplasmic staining in neu-
rons (LGR5 and MSI-1), mast cells (CD117), inflammatory
cells (CD44), tubular epithelium (FZD7), and tumor cells
(CD133). No staining was observed after omission of the
primary antibodies.

The percentage of immunoreactive cells was evaluated
by counting the number of immunoreactive cells among at
least 80 SP and non-SP cells, respectively, in at least five
visual fields (400X magnification). In a second step, the
intensity of immunoreaction was assessed as negative (0),
weak (1), moderate (2), strong (3), or very strong (4).

RNA Extraction and Gene Chip Analysis

RNA was extracted using a mirVana miRNA Isolation Kit
(Ambion, Inc., Austin, TX) according to the manufactur-
er’s instructions. The total RNA was quantified using UV
spectroscopy, and its quality was assessed using a Lab-
Chip (BioAnalyzer, Agilent Technologies, Inc., Santa
Clara, CA) and agarose gel electrophoresis. cDNA was
synthesized from 5 ug total RNA. Reverse transcription
was performed at 43°C for 90 minutes in first-strand buf-
fer, and second-strand synthesis was performed in 150
ulL solution using the complete cDNA reaction mixture
(both from Invitrogen Corp., Karlsruhe, Germany). The
mixture was incubated at 16°C for 2 hours, followed by
further incubation with 2 uL T4 DNA polymerase (5 U/uL)
for 15 minutes. Cleanup of double-stranded cDNA was
performed using phenol or chloroform extraction and pre-
cipitation with 5 mmol/L ammonium acetate and absolute
ethanol at —20°C for 20 minutes. Synthesis of biotin-
labeled cRNA was performed using the BioArray High
Yield RNA Transcription kit (Enzo Diagnostics Inc., Farm-
ingdale, NY). The amplified cRNA was purified with an

affinity resin column (RNeasy; Qiagen GmbH, Hilden,
Germany) and fragmented at incubation at 94°C for 35
minutes in the presence of 40 mmol/L Tris acetate (pH
8.1), 100 mmol/L potassium acetate, and 30 mmol/L
magnesium acetate. The cRNA amount was determined
at UV spectroscopy, and distribution of cRNA fragment
sizes of both cRNA and fragmentation products was
checked by analyzing the samples using a LabChip Bio-
Analyzer (Agilent Technologies, Inc.). The fragmented
cRNA was hybridized to the HG U133A/MG U74Av2 ar-
ray (Affymetrix, Inc., Santa Clara, CA). Hybridization was
then performed at 45°C in a hybridization oven for 16
hours. Subsequent washing and staining of the arrays
was performed using the GeneChip fluidics station pro-
tocol EUKGE-WS2. The arrays were stained for 10 minutes
in streptavidin-phycoerythrin solution (Molecular Probes,
Inc., Eugene, OR) at 25°C. The post-stain wash consisted
of 10 cycles at 25°C in the fluidics station using nonstrin-
gent solution. The probe arrays were treated for 10 min-
utes in antibody solution composed of 2 ug/uL acety-
lated bovine serum albumin, 0.1 wg/uL normal goat 1gG
(Sigma-Aldrich Corp.), and 3 wg/mL goat anti-streptavi-
din biotinylated antibody (Vector Laboratories, Inc., Bur-
lingame, CA) in 100 mmol/L MES, 1 mmol/L NaCl, and
0.05% Tween 20 at 25°C. After washing and staining,
probe arrays were scanned twice at 3-um resolution us-
ing the GeneChip System confocal scanner (Hewlett-
Packard, Santa Clara, CA).

Bioinformatics

Raw data were analyzed using GeneChip Operating Soft-
ware, version 1.4 (Affymetrix, Inc.). The P value of a
transcript determines the detection call, which indicates
whether the transcript is reliably detected (P < 0.05;
present) or not detected (absent). To enable comparison
between chips, the data were scaled to a global intensity
of 500. The Data Mining Tool 2.0 (Affymetrix, Inc.) and
GeneSpring software package 7.2 (Silicon Genetics,
Redwood City, CA) were used to average results from
different samples and to perform statistical analyses.

Tumor Samples

Tissue samples of gastric cancer were obtained surgi-
cally between 1995 and 2008 at University Hospital
Schleswig-Holstein. For immunohistochemical analyses,
samples from 486 patients with gastric cancer (304 men
and 182 women; mean age at diagnosis, 68 years) were
used, comprising 187 intestinal and 218 diffuse carcinomas
according to the Laurén classification. Forty-two patients
demonstrated a mixed-type gastric cancer. Survival data
were available for 374 patients. Follow-up data for the other
patients was missing because they did not reside near the
hospital or were lost to follow-up. Of 374 patients, 313 died
during follow-up. Median follow-up for patients alive at the
end of the study was 19 months. Only patients with histo-
logically confirmed gastric cancer and adequate tissue
available were included. The study was approved by the
local ethics committee of University Hospital in Kiel, Ger-
many (reference No. D 453/10).



Real-Time RT-PCR

For RT-PCR analysis, fresh-frozen neoplastic and corre-
sponding nonneoplastic tissue from 38 patients with in-
testinal gastric carcinoma (24 men and14 woman; mean
[range] age, 67.1 [45 to 87] years) was obtained surgi-
cally between 1997 and 2009 at University Hospital
Schleswig-Holstein (Germany) and between 1995 and
2008 at Charité University Hospital (Germany). To-
tal RNA was isolated from cryoconserved tissues using
the mirVana miRNA Isolation Kit followed by DNase treat-
ment with the Turbo DNA-free kit (Ambion, Inc.). RNA
quality was assessed in 1.5% agarose gel. For cDNA
synthesis, 2 ug total RNA was reverse transcribed using
the Transcriptor First Strand cDNA Synthesis Kit (Roche
Diagnostics GmbH, Mannheim, Germany). The gene-
specific primers were designed by Biomers.net GmbH
(Ulm, Germany). Forward and reverse primer sequences,
respectively, were as follows: FZD7, 5’-AAGCGGTTTG-
GATGAAAAGA-3" and 5'-GATTCACATCGC CGTTAT
CA-3’; ADAM17, 5'-TCCTGGCATCATGTATCTGAAC-3’
and 5’-GCAAGGACTGTTCCTGTCACT-3'; SDHA (homo
sapiens succinate dehydrogenase complex, subunit A,
flavoprotein), 5'-ATTTGGTGGACAGAGCCTCA-3' and
5'-CTGGTATCATATCGCAGAGACCT-3"; CAPN2 (homo
sapiens calpain 2), 5'-CGCTGACCCCCAGTTTATC-3’
and 5'-TCAAGGTGAGGGAGGCAAT-3’; and CYCC (cy-
clophilin C), 5'-GGAAAAGTCATTGATGGGATG-3" and
5’-CAAAAGGCGTTTTCACGTCTA-3'. Real-time RT-PCR
was performed using the LightCyler 480 Probes Master
and the LightCycler 480 System (Roche Diagnostics
GmbH). The comparative cycle threshold values were
normalized to those of the three housekeeping genes:
SDHA, CAPNZ2, and CYCC. No template controls (no
cDNA in PCR) were run for each gene to detect nonspe-
cific or genomic amplification and primer dimerization. All
experiments were performed in duplicate.

Histology

For histologic analyses, tissue samples were fixed in 10%
neutralized formalin and embedded in paraffin. Deparaf-
finized sections were stained using H&E. The pathologic
TNM stage was determined according to UICC guide-
lines."

Tissue Microarray Construction

FFPE tissue samples were used to generate tissue microar-
rays, as described previously.'? In brief, three morpholog-
ically representative regions of the paraffin “donor”
blocks were chosen. Tissue cylinders 1.5 mm in diameter
were punched from these areas and precisely arrayed
into a new “recipient” paraffin block using a custom-built
instrument (Beecher Instruments, Silver Spring, MD). Af-
ter completing the block construction, 4-um sections of
the resulting tumor tissue microarray block were cut for
further analysis.
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Immunohistochemistry

Immunostaining was performed using a polyclonal anti-
body directed against ADAM17 (diluted 1:200; Sigma-
Aldrich Corp.) and a polyclonal antibody directed against
FZD7 (1:800; Aviva Systems Biology Corp., San Diego,
CA). For immunohistochemistry, paraffin sections were
dewaxed and rehydrated using xylol and a descending
alcohol series. After antigen retrieval [sodium citrate (pH
6.0); 5 minutes; pressure cooker; ADAM17, FZD7], the
sections were pretreated with an Ultra V Block (Thermo
Scientific GmbH, Schwerte, Germany) before antibody
staining to minimize nonspecific staining reaction. Incu-
bation with the primary antibodies was performed in a
moist chamber at room temperature for 30 minutes
(ADAM17) or 60 minutes (FZD7). Slides were washed
between steps with Tris-Tween buffered saline solution.
Immunoreactions were visualized with the UltraVisionAP
Polymer Detection System (Thermo Scientific GmbH) ac-
cording to the manufacturer’'s instructions. Fast Red
served as chromogen. The specimens were counter-
stained with hematoxylin. Omission of primary antibodies
served as negative controls, and normal human colon
(ADAM17) and kidney (FZD7) tissue served as positive
controls.

Evaluation of Staining of Tissue Slides

Immunostaining of the tissue microarrays was evaluated
by an experienced histopathologist (V.W.) with special
interest in gastrointestinal pathology, and scored by ap-
plying an immunoreactivity scoring system (IRS). In brief,
category A documented the intensity of immunostaining
as 0 (no immunostaining), 1 (weak), 2 (moderate), and 3
(strong). Category B documented the percentage of im-
munoreactive cells as 0 (no immunoreactive cells), 1
(<10%), 2 (10% to 50%), 3 (51% to 80%), and 4 (>80%).
Addition of category A and B resulted in an IRS ranging
from O to 7 for each case. Cases with an IRS of 1 or higher
were categorized as positive, and those with an IRS less
than 1 were categorized as negative.

Statistical Analyses

Real-time RT-PCR data were logarithmized to obtain ap-
proximately normally distributed data. Results were eval-
uated with a paired two-sided t-test. P < 0.05 was con-
sidered statistically significant.

The significance of associations between ADAM17
and FZD7 immunostaining patterns and clinicopatho-
logic patient characteristics was tested using the
Mann-Whitney test or the Fisher exact test. The prob-
ability of differences in overall survival as a function of
time was determined using the Kaplan-Meier method,
with a log-rank test for significance. Multiple survival
analysis was performed using Cox regression and sub-
sequent backward selection. Statistical decisions were
made two-tailed with a critical probability of @« = 5%
without a-adjustment, and P values supported the in-
terpretation. Thus, the results should be interpreted as
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Figure 1. A side population can be differentiated at FACS analysis even after
recultivation. AGS cells were stained with Hoechst 33342 and displayed in a
Hoechst red (horizontal axis) versus Hoechst blue (vertical axis) diagram
before (A and B) and after (C and D) recultivation for 6 days and a second
FACS analysis. The SP region contains 0.5% and 5.3% of the cells, respec-
tively, defined by gate P2 at the lower left (A and C), whereas this charac-
teristically low staining pattern disappears in the presence of verapamil: 0.1%
and 0.0% of cells, respectively (B and D).

exploratory. All statistical analyses were performed us-
ing commercially available software (SPSS version
18.0; SPSS, Inc., Chicago, IL).

Results

Hoechst 33342 Staining Does Not Affect Cell
Viability

Hoechst 33342 is cytotoxic,' and the first set of experi-
ments tested the viability of the cells after incubation with
different final concentrations of the Hoechst dye and sub-
sequent FACS analysis. Neither incubation of gastric can-
cer cells with 2.0 to 10.0 ug/mL Hoechst 33342 culture

medium nor subsequent FACS analyses affected cell viability
(see Supplemental Figure S1 at htto://ajp.amjpathol.org).

SPs Can Be Separated Reproducibly from
Gastric Cancer Cell Lines Using Hoechst
33342 Staining and FACS Analysis

Use of Hoechst 33342 staining and subsequent FACS
analysis enabled reproducible isolation of an SP from
both gastric cancer cell lines, AGS and MKN45. The SP
cells demonstrated lower dye uptake as they effluxed
Hoechst 33342 via ABC transporters. Dead cells were
identified using the sample gate. Only a few dead or
damaged cells were observed, which illustrates the low
cytotoxicity of the experimental procedure. The SP
cells were identified using verapamil, which blocks the

ABC transporters. SP cells were defined as the subset
of cells that exhibited a low Hoechst 33342 staining
pattern and disappeared with use of verapamil. In pre-
ceding experiments, a concentration of 5 pg/mL
Hoechst dye was determined to be the optimal final
concentration (data not shown). This was consistent
with subsequent concentration assays and with previ-
ous reports by others.’ Higher final concentrations
increased the background fluorescence and prohib-
ited the analysis, whereas concentrations less than 5
ng/mL decreased sensitivity and impaired identifica-
tion of SP cells. The harvested cells were fully suitable
for FACS analysis, generating a characteristic image in
the Hoechst blue versus Hoechst red diagram (Figure
1), similar to that described by others.™1®

A total of 23 sortings were performed, of which 16 were
with AGS cells and 7 with MKN45 cells. The overall per-
centage of SP cells within the cell cultures was compa-
rable between the two cell lines, and ranged from 0.1% to
0.8%.

SP Cells Self-Renew in Cell Culture and
Differentiate into SP Cells and Non-SP Cells

In the next set of experiments, the ability of SP and
non-SP cells to reculture in vitro was examined. SP and
non-SP cells were separated via FACS and recultured
under the same conditions. Recultivation experiments
were performed six times with AGS and twice with
MKN45. Both cell populations grew in culture again, and
were subjected to a second round of Hoechst 33342
staining and FACS analysis after 6 to 10 days of reculti-
vation. Recultured SP cells generated both SP and
non-SP cells, whereas recultured non-SP cells generated
primarily non-SP cells. The fraction of SP cells in the
recultured SP population was higher than in the initial
population (up to 5.3%). However, the percentage of SP
cells in the recultured cells decreased over time; on day
6, the number of SP cells was 5.3%, and on day 10, the
number of SP cells had decreased to 0.2% of all cells.
Thus, SP cells were able to reestablish a population con-
sisting of SP and non-SP cells within 10 days of reculti-
vation. Non-SP cells did not demonstrate this capability
(Figure 1; Table 1).

Table 1. SP Cells Self-Renew in Cell Culture

Time between first and second 6 7 9 10
FACS analyses (recultivation
time), day

SP fraction after first sorting, %

Reanalysis of SP fraction after
recultivation of SP cells, %

Reanalysis of SP fraction after
recultivation of non-SP cells, %

02 02 0.1 0.1
53 21 08 0.2

0.0 00 0.1 0.1
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Growth Pattern of Recultured Cells Varies
between SP and Non-SP Cells Insofar as
Cell Shape and Colony Formation

Cell growth and colony formation were monitored daily
with a microscope, and demonstrated that SP and
non-SP cells exhibit different growth patterns. Reculti-
vated SP cells settled as round cells on the bottom of
the cell culture flask within one day. In the following
days, they formed circular colonies, which finally
merged and enclosed cells of different shape and size.
Non-SP cells settled with a more fibroblastlike cell
shape and formed loose, disorganized, discohesive
colonies (Figure 2).

Phenotyping of SP and Non-SP Cells

In the next set of experiments, the phenotype of SP cells
embedded in agarose (MKN45) or cytocentrifuged onto
glass slides (AGS) was studied using H&E staining and
immunocytochemistry. The isolated SP cells were smaller
and rounder than the non-SP cells. This difference was
more distinct for AGS cells than for MKN45 cells (Figure 3).
This might be due to the different techniques of fixation.
The embedding in agarose and conventional cutting us-
ing a microtome might have resulted in more angular
MKN45 cells compared with the cytocentrifugation and
fixation of AGS cells on glass slides, in which the cells
became round. Despite the different techniques, a similar
difference was observed in both cell lines.

For immunophenotyping, different techniques were
tested. FACS analysis was impossible because the fluo-
rescence signal of phycoerythrin- and propidium iodide—
coupled antibodies interfered with each other and with
the Hoechst labeling. In addition, detection of intracellu-
lar targets was not reproducible (data not shown). There-
fore, immunophenotyping was performed at immunocy-
tochemistry. Five different target proteins were selected,
which were previously demonstrated to identify stem
cells, that is, CD44,° CD117,'® CD133,"” LGR5,'® and
MSI-1.79:20 Cytoplasmic staining was observed for CD44,
CD117, CD133, LGR5, and FZD7. A membranous immu-
noreaction was observed for CD133 and LGRS5. Staining
was then evaluated by counting a total of at least 80 cells
in two separate high-power fields. For both cell lines, the
number of CD133- and MSI-1-immunoreactive cells was
higher in the SP fraction compared with the non-SP frac-
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Figure 2. Recultured SP and non-SP cells exhibit different
growth patterns. After FACS analysis of AGS cells, SP and
non-SP cells were recultivated and photographed every other
day. SP cells formed circular colonies starting from single clus-
ters of round SP cells. Non-SP cells demonstrated more fibro-
blastlike morphologic features and formed loose groups of
slightly pleomorphic cells. Original magnification: X200.

tion. CD44 was more prevalent in the SP fraction of AGS
cells, and less commonly in the SP fraction of MKN45
cells. CD117 and LGRS5 did not differentiate SP from
non-SP cells in either cell line (Figure 4; Supplemental
Table S1 at http.//ajp.amjpathol.org).

Gene Array

The SP on the transcriptional level was characterized
using AGS cells only. mRNA was extracted and for-
warded to gene array analysis from four separate exper-
iments of Hoechst-staining and FACS and from two un-
sorted cell lines generating 10 gene array data sets: four
sets from SP cells (SP a to SP-d), four sets from non-SP
cells (non-SP-a to non-SP-d), and two sets from the un-
sorted cell population (UCP-a and UCP-b). The data sets
obtained from the 10 arrays were normalized to account for
variability in hybridization for probe pairs and other hybrid-
ization artifacts. For normalization, the first step compared
the gene array data of two experiments: SP-a versus SP b,

A B

20 pm

Figure 3. SP and non-SP cells demonstrate cytologically different pheno-
types. Cells cytocentrifuged onto glass slides (AGS; A and B) and cells
embedded in agarose (MKN45; C and D) were stained with H&E and dem-
onstrated different phenotypes of SP cells (A and €) and non-SP cells (B and
D). Original magnification: X400 (A-D).


http://ajp.amjpathol.org

1798 Schmuck et al
AJP April 2011, Vol. 178, No. 4

A CD133 Musashi 1
-J' 5
% s
[a
w
<
(o]
[ o
B CD133 Musashi 1
D— » L
(/)] .
D— )
w
<
(@]
c
20 um

Figure 4. SP and non-SP cells demonstrate different immunophenotypes.
Expression of various putative stem cell markers was studied at immunocy-
tochemistry. For AGS (A) and MKN45 (B) cells, the number of CD133- and
Musashi-1 immunoreactive cells was significantly different. Inmunostaining
was with anti-CD133 and anti-Musashi-1 antibodies. Hematoxylin counter-
stain. Original magnification: X400 (A and B).

SP-c versus SP-d, non-SP-a versus non-SP-b, non-SP-c
versus non-SP-d, and UCP-a vs UCP-b (see Supplemental
Figure S2 at http://ajp.amjpathol.org). As shown in Figure S2,
40649 to 44542 genes were identified, which were com-
monly expressed in SP, non-SP, and UCP cells (fold change
factor <1.5), respectively. The second step identified genes
that were up-regulated or down-regulated (fold change fac-
tor >1.5), and differentiated SP and non-SP cells from UCP
cells, and SP from non-SP cells. Between 4806 and 6908
differentially expressed genes differentiate non-SP from
UCP cells, between 2804 and 4292 differentiated SP from
UCP cells, and between 1391 and 3124 differentiated SP
from non-SP cells. The third step searched for genes that
were commonly up-regulated and down-regulated in SP
cells. Finally identified were 531 genes that were up-regu-
lated (n = 172) or down-regulated (n = 359) in four sepa-
rate SP cell preparations, and SP cells were differentiated
from non-SP cells (see Supplemental Table S2 at http://ajp.
amjpathol.org).

Genes Differentially Expressed in SP Cells Are
Also Expressed in Gastric Cancer Tissue

The next set of experiments were performed to prove on
the transcriptional and translational levels whether some
of the 172 genes differentially expressed and up-regu-
lated in SP cells are also detectable in human gastric
cancer tissue. Previous studies provided evidence that G
protein—coupled receptors and the Notch,?'22 sonic
hedgehog (SHH),2*2% WNT,2”?® and FGF signaling
pathways®® have an important role in stem cell biology
and might also be crucial for the role of stem cells in
tumor biology. Data sets were searched for genes of
these pathways that differentiate SP cells from non-SP
and UCP cells. Identified were 10 genes of the SP, which
were G protein—coupled receptors (GNAS, SMO, YY1,
S1PR3, and GPR161) and/or members of the Notch
(ADAM17 and Hey1), WNT (FZD7 and FOSL1), or FGF
(FGFR2) signaling pathways. Antibodies for immunohis-
tochemistry were commercially available for two of these
genes (ADAM17 and FZD7), and were used to test their
expression in nonneoplastic gastric mucosa and gastric
cancer tissue.

Both ADAM17 and FZD7 were expressed in the hu-
man stomach (Figures 5 and 6). In the nonneoplastic
mucosa, ADAM17 was observed in a few scattered
cells of the gastric glands (Figure 5), whereas FZD7
was observed almost exclusively in inflammatory cells.
The foveolar epithelium expressed neither ADAM17
nor FZD7. Both were observed in epithelial cells at the
base of the intestinal metaplasia, whereas cells farther
up in the metaplastic foveolae lost ADAM17 and FZD7
expression (Figure 6). ADAM17 and FZD7 were also
expressed in gastric cancer cells (Figure 6). Immuno-
staining was observed in the cytoplasm and occasion-
ally at the cell membrane. Using tissue microarrays,
ADAM17-positive (IRS = 1) gastric carcinomas were
observed in 123 cases (26%), and FZD7-positive (IRS
= 1) carcinomas in 162 cases (34%). The expression
of FZD7 correlated highly significantly with tumor type
(P = 0.005) and expression of ADAM17 (P < 0.001;
Table 2). However, no further correlation was found
between expression of either ADAM17 or FZD7 and
local tumor growth (T category), nodal spread (N cat-
egory), tumor stage, and tumor grade (Table 2).

The correlation between various clinicopathologic pa-
tient characteristics and patient survival was studied. To
assess the influence of ADAM17 and FZD7 expression
and patient survival, immunostaining was dichotomized
using the median of the expression of ADAM17 and
FZD7. Cancers with an IRS less than the median value
(IRS = 0) were categorized as ADAM17- or FZD7-nega-
tive, and cancers with an IRS equal to or greater than the
median value (IRS = 1) were categorized as ADAM17- or
FZD7-positive. Patient survival correlated significantly
with local tumor growth (T category; P < 0.001), nodal
spread (N category; P < 0.001), tumor stage (P <
0.001), and tumor grade (P < 0.001; Table 3). FZD7-
immunopositive cancers demonstrated a significantly
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shorter median survival time (10.3 versus 13.4 months;
Table 3; Figure 7).

The differential expression of ADAM17 and FZD7
mRNA was validated using real-time RT-PCR in an inde-
pendent set of 38 intestinal-type gastric carcinoma sam-
ples. Nonneoplastic mucosa was compared with the pri-
mary tumor. ADAM17 expression was highly significantly
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increased in gastric carcinoma compared with nonneo-
plastic mucosa (P < 0.001). There was no significant
difference in FZD7 expression in gastric carcinoma vs
nonneoplastic mucosa (P = 0.448) at the transcriptional
level. However, this lack of difference was related to
expression of FZD7 in inflammatory cells in both the non-
neoplastic and neoplastic compartment (Figure 8).
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Figure 5. Expression of ADAM17 and FZD7 in nonneoplastic gastric tissue. A, B, C, and G: Expression of ADAM17. D, E, F, and H: Expression of FZD7. Foveolar
epithelium did not express ADAM17 (B) or FZD7 (E). ADAM17 was observed in a few scattered cells of the gastric glands (C). FZD7 was expressed in inflammatory
cells of the lamina propria (E), whereas the gland epithelium was immunonegative (F). ADAM17 (G) and FZD7 (H) were also expressed in bottom cells of the
intestinal metaplasia. Hematoxylin counterstain. Original magnification: X100 (A, D, G, and H); X400 (B, C, E, and F).
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Figure 6. Expression of ADAM17 and FZD7 in gastric cancer tissue.
ADAM17 and FZD7 are expressed in intestinal-type gastric cancer cells. All
images are from the same case. H&E (A), pan-cytokeratin (B), ADAM17 (O),
and FZD7 (D). Hematoxylin counterstain. Original magnification: X600
(A-D).

Discussion

Despite seemingly complete resection of gastric cancer
(RO) via gastrectomy and subsequent chemotherapy,
most patients with gastric cancer die of the disease.
Clearly, gastric cancer in most instances has already
spread to distant sites when local resection is performed,
and a substantial number of metastatic cancer cells are
resistant to chemotherapy. If patient outcome is to be
improved, a treatment must be developed that specifi-
cally targets those hidden chemotherapy-resistant tumor
cells.® Identification of tumor cells with intrinsic resistance
against chemotherapy would provide valuable informa-
tion for improved cancer therapy. The SP model used in
the present study is an interesting model because SP
cells express high levels of ABC transporters. It was
hypothesized that tumor recurrence is caused by CSCs,
which are rich in ABC transporters, and that the SP of
cancer cell lines shares characteristics with these CSCs.
This study phenotypically and genotypically character-
ized the SP of two gastric cancer cell lines, AGS and
MKN45. The SP cells were smaller, expressed CD133
and MSI-1, and generated SP and non-SP cells in recul-
tivation experiments.

Table 2. Correlation of Expression of ADAM17 and FZD7 With Various Clinicopathologic Patient Characteristics

ADAM17 FzD7
Variable Negative Positive P value* Negative Positive P value*
Sex 0.668 0.161
Male 214(73) 81(27) 182 (62) 111 (38)
Female 133 (75) 45 (25) 120 (69) 54 (31)
Age, years 0.723 0.125
<68 128 (74) 44 (26) 117 (68) 55(32)
=68 140 (72) 53 (28) 113 (60) 76 (40)
Pathologic tumor stage 0.563 0.560
pTH1 44 (76) 4(24) 33 (75) 13(25)
pT2 43 (80) (20) 33 (60) 22 (40)
pT3 132 (71) 55 (29) 119 (63) 71(37)
pT4 127 (74) 5 (26) 111 (50) 58 (34)
Nodal status 0.525 0.627
pNO 103 (77) 31(23) 86 (66) 45 (34)
pN1 50 (70) 21(30) 39 (56) 31 (44)
pN2 54 (69) 24 (31) 51(67) 25 (33)
pN3 135(73) 49 (27) 122 (66) 63 (34)
Tumor stage 0.309 0.412
IA 10(71) 4 (29) 9(69) 4(31)
B 8(73) 3(27) 10 (91) 1(9)
1A 22(79) 6 (21) 13 (48) 14 (52)
1B 20(74) 7 (26) 15 (56) 12 (44)
A 29 (78) 8 (22) 25 (68) 12(32)
1B 46 (70) 20 (30) 45 (69) 20 (31)
e 45 (85) 8 (15) 37 (69) 17 (31)
\Y 42 (63) 25 (37) 36 (55) 30 (45)
Tumor grade 0.467 0.308
G1/G2 81(70) 34 (30) 96 (61) 45 (39)
G3/G4 254 (74) 89 (26) 223 (66) 114 (34)
Laurén classification 0.277 0.005
Intestinal 128 (71) 52 (29) 103 (57) 78 (43)
Diffuse 151 (71) 61(29) 150 (73) 57 (27)
Mixed 35(83) 7(17) 25(61) 16 (39)
FzD7 <0.001
Negative (0) 232 (80) 60 (20)
Positive (>0) 99 (61) 63 (39)

Values are given as No. (%).
*Determined using the Mann-Whitney test or the Fisher exact test.
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Table 3. Patient Survival Related to Clinicopathologic Patient Characteristics

Variable No. of patients No. of events Survival, median (95% CI), mo P value*
Sex 0.843
Male 233 199 12.1(10.0-14.3)
Female 140 113 12.6 (9.5-15.6)
Age, years 0.338
<68 177 148 12.8(9.9-15.8)
=68 196 164 12.1(10.2-14.0)
Pathologic tumor stage <0.0017
pTH 37 15 50.5(39.3-61.7)
pT2 34 24 21.9 (0-45.4)
pT3 150 129 13.6 (11.3-15.9)
pT4 151 143 8.3 (5.7-10.9)
Nodal status <0.001T
pNO 82 48 34.7 (25.3-44.1)
pN1 52 43 15.5(10.6-20.4)
PN2 69 61 16.4 (12.1-20.7)
pN3 166 156 8.0 (6.1-9.8)
Tumor stage <0.0017
IA 13 11 50 (0-103)
IB 11 9 13 (0-27)
A 28 28 15.5(0-35.2)
1B 26 26 15.5(9.1-21.9)
A 36 36 12.1(9.0-15.2)
1B 67 67 12.6 (9.9-15.3)
e 54 54 4.8(0.3-9.3)
v 69 69 6.4 (4.5-8.4)
Tumor grade <0.001
G1/G2 83 60 24.5(14.3-34.7)
G3/G4 278 243 11.1(9.2-13.0)
Laurén classification 0.0527
Intestinal 136 113 14.7 (10.2-19.1)
Diffuse 173 147 11.1(8.8-13.5)
Mixed 36 29 9.4 (5.7-13.1)
ADAM17 0.805
Negative 267 225 12.1(10.3-13.9)
Positive 97 82 12.7 (9.2-16.3)
FzD7 0.008
Negative 229 190 13.4(10.9-15.8)
Positive 131 113 10.3 (7.6-12.9)

Cl, confidence interval.
*Log rank test.
TPooled over groups.

CD133 is a cell surface protein with largely unknown
function, which has five transmembrane domains. Since
its discovery in 1997, CD133 has been studied exten-
sively.®® CD133 is one of the most common markers of
stem cells of different tissues, and also gains increasing
importance as a marker for CSCs. Cells with stem cell
properties in tumors of the central nervous system and
epithelium demonstrate increased expression of
CD133."7 Recently, doubt has been raised as to whether
CD133 is a valuable marker for progenitor cells. Nishii
et al®' detected decreased expression of CD133 in SP
cells of gastric carcinoma, and concluded that CD133
might not be an appropriate marker of CSCs. Inasmuch
as studies vary substantially insofar as the cell lines used
and experiment setup, it is problematic to draw a final
conclusion about CD133 expression and “stemness” of
cells. The RNA binding protein MSI-1 was first described
in Drosophila, in which it enables two subsequent asym-
metric cell divisions. MSI-1 can be detected in neuronal
progenitor cells. These undifferentiated cells show a
high proliferation rate and generate a variety of cells
including astrocytes, neurons, and oligodendrocytes.

MSI-1 was also observed in intestinal crypts, which are
the niche of intestinal stem cells.' Not only is MSI-1
expressed in the colon epithelium of newborn mice,
and this expression decreases over the lifetime,?° a
recent in vitro study in intestinal epithelium primary
cultures also demonstrated that MSI-1 overexpression
promotes progenitor proliferation through induction of
both the WNT and Notch pathways.®? In the present
study, the number of CD133- and MSI-1-positive cells
was significantly higher in SP cells than in non-SP cells
in both cell lines, which suggests that CD133 and
MSI-1 may be gastric CSC markers.

The potential role of CD44-positive cells in tumorige-
nicity was recently discussed, especially in gastric can-
cer. Takaishi et al® observed high cancer-initiating poten-
tial and increased chemoresistance in CD44-positive
cells of gastric cancer cell lines. In the present study, the
association between CD44 expression and SP cells
could not be reproducibly proved. SP cells of the AGS
cell line demonstrated increased expression of CD44,
whereas SP cells of the MKN45 cell line seemed to ex-
press less CD44. This indicates that CD44 is variably



1802 Schmuck et al
AJP April 2011, Vol. 178, No. 4

FZD7 Score

—1negative

I positive
—— negative-censored
—— positive-censored

Cum. Survival

0 12 24 3 48 B0 72 81 %6 108 120 132
Survival time [Months]
Figure 7. Overall survival in dependence of FZD7-expression. Kaplan-Meier
curves depict overall survival in dependence of FZD7-expression in gastric
cancer. The P value was calculated using the log-rank test.

expressed between different gastric cancer cell lines and
might not be a suitable marker to identify CSCs in all
gastric cancers. This finding is supported in that only
three of six examined gastric cancer cell lines had a
sizable subpopulation of CD44-positive cells in the study
by Takaishi et al.®

CD117 and LGR5, which were also considered stem
cell markers, failed to discriminate between SP and
non-SP cells. CD117 was primarily described as a marker
of hematopoietic stem cells, and is also expressed in
mast cells and gastrointestinal stromal tumors. Lack of
expression in gastric SP cells provides evidence that
CSCs may have organ- or tissue-specific expression pro-
files. LGR5 was recently introduced as a stem cell marker
of the intestine. However, LGR was strongly expressed in
SP and non-SP cells of both cell lines, and may be un-
suitable as a marker for gastric CSCs.

SP and non-SP cells were then studied in cell culture
experiments. After Hoechst staining and FACS analysis, SP
and non-SP cells were recultured. The growth patterns of
recultured SP and non-SP cells were different, which illus-
trates that these are distinct cell populations insofar as cell
size and shape, immunophenotype (CD133-positive and
MSI-1-positive), and growth pattern. Recultured SP cells
were also able to generate both SP and non-SP cells. The
number of SP cells was higher in recultured cells than in the
basic population. This enrichment of SP cells was previ-
ously described by Haraguchi et al,>® and provides evi-
dence for their ability to self-renew and differentiate, which
are basic characteristics of stem cells.

After phenotypic characterization, SP cells were stud-
ied on the transcriptional level. Overall, SP cells were
characterized by the differential expression of 531 genes,
with 172 up-regulated and 359 down-regulated. Previous
studies provided evidence that the Notch,?'-23 SHH, 2426
and WNT signaling pathways?”?® have an important role
in stem cell biology and might also be crucial to the role
of stem cells in tumor biology. The Notch pathway inhibits
the differentiation of progenitor cells, helps to maintain

stem cell properties, and is often deregulated in malig-
nant tumors.®* ADAM 17 and HEY1 are part of this path-
way and are overexpressed in SP cells. The putative role
of ADAM17 in cancer biology was supported by obser-
vations in brain tumors. The expression of ADAM17 in
brain tumors correlates with tumor cell invasion and is
linked to activation of the epidermal growth factor recep-
tor.3% In the present study, significant up-regulation of
ADAM17 was observed on the transcriptional and trans-
lational levels in gastric cancer tissue, whereas no corre-
lation was found between ADAM17 expression and any
clinicopathologic patient characteristics. Thus, the puta-
tive tumor biological function of ADAM17 remains un-
clear. Despite this lack of correlation, ADAM17 was ex-
pressed by cells at the base of intestinal metaplasia
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Figure 8. mRNA expression of ADAM17 and FZD7 in gastric tissue. A:
ADAM17 mRNA is highly significantly up-regulated in gastric carcinoma
compared with nonneoplastic mucosa (P < 0.001). B: FZD7 mRNA was
slightly but not significantly increased in gastric cancer tissue compared with
nonneoplastic mucosa (P = 0.448).



without intracellular mucous formation, and was absent
farther up in the metaplastic foveolae. This observation
supports the contention that expression of ADAM17 is
coupled with differentiation in the stomach mucosa.

HEY1 inhibits the transcription of tissue-specific tran-
scription factors. This process is regulated by the RNA
binding protein MSI-1. Similar observations indicating an
association between expression of HEY1 and inhibition of
differentiation of stem cells have been made in progenitor
cells of the brain and mesenchymal stem cells.36-57

The WNT-pathway is also active in stem cells, pre-
serves stem cell characteristics, and leads to accumula-
tion of stem cells. Activation of the WNT pathway starts
with linkage of the ligand to the FZD7 receptor, which was
overexpressed in all four analyzed SP samples. In accor-
dance with our findings, Mitsutake et al®® also observed
up-regulation of HEY1 and FZD7 in SP cells. Various
studies have demonstrated expression and significant
up-regulation of FZD7 in embryonic stem cells compared
with differentiated cells.®°4° FZD7 knock-out embryonic
cell lines show a significant change in morphologic fea-
tures and the surface marker pattern of stem cells. FOSL1
is another gene of the WNT pathway that was up regu-
lated in SP cells. FOSL1 encodes for the leucine zipper
protein that builds transcriptional factors with proteins of
the June family. They regulate proliferation of cells and
have a negative effect on the differentiation of progenitor
cells. In the present study, expression of FZD7-in gastric
cancer correlated significantly with patient survival. In
addition, and similar to ADAM17, FZD7 was also ex-
pressed by cells at the base of the intestinal metaplasia,
and FZD7 immunoreactivity in cancer cells correlated
with ADAM17 immunoreactivity. All of these observations
lend support to the hypothesis that both ADAM17 and
FZD7 are differentiation markers in gastric tissue and that
FZD7 might also be a novel putative prognostic marker
by having an influence on disease progression. Further
investigations into this topic are warranted.

Another interesting pathway is the SSH. The integral
membrane protein smoothened (SMO) is an important
member of this pathway, and was up-regulated in SP
cells. In general, an increased proliferation rate was ob-
served in cells with an activated SSH pathway. Smoothened
inhibitors and anti-SSH antibodies are used as chemother-
apeutic agents in cancers with activation of the SSH path-
way, and have shown promising results.*' SSH also has a
role in regeneration of inflamed gastric mucosa in patients
with chronic infection with Helicobacter pylori.*?

In summary, the present study provides evidence that
SP cells can be reproducibly generated from human gas-
tric cancer cell lines. SP cells are distinct insofar as cell
morphologic features, growth pattern, immunopheno-
type, and genotype. Members of the signaling pathways
Notch, SHH, and WNT, which have previously been
shown to have major roles in tumor cell biology and stem
cell biology, are differentially expressed in SP cells. Fur-
thermore, genes differentially expressed in SP cells are
also expressed by gastric cancer cells, and have a rela-
tionship with patient prognosis.
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