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ABSTRACT
Introduction: Cancer Stem Cells (CSCs) are considered to be main drivers of tumor
growth, therapy resistance and relapse of disease. In several solid tumors including
gastrointestinal tumors and breast cancer, CSCs have been identified but thus far
evidence supporting their presence in esophageal cancer (EC) is limited. In this
study we aimed to explore the presence of CSCs in esophageal adenocarcinoma
(EAC) cell lines.
Material and Methods: EAC cell lines OE19 and OE33 were cultured either as
adherent monolayers or as spheroids in Neural Basal Medium supplemented with
Epidermal Growth Factor (EGF) and basic Fibroblast Growth Factor (bFGF), known
to enhance for stem cell properties. CSC characteristics were studied by determining
spheroid-forming capacity, stem cell marker expression by Western Blotting
and FACS analysis, and chemosensitivity assays. Tumor forming capacity was
determined by subcutaneous injection of monolayer - or spheroid –cultured cells in
NOD/SCID mice. Finally, transcriptional profiles were determined of monolayer and
spheroid cultured cells in vitro and as xenografts, and compared using an Illumina
platform.
Results: OE19 spheroid cultured cells showed enhanced colony formation in vitro,
upregulation of the markers Cyclin D1 and Oct-4, and resistance to cisplatin. No
evidence for CSC enrichment was found in OE33 spheroid cultured cells. In vivo both
OE19 and OE33 spheroid cultured cells showed enhanced tumor growth compared
to OE19 and OE33 monolayer cells. Transcriptional profiling revealed differences in
gene expression between monolayer and spheroid cultured cells, of which, KLF2 and
C-FOS, were increased in both the OE19 and the OE33 model. Pathway analysis
indicated alterations in DNA replication and cell adhesion pathways.
Conclusion: In vitro, spheroid cultured OE19, but not OE33 cells, display enhanced
stem cell characteristics when compared to monolayer grown counterparts.
Interestingly, in vivo both spheroid OE19 and OE33 cells show increased tumor
growth compared to the monolayers. Gene expression analysis revealed several
genes that may be implicated in stem cell properties and tumor growth of EAC.
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INTRODUCTION
The incidence of esophageal cancer (EC) is increasing in Western countries, but
prognosis remains poor with a 5-year survival at time of diagnosis of around 15%
(1-3). In patients eligible for surgery, standard therapy consists of neoadjuvant
chemoradiation followed by surgery, which increases 5-year survival up to 47%
(4). However, response to chemoradiation varies, and the number of patients with
recurrent disease is still high (5).
In order to improve therapy, a better understanding is required of the mechanisms
responsible for therapy resistance and disease relapse. Cancer Stem Cells (CSCs)
have been suggested to play a role in tumor progression, therapy resistance and
relapse (6,7). According to the CSC theory a subgroup of tumor cells has stem cell
characteristics, such as self-renewal and multilineage differentiation capacity, and
display enhanced tumorigenic ability compared to the bulk tumor cells. First identified
in hematopoietic malignancies(8), CSCs have also been found in solid cancers, such
as in breast and colon cancer, in which specific cell surface markers were associated
with CSCs; in these particular cases CD44+/CD24- and Lgr5+ cell populations
(9,10). In EC a number of studies have investigated the presence of potential CSCs
populations. For example, CD90 or p75NTR positive cells were reported to have
increased colony forming capacity in vitro in esophageal squamous cell cancer
(ESCC) cell lines, and CD90 positive cells displayed enhanced tumorigenicity upon
xenograft transplantation in immune-deficient mice (11-13). Also CD44+/CD24- EC
cells were reported to display CSC characteristics, including enhanced tumorigenic
potential in mice (14). In contrast to these studies, Grotenhuis et al. were not able
to enrich CSCs from patient-derived esophageal adenocarcinoma (EAC) samples
using the cell surface markers CD24, CD44, CD133, CD34, CD29, CD166 and
EpCAM. Despite of this, in limiting dilution experiments in mice the authors could
detect tumor-initiating cells at low frequencies of around 1 in 64.000 (15). Thus,
although there is evidence suggesting the presence of CSCs in EC, currently specific
markers to isolate this cell population have not been consistently found.

4

Tumor cells cultured in serum-free medium supplemented with EGF and FGF form
spheroid structures, which are enhanced for less differentiated cells with more
stem-like features (16). Brain tumor stem cells cultured as spheroids were shown to
represent better the original tumor with respect to morphology and gene expression
profiles than cells cultured in the presence of serum (17). Similarly other tumor
types cultured in this serum-free medium were found to induce spheroid growth
and to facilitate growth of stem-like cells displaying enhanced self-renewal and
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differentiation capacity, such as for example demonstrated for colon cancer cells
(18).
In order to obtain further evidence for the presence of a CSC population in EAC, the
aim of this study was to examine and compare stem cell properties of serum-free
cultured spheroids cells versus serum-cultured monolayer OE19 and OE33 EAC
cells. Therefore, we analyzed their spheroid-forming potential, the expression of
CSC markers, chemosensitivity, and determined tumor growth in NOD/SCID mice.
Furthermore, mRNA expression profiling was performed in spheroid and monolayer
OE19 and OE33 cultured cells and xenografts.

MATERIALS AND METHODS
Antibodies, chemicals, media and reagents

RPMI 1640 medium, NBM medium B-27 supplement, bottom agar mixture (Select
Agar), lysis buffer M-PER, phosphatase and protease inhibitor and Trizol were
purchased from Life Technologies (Bleiswijk, The Netherlands). Human recombinant
EGF(from R&D systems (Abingdon, UK), b-FGF (GF003) and Immobilon-P
membranes from Millipore (Amsterdam, The Netherlands) and Mammocult medium
from Stem Cell Technologies (Grenoble, France). Lumilight Western Blotting
substrate from Roche Diagnostics (Mannheim, Germany). The MTS assay CellTiter
96 Aqueous Non-Radioactive Cell Proliferation Assay from Promega (Leiden, The
Netherlands), and top agar mixture (Sea-plaque Agarose low melting temperature)
from Cambrex Bioscience (Leusden, The Netherlands) from Tissue-Tek Optimal
Embedding Compound (OCT) from Sakura (Alphen aan den Rijn, The Netherlands).
Cisplatin from Accord Healthcare BV (Rijsbergen, The Netherlands). Paclitaxel from
Fresenius Kabi (Schelle, Belgium). Fetal calf serum (FCS) from Greiner Bio-One
(Alphen aan den Rijn, The Netherlands). CD44/PE antibody (clone 515), CD24/
FITC antibody (clone ML5), and the antibodies against β-catenin (clone 14), and
ALDH1 (clone 44/ALDH1), and growth factor reduced matrigel were purchased from
BD Biosciences (Breda, The Netherlands). The antibodies against Axin2 (rabbit
polyclonal, ab 32197), Musashi-1 (rabbit polyclonal, ab 21628) and Oct4 (rabbit
polycolonal ab19857) were from Abcam (Cambridge, UK), SLUG (clone A-7) and
Cyclin D1 (clone HD11) from Santa Cruz (Huissen, the Netherlands), CD44 (clone
IM7) from Biolegend (London, UK), and SOX-2 (clone L1D6A2) from Cell Signaling,
(Bioke, Leiden, the Netherlands). Anti-β-actin from ICN Biomedicals ( Zoetermeer,
The Netherlands). All horseradish peroxidase (HRP) - conjugated secondary and
tertiary antibodies (rabbit-anti-mouse, goat-anti-rabbit, rabbit-anti-goat, rabbit-
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anti-rat) and the antibody against KI-67 (clone MIB) were purchased from Dako
(Heverlee, Belgium).
Cell lines and culture conditions

The EAC cell lines OE19 and OE33 were kindly provided by Dr. E. Bremer, department
of Surgical Oncology, University Medical Center Groningen, the Netherlands. OE19
was obtained from a moderately differentiated adenocarcinoma from the esophageal
gastric junction, and OE33 from a poorly differentiated adenocarcinoma from the
lower esophagus (19). STR profiling was performed to confirm the origin of the
cell lines (BaseClear, Leiden, The Netherlands). Cells were cultured in RPMI 1640
medium supplemented with 10% FCS + 2 mM L-glutamine and dissociated using
trypsin for propagation or prior to cell sorting. Spheroid cultures of OE19 (OE19S)
and OE33 (OE33S) cells were grown in NBM supplemented with 20 ng/mL EGF, 20
ng/mL b-FGF, 2% B-27 supplement, 1% L-glutamine and 1% Penicillin/Streptomycin
(P/S), termed NBM+. OE19S were grown in ultra-low adherent flasks and plates
(Corning, Amsterdam, The Netherlands). Cell lines were cultured in a humidified
atmosphere at 37°C with 5% CO2.
Spheroid formation assays, and Fluorescence Activated Cell Sorting (FACS)

4

To determine spheroid forming potential in unstained cells, dissociated monolayer
and spheroid cells were diluted in 1% Bovine-serum albumin (BSA)/PBS and 10 or
20 cells per well were seeded in 96-well plates with NBM+ using FACS cell sorting.
Two weeks after seeding, the number of spheroids per well were calculated. Average
numbers were determined from a total of 48 to 96 wells in 96 well plates, and all
experiments were performed in independent triplicates. Flow cytometric analysis or
cell sorting was performed using a Mo-Flo-XDP or MoFloAstrios cell sorter (Beckman
Coulter, Glostrup, Denmark).
To determine spheroid forming potential based on marker expression, cells were
washed in PBS, incubated for 30 minutes with a CD44/PE conjugated antibody
and CD24/FITC conjugated antibody and either analyzed by flow cytometry FACSanalysis (FACS-Calibur, BD Biosciences, Franklin Lakes, New Jersey, USA) or sorted
as described above for determining spheroid forming potential. Flow cytometric data
were analyzed using Flojo version 7.6 software (Treestar Inc., Ashland, Oregon, USA).
For CD44/ CD24 FACS-sorting the 5% highest and lowest expressing fractions were
isolated. Spheroid forming potential for CD44/CD24 fractions was calculated by dividing
the percentage of spheroids grown from each sorted cell fraction (20 or 10 cells) by
spheroid numbers obtained from the sorted unlabeled control fraction x 100%.
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Western blotting

Proteins were extracted from cells using M-PER lysis buffer (supplemented with 1%
phosphatase and 1% protease inhibitor) according to the manufacturer’s instructions.
Western blotting was performed as described previously (20). In brief, protein
concentrations were determined using the Bradford protein assay and diluted (1:1) in
SDS sample buffer (2% SDS, 0.125M Tris-HCL, 10% glycerol, 0.001% bromophenol
blue, 10% β-mercaptoethanol) and boiled for 5 minutes and stored at -20˚C until
analysis. Equal amounts of protein (20µg) were loaded on Polyacrylamide-SDS gels
(10%), electrophoresed and transferred to membranes using wet blotting. Blots
were incubated in PBS with 5% milk or 5% BSA to block a-specific binding followed
by incubation with the antibodies β-catenin (1:1000), Cyclin D1 (1:200), Musashi
(1:1000), SLUG (1:1000), Oct4 (1:1000), and subsequential incubation with an HRPconjugated secondary anti-rabbit or anti-mouse antibodies (1:50 dilution). Proteins
were visualized using chemiluminescence. β-actin expression was used as loading
control.
Chemosensitivity

Chemosensitivity of OE33 monolayer and spheroid cells was tested by the MTS
assay. Before assays were performed linearity between cell amounts and extinction
was checked and growth curves were determined. The OE33 monolayer and
spheroid cultured cells were plated at 4000 cells per well in triplicate in a 96-wells
plates and incubated with the indicated concentrations of cisplatin or paclitaxel for
72 hours, after which MTS was added and absorbance was measured. Cell survival
was defined as the growth of treated cells compared to untreated cells and at least
three independent experiments were performed.
Chemosensitivity of OE19 monolayer and spheroid cells was tested by a soft agar
clonogenic assay. Six well culture plates were coated with 1mL bottom agar-medium
mixture, followed by the addition of cells mixed with a top low melting agarose-medium
mixture. OE19 monolayer cells (10.000 /layer) and spheroids cells (5000/layer) were
incubated with cisplatin or paclitaxel and plated in triplicate. Colonies were counted
after 2.5-3 weeks and colony formation was calculated as the percentage of colonies
per drug concentration compared to colony formation of the untreated control cells.
Xenograft transplantation

Female NOD/SCID mice (5-6 weeks old) were purchased from Harlan Laboratories
and allowed to adapt for a minimum of 7 days before tumor inoculation. Animals
were fed at libitum and kept under sterile conditions in ventilated cages. Monolayer
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or spheroid cultured cells, at different cell numbers,1.105, 3.105 or 6.105 cells, were
subcutaneously injected at a 1:1 dilution with growth factor-reduced matrigel in
the flanks of mice under isoflurane inhalation anesthesia. Three mice per cell type
and cell concentration were used. Tumor growth was evaluated twice weekly with
a caliper and mice were sacrificed when the tumor volume reached 2000 mm3 at
most or in case welfare end points were reached. Tumor xenografts were dissected
and either stored fresh frozen in Tissue-Tek, fixed in formaldehyde and embedded
in paraffin, or lyzed in Trizol and stored at -80°C until analysis. Animal experiments
were performed in accordance with institutional ethics guidelines and reviewed by
an animal ethics committee.
Immunohistochemistry

Briefly, 0.2µm slides were cut from the paraffin embedded xenografts, deparaffinised
and endogenous peroxidase activity was blocked using PBS 3% hydrogen
peroxidase. Citrate- (pH 6.0) or EDTA-buffer (pH 9.0) was used for antigen-retrieval.
Sections were incubated with the indicated primary antibodies for 1 hour at room
temperature. Primary antibodies used were ALDH1 (1:1000), Axin2 (1:1000), CD44
(1:100), SOX-2 (1:200) and KI-67 (1:350). Secondary and tertiary HRP- conjugated
antibodies used were applied at a 1:50 dilution. Staining was visualized using
3,3’-diaminobenzidine and haematoxylin counterstaining. Immunohistochemical
staining was scored by two independent observers for the following parameters:
localization, intensity and percentage of positive cells. Intensity was scored as 0)
negative, 1) weak, 2) medium and 3) strong and percentage in four categories 0)
negative 1) <5% 2) 5-50% and 3) >50%. The Immuno-Reactivity Score (IRS) scheme
was constructed by multiplying the percentage of positive cells times the intensity
score, creating a scheme with a minimal outcome of 0 and a maximum score of 9.
KI-67 staining was scored as percentage of positive cells, into six categories: 0) no
staining, 1) 1-5%, 2) 5-25%, 3) 25-50%, 4) 50-75% and 5) 75-100% positive cells.

4

Transcriptional profiling

RNA was extracted from the cell lines and xenografts using Trizol reagent according
to the manufacturer guidelines. Three independent cultures and three independent
xenografts from each condition were used. RNA quality was determined using an
Agilent Bioanalyzer (Agilent Technologies, Waldbronn, Germany). The Ambion
Illumina TotalPrep Amplification Kit was used for anti-sense RNA synthesis, starting
from 200ng of total RNA, according to manufacturer’s protocol (Applied Biosystems/
Ambion, Austin, TX, USA). 750ng of complementary RNA was hybridized to an
Illumina HumanHT-12_V4_0_R2 array (Illumina, San Diego, USA) consisting of
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48,813 different probes which target 37,812 different genes. The beadchips were
scanned on the Illumina BeadArray Reader, and the resulting data files were
subsequently processed in Beadstudio software (Illumina, San Diego, USA)
Data analysis

Raw data were exported from Beadstudio (without prior normalization) and imported
into GeneSpring V12.6 software. Quantile normalization was carried out without
baseline transformation. The data of two experimental settings were compared as
follows: A filtering step was included to delete genes with a virtually undetectable
level of expression for both experimental conditions. 100 % of the samples of at
least one out of two conditions should have an expression value >100. Next, probes
with a significant difference in the expression were identified for each combination
of two experimental conditions using an unpaired t-test (cut-off value p= 0.05) in
combination with the Benjamini-Hochberg multiple testing correction. In addition
probes were filtered for a fold change >2.
Gene Set Enrichment Analysis

Gene Set enrichment Analysis (GSEA) was performed with GSEA 2.0 (Broad
Institute, Cambridge, MA, USA), as described previously (21). The GSEA compared
the relative difference in expression between monolayer and spheroid cultured cells
in vitro and as xenografts, and ranked gene lists were compared with gene sets of
defined pathways. The enrichment score (ES) was calculated from the pre-ranked
list of genes based on p values and fold change. A gene belonging to the gene
set gives an increase of the ES and a gene that does not belong to the gene set
decreases the ES. Thus the ES represents the deviation from zero for each gene set.
The ES is normalized (NES) for each gene set to adjust for the size of the set. For
each gene set a false discovery rate (FDR) was calculated. This encompasses the
estimated probability that a given ES represents a false positive finding. We used a
FDR ≤ 0.150 and a p-value ≤ 0.01, this FDR indicates that an experiment is valid at
least 8.5 out of 10 times.
Quantitative real-time PCR (qRT-PCR)

For verification of the microarray data RNA samples included in the microarray
experiments were used. RNA of the monolayer and spheroid cell lines was reversetranscribed into cDNA using random primers. cDNA was subjected to qRT- PCR using
Applied Biosystems Taqman PCR assays (Applied Biosystems, Life Technologies),
according to the manufacturers protocol and using an ABI PRISM 7900 HT Sequence
Detection System (Applied Biosystems, Milan, Italy). The following Taqman assays
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were used: KLF2 (HS00360439_g1). c-FOS (HS00170630_m1), and CEACAM6
(HS03645554_m1), GAPDH was used as reference gene for normalization and
amplified in the same plate (HS02758991_g1) .SDS 2.3 software was used for data
analysis. Gene expression was calculated using the median delta Ct values of three
independent samples.
Statistics

Analysis was performed using a double sided, unpaired Student t-test or one-sided if
indicated. A p-value <0.05 was considered significant. Experiments were performed
in triplicate at different independent time points unless otherwise stated.

RESULTS
Spheroid formation capacity and CSC marker expression in OE19 and OE33 cell lines

In order to study CSC properties in EAC, OE19 and OE33 cells were cultured as
monolayers in medium containing 10% FCS or as spheroids in NBM+. Spheroids were
defined as round-shaped cell aggregates in three dimensional structures that could
be passaged multiple times in serum-free conditions. Figure 1a shows representative
pictures of the OE19 and OE33 spheroids (OE19S and OE33S, respectively); OE19S
formed more regular-shaped spheres when compared to OE33S.

4

The expression of several reported SC or CSC markers was examined, such as
the canonical Wnt-pathway markers β–catenin and Cyclin D1, and Oct-4 and
Musashi-1 in monolayer and spheroid cultured cells (Figure 1b). Also the epithelialto-mesenchymal transition (EMT) marker SLUG was tested, since EMT also has
been associated with CSCs (22). OE19S cells showed enhanced expression of
Cyclin D1 and Oct-4 when compared to monolayer OE19 cells, whereas expression
of the other markers was unchanged. OE33S cells showed inconsistent expression
patterns with mainly similar or reduced expression of β–catenin, Cyclin D1, Oct-4,
Musashi, and SLUG.
Figure 1c shows the spheroid forming capacity of OE19S and OE33S in comparison
to their monolayer cells. OE19S showed an increased spheroid forming capacity of
15-20% (average of around 3/20 and 2/10) compared to OE19 monolayers (10%;
an average of 2/20 and 1/10), which was significantly different when seeded with 10
per well (P=0.03 OE33S cells showed a spheroid forming capacity of around 25%
(5/20 and 2.5/10), which was not statistical significantly different from OE33 cells with
approximately 35-40% (around 7/20 and 4/10) spheroid formation capacity.
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Figure 1: Spheroid forming capacity and expression of CSC markers in OE19 and OE33. a) representative
images of OE33S, OE33, OE19S and OE19 cells. b) Western Blots showing the expression of several
CSC markers; the Wnt-pathway markers β-catenin and Cyclin D1, and Oct-4, Musashi and SLUG. A
representative experiment of n=3 is shown. c) Spheroid forming efficiency of OE19/OE19S and OE33/
OE33S cells. Cells were plated at 20 or 10 cells per well. The average number of spheroids per well are
indicated from three independent experiments (significant P<0.05).

FACS analysis of the CSC markers CD44 and CD24 showed reduced expression of
CD44 when OE33 cells were cultured as spheroids, whereas CD24 remained mostly
the same (supplementary Figure 1). Sorting these cells into different subpopulations
showed that CD44+/CD24+ and CD44+/CD24- cells had an approximately 2 fold
increased spheroid forming capacity compared to CD44-/CD24+ and CD44-/CD24populations. On the other hand sorting into CD44+ and CD44- populations did not
reveal significant differences in spheroid numbers. Because of autofluorescence in
the FITC-range, we could not properly assess these subpopulations in OE19 cells
(not shown).
Chemosensitivity of monolayer and spheroid cultured OE19 and OE33 cells

Chemosensitivity of OE33 monolayer and spheroid cells was tested by the MTS
assay. The MTS-assay was not suitable for OE19 cells due to low metabolic
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activity and instead a clonogenic assay in soft agar was used to determine
chemosensitivity in OE19 monolayer and spheroid cell cultures.
OE19S
showed significantly enhanced chemoresistance for both cisplatin and paclitaxel
compared to the OE19 monolayer cultured cells (for cisplatin Figure 2a,
P=0.04, P=0.05 and P= 0.03 respectively and for paclitaxel Figure 2c, P=0.01
and P=0.04 respectively. No difference in chemosensitivity for cisplatin and
paclitaxel could be observed between OE33 and OE33S (Figure 2b and 2d).
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Figure 2: Chemosensitivity of spheroid and monolayer cultured OE19 and OE33 cells. Chemosensitivity
was tested for cisplatin and paclitaxel, and determined by using clonogenic assays for OE19 and MTS
for OE33); a and c) OE19 and OE19S cisplatin and paclitaxel b and d) OE33 and OE33S cisplatin and
paclitaxel. Data represent the mean ± SD of at least three independent experiments. Data represent the
mean ± SD of at least three independent experiments, * P-value<0.05, one-sided t-test

Spheroid cultured EAC cells display enhanced tumor growth in mice

To evaluate and compare the tumorigenic potential of monolayer versus spheroid
cultured OE19 and OE33 cells, different cell numbers, 1.105, 3.105 and 6.105, were
injected into the flanks of NOD/SCID mice and tumor growth was determined. The
take rate was 100% for all conditions tested, except for the OE33 1.105 with a take
rate of 2 out of 3. The time courses of tumor growth for OE19/OE19S (6.105 injected
cells) and OE33/OE33S (3.10*5 injected cells) are shown in Figure 3a. These
examples illustrate significantly enhanced tumor growth of OE19S vs. OE19-derived
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Figure 3: Tumor forming capacity of monolayer and spheroid cultured OE19 and OE33 cells in NOD/SCID
mice. a) Time course experiment showing enhanced tumor forming ability of spheroid cultured cells when
compared to monolayer cultured cells. Significant differences were seen in tumor volume after injection of
6*105 OE19 and OE19S cells at week 3, and 3*105 OE33 and OE33S cells at week 8. Values represent
median tumor volumes (n=3). b) Graphs depicting the calculated average times (in weeks) at which
the indicated number of tumor cells reached a tumor volume of 1000mm3. c) IHC analyses of OE19/S
and OE33/S derived tumors. Expression was scored (see methods) for the indicated proteins averages
of biological triplicates are shown. d) Representative pictures showing the expression pattern of Axin2,
CD44, KI-67 and SOX2.

xenografts. Both OE19S and OE33S cells display enhanced tumor growth when
compared to monolayer grown counterparts for all tested dilutions, except for 3.105
injected OE19/OE19S cells (figure 3b).
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The proposed SC markers, Axin2, ALDH1, CD44, SOX2 and proliferation marker
KI-67, were examined for expression in the xenografts by immunohistochemistry
(Figure 3c). ALDH1 was not expressed in the xenografts. Overall, expression of the
tested markers was similar.

4
Figure 4: Transcriptional profiling of OE19 and OE33 monolayer and spheroid cultured cells. a) Venn
diagram showing genes significantly altered (P<0.05) depicted in green for OE19 and blue for OE33,
and genes showing both a significant alteration and a 2 FC in red for OE19 and yellow for OE33
between monolayer and spheroids cell lines. b) qRT-PCR validation of the microarray hits. KLF2, C-FOS
and CEACAM6 mRNA expression in cell lines was determined from three independent samples and
calculated using the delta Ct-method. ∆∆Ct=∆ mean monolayer cell line - ∆ mean spheroid cell line, FC
array is microarray fold change. c) relative expression of KLF2, C-FOS and CEACAM6 (calculated from
the mean ∆∆Ct (2-∆∆Ct)).

Transcriptional profiling of monolayer and spheroid grown cells and derived xenografts

Microarray analyses were carried out to obtain insight in the differences in gene
expression and related molecular pathways that may be involved in the found
altered properties of spheroid versus monolayer cultured EAC cells. Expression
was determined in RNA isolated from both cell line models grown in monolayer
and spheroids and xenografts derived from OE19/OE19S (6.105 injected cells)
and OE33/OE33S (3.10*5) injected cells. For all experimental conditions three
independent samples were used. Following normalization significant changes in
transcript levels using an unpaired t-test were identified. Figure 4a shows the Venn
diagrams depicting the differences and overlays in gene expression between the
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models. 438 genes were altered in expression between monolayer and spheroid
cultured OE19 cells (fold change (FC) ranging from 1.03-11.21), and the expression
of 826 genes was changed between OE33 and OE33S cells (FC 1.01-9.52). Of these
genes 74 and 109 genes were altered at least 2-fold in OE19 vs. OE19S and OE33
vs. OE33S, respectively. Table 1 shows the top 10 of most differentially up- and down
regulated genes in the OE19 and OE33 spheroids compared to the monolayers
based on the fold change. Three genes were both significantly and 2-fold altered in
both models, of which zinc finger transcriptional factor Krüppel-like Factor 2 (KLF2)) and the transcription factor and proto-oncogene C-FOS were upregulated both
in the OE19S and OE33S compared to their monolayer cultured counterparts (fold
change shown in table 1). When comparing transcription profiles of monolayer and
spheroid-derived xenografts, only 99 genes and 15 genes displayed a more than
2-fold change in expression in OE19S and OE33S, respectively. Interestingly, no
significant differences in gene expression were seen between OE19S- and OE33Sderived xenografts and there was no overlap in alterations in the gene expression
between cell lines and xenografts.
Table 1: Top 10 most differentially downregulated and upregulated genes, and 3
genes altered between both models
OE19S vs OE19
P-value
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

OE33S vs OE33
P-value
FC
CEACAM5
LOC100132564
<0.01
↑9,517
MMP1
RN5S9
<0.01
↑4,522
ECM1
SPRR3
<0.01
↑4,181
MDK
GAS6
<0.01
↑3,641
KRT6A
SNORA12
<0.01
↑3,618
KLF2*
RN7SK
<0.01
↑3,454
ECM1
TXNIP
<0.01
↑3,374
KRT16
GAS6
<0.01
↑3,171
SDCBP2
FGFR3
<0.01
↑3,159
CCK
SCARNA13
<0.01
↑3,049
FOS * (18)
FOS* (20)
<0.01
↑2,317
KLF2* (28)
<0.01
↑2.138
NFIB
<0.01
↓-2,845
C10orf116
<0.01
↓-4,531
C10orf81
<0.01
↓-2,963
CEACAM6*
<0.01
↓-4,707
NLF2
<0.01
↓-3,007
F3
<0.01
↓-4,861
SNCAIP
<0.01
↓-3,159
PYGB
<0.01
↓-4,970
CNTNAP2
<0.01
↓-3,260
IGFBP3
<0.01
↓-4,976
CADPS2
<0.01
↓-3,634
ID1
<0.01
↓-5,089
SHISA2
<0.01
↓-3,950
FST
<0.01
↓-5,243
CDCA7
<0.01
↓-4,977
IGFBP3
<0.01
↓-5,609
BEX1
<0.01
↓-5,583
PMEPA1
<0.01
↓-5,789
CLDN2
<0.01
↓-6,337
ANXA10
<0.01
↓-8,863
*overlapping genes in the OE19 and OE33 cell lines, in between brackets number in ranking list
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FC
↑11,211
↑6,875
↑6,406
↑5,174
↑4,946
↑4,851
↑4,701
↑4,472
↑4,175
↑4,122
↑2.979

To validate changes in expression of KLF2 ,C-FOS and CEACAM6 qRT-PCR was
performed in the same samples. Results were in concordance with the microarray
data, except for KLF2 in the OE33 model that was not significantly altered (Figure
4b, c).
Next, a gene set enrichment analysis (GSEA) using the KEGG database was
performed on genes showing significant changes in expression between monolayer
and spheroid cultured cells. The pathways that are specifically altered in spheroids
are shown in Table 2 (FDR<0.150 and p-value<0.01). Pathways involved in DNA
replication and cell adhesion were downregulated in spheroids.
Table 2: Gene Set Enrichment analysis for KEGG
GSEA

OE19S vs. OE19
FDR

KEGG
DNA replication
0.020↓
Pyrimidine
0.095↓
metabolism
Focal adhesion
ECM Receptor
adhesion
TGFβ
FDR<0.150 and P-value<0.01

P-value

NES

0.004
0.021

-18.5
-16.2

OE33S vs. OE33
FDR

P-value

NES

0.056↓
0.065↓

0.002
0.004

-19.2
-1.85

0.115↓

0.009

-17.24

4

DISCUSSION
In this study we show that the spheroid cultured EAC cell line OE19 has enhanced
CSC characteristics when compared to monolayer cultured counterparts. OE19S
cells demonstrated increased expression of Cyclin D1 and Oct-4, enhanced colony
formation and resistance to chemotherapy. Moreover, after implantation in NOD/
SCID mice, OE19S cells displayed increased tumor growth compared to monolayer
cultured OE19 cells. Interestingly, whereas OE33S and OE33 cells showed
comparable CSC-properties in vitro, OE33S cells in vivo displayed also enhanced
tumor growth. Transcriptional profiling revealed genes that were enriched in the
spheroid cultured cells, including the tumor suppressor gene KLF2, a member of the
Krüppel-like factor family of zinc finger transcription factors and the proto-oncogene
and transcription factor c-FOS (23,24).
CSC populations have been identified in several solid cancers (10,25,26), but
characterization of a CSC population in EC has not been clearly established.
Grotenhuis et al. provided evidence for the existence of tumor-initiating cells in EAC
by limiting dilution experiments in mice using primary patient material (15). However
in that study, none of the tested markers, amongst others CD44, CD24 and CD133,
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were able to enrich for CSCs. In our current study high levels of CD44 expression
were observed in OE33 monolayers and no clearly enrichment in spheroid formation
was found in CD44+/CD24 or CD44+ sorted fractions. In contrast, Smit et al. reported
increased spheroid formation and tumor growth of the CD44+/CD24- population in
OE33 cells(14). The observed differences in spheroid formation compared to our
study might be related to the method used, since we defined spheroid formation
capacity of CD44/CD24 subfractions in comparison to the unsorted fraction while
Smit et al. determined individual spheroid formation for each subfraction. We found
monolayer OE33 cells to be more potent in spheroid formation and chemoresistance
when compared to the OE19 cells. This may be related to OE33 cells originating
from a poorly differentiated EAC that may already have overall enhanced stem
cell properties, in comparison with the moderately differentiated OE19 cells(19). In
another study enhanced spheroid formation and tumorigenicity was seen in OE33
spheroids compared to OE33 monolayers (27). The difference with our observations
may be related to OE33 heterogeneity and the methods used. Recently, in OE19 cells
a side population was identified using the Hoechst exclusion assay that displayed
CSC-characteristics, such as a higher colony formation, enhanced tumor growth
in vivo and upregulation of EMT markers (30). The OE19 spheroid model may be
helpful for identifying CSC markers or pathways that are involved in maintaining SClike properties in EAC.
We carried out a microarray analysis to compare spheroid- and monolayer- cultured
cells to obtain insight in the differences in gene expression that may be involved in the
found altered properties of monolayer and spheroid cultured EAC cells. The analysis
revealed mainly significant differences in gene expression between monolayer and
spheroid cultured cell lines, whereas hardly any differences were detected between
monolayer- and spheroid-derived xenografts. This may be caused by a prolonged
exposure of the cells to a similar murine microenvironment leading to blurring of
initial differences in gene expression between monolayers and spheroids. In this
respect, it is interesting to note that the tumor microenvironment is known to be able
to induce a CSC phenotype in vivo (36).
In our initial analyses of the data we noted two genes, KLF2 and C-FOS, of which
expression was increased in both OE19 and OE33 spheroids. KLF2 has been
associated with the induction of a more immature state in human embryonic stem
cells (31). C-FOS is a proto-oncogene (23), involved in cell proliferation and has
been associated with worse survival in non-small cell lung cancer (NSCLC) (32).
C-FOS has also been associated with hematopoietic stem cell regulation in mice
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(33). In esophageal squamous cell carcinoma (ESCC), expression of C-FOS has
been described, but little is known regarding its function in EC (34,35). The role of
C-FOS and KLF2 needs to be further determined in relation to CSC characteristics
in EAC.
Spheroid cultures have been more often used to investigate CSC characteristics.
In several cancers, including colon cancer, spheroid culturing enriched for cells
with CSC characteristics (18). However, in breast cancer cell lines spheroids were
shown to be heterogeneous and had decreased spheroid formation capacity in
vitro compared to monolayers (37). Others also have urged to be cautious with the
interpretation of results obtained with spheroid models, since these may not enrich
specifically for CSCs (7). The use of spheroid cultures derived from primary patient
material might provide a better model. In this study, we also attempted to culture
primary tumor cells obtained from EAC pre-treatment biopsies, but did not succeed
probably due to low vital cell numbers and or suboptimal culture conditions. Current
standard treatment that includes neoadjuvant chemotherapy has made it difficult to
obtain vital tumor cells after tumor resection (15). An alternative may be provided
by attempting to culture tumor cells from biopsies obtained from distant metastasis
in esophageal cancer patients with advanced disease. The OE19 spheroid model,
presented in this study, should be further validated for stem cell characteristics such
as self-renewal and differentiation capacity by limited dilution transplantation assays
in vivo.

4

In conclusion, the OE19 spheroid model might be used to study CSC characteristics
in EAC and deserves further validation. However, not all EAC spheroid cell line
models appear to follow the predictions of the CSC model, and caution should be
taken when interpreting results. The genes that we found differentially expressed
between monolayer and spheroid-cultured EAC cells warrant further investigation
for their possible role in CSC in EAC.
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SUPPLEMENTARY MATERIAL

Supplementary figure 1: a) FACS analyses showing CD24 and CD44 expression in OE33 and OE33S. b)
CD44 and CD24 expression levels were used to sort into 4 subfractions. The gates were set to include 5%
of most high or low expressing subpopulations, as indicated. c) Spheroid formation assays for the CD44/
CD24 sorted subfractions in the OE33. Twenty cells per well were seeded and spheroids were counted
after two weeks. The percentage of spheroid growth is indicated in which the average spheroids per
well is corrected for spheroid growth of the control unstained OE33 cells. Results from two independent
experiments are shown. d) Spheroid forming capacity of CD44+ and CD44- sorted OE33 cells. The
average number of spheres formed per 20 seeded cells/ well is depicted from 3 independent experiments.
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