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Chapter 1
General introduction


In the Netherlands the overall incidence of cancer is still increasing with approximately
40% in the last decade (1). Although technical and therapeutic options are expanding,
the overall 5-year survival rate in curative treatable patients has increased with only
9%, from 47% to 56% (2), making cancer a huge burden on patients and society.
In alignment with these numbers, the incidence of esophageal cancer has also
increased steadily over the last decade from around 1900 patients per year to a
current number of around 2500 esophageal cancer patients (3,4). These numbers
are equal to other countries in the Western world (5,6). The majority of patients
have the histological subtype esophageal adenocarcinoma (EAC), while esophageal
squamous cell carcinoma (ESCC) more often occurs in Asian countries (5,7,8). In
both types chronic irritation and inflammation seem to be important inducers of
malignant transformation. In ESCC, alcohol consumption and tobacco use are the
two main known risk factors (9,10), while in EAC, gastro-esophageal reflux disease
(GERD) is the major risk factor (11). Other risk factors for EAC are sex, race and
obesity, as EAC commonly occurs in white men (7,12), and is associated with an
increased Body Mass Index (13). GERD is also known to be an important contributor
to the development of Barrett’s esophagus (BE), the precursor lesion of EAC (14).
BE is a metaplastic lesion in which the normal squamous cell esophageal epithelium
is partially replaced by a columnar epithelium which may progress to dysplasia
and eventually EAC. Despite being a known precursor lesion, patients diagnosed
with BE have a low risk of progressing towards EAC; per year, rates of 0.12-0.85%
have been reported (15-17). Patients with BE receive a regular endoscopy scheme,
as today we have no other tools yet to predict which patient will progress towards
cancer.
After being diagnosed with esophageal cancer, patients are staged according to
the current TNM 7th classification using endoscopic ultrasound (EUS), Computed
Tomography (CT) scan and an 18F-Fluorodeoxyglucose Positron Emission
Tomography (FDG-PET) or PET-CT scan (18). Standard treatment with curative
intent consists of neoadjuvant chemoradiation (CRT) followed by a transthoracic
esophagectomy (19). The Dutch CROSS trial showed a significant benefit of adding
neoadjuvant CRT, consisting of carboplatin/paclitaxel with 41.4Gy, to surgery
increasing the median overall survival up to 49.4 months compared to 24.0 months
in patients with surgery alone (20). In 29% of patients treated with neoadjuvant CRT
a pathologic complete response (pCR) was achieved, but also 18% showed little
or no response to CRT. A complete response to neoadjuvant CRT is associated
with a better survival in EC patients (21), but it is also known that even pathological
complete responders may relapse early within one year, raising questions about
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which factors predict these more aggressive tumors.
In patients who are not eligible for surgery, for instance due to tumors which are
closely related with- or tethered to vital structures or due to severe comorbidity,
definitive chemoradiation (dCRT) or radiotherapy (dRT) is the recommended
standard curative treatment (22).

1

The main causes of poor prognosis of esophageal cancer patients are the tumor
extent due to a late presentation of disease, early dissemination and a high recurrence
rate. Therefore we need a better understanding of esophageal carcinogenesis and
more insight in what drives its progression and recurrence. The Cancer Stem Cell
(CSC) model could be helpful in achieving a better understanding of esophageal
oncogenesis, which can be important to improve current therapy and to identify
novel prognostic markers. This model proposes architecture of the tumor in which a
subgroup of tumor cells has stem cell (SC) characteristics, particularly self-renewal
and multilineage differentiation capacity, and has enhanced tumorigenic ability
compared to the bulk tumor cells (23). The first study was done in leukaemia where
CD34+/CD38- tumor cells derived from acute myeloid leukaemia patients had SC
characteristics (24). In solid cancers, studies on CSCs have been done in various
tumor types, including glioblastoma, breast and colon cancer (25-27).
CSCs are associated with high tumorigenicity and chemoresistance and could
provide a possible explanation for current treatment failure and disease relapse. An
important aspect of CSCs is their ability to escape cell death induced by conventional
chemo- or radiotherapy for example by multidrug resistance due to up-regulation
of cellular efflux pumps, quiescence and/or enhanced activation of DNA damage
repair (28-30). Similar to normal SCs, CSCs are believed to have more effective
DNA damage repair mechanisms that results in resistance to DNA-damaging
treatments such as chemo-and radiotherapy. Evidence for this notion was provided
in glioblastoma, where CSCs marked by CD133 were shown to repair DNA damage
more actively by activating the DNA damage checkpoint (31). Another feature of
CSCs is multidrug resistance as a result of the presence of ATP binding cassette
(ABC) drug transporters. ABC drug transporters are higher expressed and active in
SCs and CSCs, and this characteristic is used in the Hoechst efflux assay in which
these cells can be identified as a population with low Hoechst intensity, known as the
side population (32). Quiescence and slow cell division is considered a third feature
of how CSCs can escape chemotherapeutics, since therapy-induced DNA damage
and cell death manifests mostly during mitosis (30,33).
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Besides resistance against current therapeutic options, CSCs have also been
implicated in metastasis and the subsequent development of secondary tumors,
possibly through epithelial to mesenchymal transition (EMT). EMT is a process
where tumor cells can acquire a more mesenchymal state, which facilitates tumor
cell migration and invasion and metastasis (34). In the epithelial state, cells express
epithelial markers such as the membrane bound cell adhesion protein E-cadherin.
During the conversion to a more mesenchymal state cells lose E-cadherin and gain
expression of mesenchymal markers such as vimentin and fibronectin. Migrating
cancer stem cells (MCSCs) have been proposed to have both features of a
stemness and EMT phenotype and this subpopulation may be a driving factor in the
development of metastases (35-37). According to this concept, MCSCs reside on
the invasive front of the tumor and through EMT can disseminate from the tumor. As
they have stemness features these migrating tumor cells could populate distant sites
where they eventually form metastatic colonies. When taking together the above
mentioned highly malignant properties of CSCs, it is easy to imagine that therapies
that are effective in reducing the tumor load in patients, but fail to eradicate the CSCs
fraction, will not be effective and result in relapse of disease.
Currently there is a strong interest in developing targeted agents against pathways
that drive CSCs. For example, the Wnt and Hedgehog (Hh) pathways were found to
be important in the maintenance of CSCs in various tumor types, including gastrointestinal cancers(30). Essential in the canonical Wnt-pathway is β-catenin, which
in the inactivated state is degraded by a complex consisting of glycogen synthase
kinase 3β (GSK3β), Axin1 and Axin2, casein kinase 1 (CK1) and Adenoma Polyposis
Coli (APC). Wnt ligands that activate Frizzled receptors cause the disruption of
this degradation complex, leading to β-catenin accumulation in the cytoplasm and
subsequent translocation to the nucleus. In the nucleus β-catenin binds to TCF/LEF
transcription factors resulting in the transcriptional activation of specific target genes.
The Wnt pathway has been implicated in normal SCs and homeostasis of various
tissues, including the intestine and skin (38,39). The Wnt-pathway is also known to
be involved in EMT (40) and therefore might have an important role in MCSCs (41).
In colon cancer the Wnt pathway is known to play a central role, and CSCs could be
identified using markers indicative for activity of this pathway (26). Lgr5 and CD44,
both targets of the Wnt pathway could mark CSCs in intestinal and colon cancer
(42,43).
The Hh pathway has been implicated in CSCs and Hh inhibition led to a reduction
of CSCs in various tumors (44,45). The Hh pathway is silenced via the repression of
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the signal transducer smoothened (Smo) by the transmembrane receptor Patched
(Ptch). When one of the Hh ligands (Desert, Indian or Sonic) binds to Ptch, Smo
repression is released leading to downstream activation of the transcription factor
Gli-1, which regulates the expression of Hh target genes.

1

The identification of CSCs is essentially based on their ability to self-renew and to
differentiate, allowing CSCs to repeatedly initiate tumors that resemble the cellular
heterogeneity of the primary tumor. The use of mouse models in combination with
lineage tracing experiments has proven to be effective for the identification of SCs
and SC markers, which could be subsequently tested for their ability to identify CSCs
in tumor models (43). Another frequently used approach to identify CSCs is the use
of cell surface markers in order to isolate subpopulations of cells from patient tumor
material or cell lines by FACS (46,47). The sorted cell fractions can be subsequently
tested for their tumor forming potential using limited dilution and serial transplantation
assays in immune-compromised mice. An alternative approach to study cells with
CSC characteristics may be provided by the use of serum-free medium cell culturing
known to lead to dedifferention of cells and acquisition of CSC characteristics (48,49).
These cells often form a three-dimensional structure, called a spheroid, which has
been shown to enrich for cells with SC characteristics (50,51). Other approaches to
identify CSCs use specific SC properties such as high activity of specific enzymes or
chemoresistance (52,53). For example, as mentioned above, the Hoechst exclusion
assay is based the enhanced activity of multidrug resistance pumps, which efflux the
dye Hoechst 33342 more efficiently in SCs/CSCs. High efflux cells can be identified
by FACS analyses as a typical tail, also called the Side Population (SP). SP cells
showed to be more tumorigenic in mice than non-SP (32). Likewise, Aldehyde
dehydrogenase (ALDH1) is an enzyme known to be highly active in cells with CSC
characteristics (54). The enzyme is important for the conversion of retinol in retinoic
acid (RA), RA being a major regulator of differentiation by influencing the expression
of specific sets of genes. Besides selecting for CSC properties, ALDH1 positive cells
also have invasive and migratory capacities (55). Assuming that a higher proportion
of CSCs in a tumor correlates with poor outcome, indirect validation of potential CSC
markers has been investigated by examining their expression in tumor material in
relation to recurrence and survival in patient cohorts. A limitation of such studies is
that cells expressing these markers are not necessarily CSCs, since only functional
testing can reveal their CSC characteristics.
In EC several approaches have been used to identify CSCs, however, with little
success thus far. For example, the cell surface glycoprotein and Wnt-target gene

13


CD44 is associated with CSCs in various solid malignancies (42,48). High expression
of CD44 has been found in ESCC and EAC cell lines with CSC characteristics, such
as enhanced colony formation, radiotherapy resistance and increased tumor growth
in vivo (56,57). Grotenhuis et al. detected tumor-initiating cells at low frequencies of
around 1:64.000 cells in patient-derived EAC samples in in vivo serial transplantation
assays, however, these CSCs could not be enriched using a panel of presumed
CSC markers, including CD44 and CD24 (47). The expression of several known
SC or CSC markers, such as ALDH1, BMI1 and SOX2, has been determined in
esophageal cancer patients’ cohorts to investigate their relation with survival and
recurrence, but often in a limited number of patients or only in ESCCs patients (5860). Because EAC is the most common histological subtype in Western countries
more insights in the value of possible CSC markers in EAC is important.
A better understanding of esophageal carcinogenesis and more insight in the
molecular mechanisms that drive disease progression is important to optimize
current treatment modalities and to develop novel targeted therapeutics. In this
respect, the possible role of CSCs in esophageal cancer is of interest. Therefore,
the aim of this thesis was to improve the outcome of esophageal cancer patients by
optimizing current treatment modalities and investigating possible new prognostic
markers. In addition the role of CSCs in esophageal cancer using a cell line based
spheroid model was investigated.
Outline of the thesis

Current standard treatment for esophageal cancer is a trimodality treatment
consisting of neoadjuvant chemoradiotherapy (CRT) and surgery. After intended
curative resection, histological examination of the resected specimen by an
experienced pathologist is important to determine the microscopic radicality (R0)
of the resection. Microscopic involvement of the longitudinal resection margins (R1)
is a known independent prognostic factor for a poor survival. Involvement of the
circumferential margin (CRM) also has been shown to be an important independent
prognostic factor in esophageal cancer (61). However, the definite cut-off point has
not been determined yet. In chapter 2 we investigated the role of the CRM margin
on prognosis and determined the optimal cut-off point in a relatively large patient
group.
In the treatment of esophageal cancer patients who are not eligible for surgery,
either due to technical irresectability or relative high comorbidity, definitive
chemoradiotherapy (dCRT) is the preferred option. The two most often used
chemotherapeutic regimens are: cisplatinum/ 5-fluorouracil (5-FU) and carboplatin/
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paclitaxel. Although current guidelines advise cisplatinum/ 5-FU as the treatment
of choice (22,62), no prospective randomized study yet compared the difference in
survival outcome and toxicity profiles of both dCRT regimens. Carboplatin/paclitaxel
is also often used in the neoadjuvant setting and is suggested to have a favourable
toxicity profile (63). Therefore, in chapter 3 we retrospectively analyzed survival
outcome and toxicity rates between the two dCRT regimens in esophageal cancer
patients treated in five centres in the Northeast Netherlands.

1

In esophageal cancer the CSC model remains yet to be confirmed. In EAC and ESCC
several markers have been associated with tumor cells with CSC characteristics
(56,64,65), however not consistently and a clear signature has not yet been defined.
In chapter 4 we investigated the potential of two spheroid cultured EAC cell lines to
enrich for CSCs using in vitro and in vivo assays, and to identify pathways associated
with CSCs by transcriptional profiling.
Currently, no prognostic markers in BE are known that indicate progression to
malignancy. GATA6 is a transcription factor associated with several gastrointestinal
malignancies and suggested to have an important role in activating the Wnt pathway
in pancreatic cancer (66,67). GATA6 gene amplification also has been associated
with the progression of BE towards EAC and has been implicated as a prognostic
factor for EAC (68,69). However, the expression of the GATA6 protein during the
various stages of progression towards EAC and its relation with survival outcome
in EAC patients is not known. Therefore, in chapter 5 the expression of GATA6 in
all stages of BE to EAC development and its relation with survival outcome in EAC
patients was further explored
In chapter 6 we hypothesized that if CSCs are responsible for tumor recurrence,
presumed CSC markers might predict survival outcome in EAC patients and could
provide new prognostic markers. Several proteins have been implicated to mark
CSCs in gastrointestinal cancers. Axin2 and CD44, both targets of the Wnt pathway
have been associated with CSCs in colon cancer (42,70). ALDH1, Bmi1 and SOX2
are proposed CSC markers in several cancers, including intestinal and pancreatic
cancer (54,71,72), but their expression in relation to patient outcome has not been
investigated as yet in EAC. Chapter 6, describes the expression of some of these
presumed CSC markers, including ALDH1, Axin2, Bmi1, CD44 and SOX2 that were
determined in EAC patients treated with surgery alone, and the expression rate was
related to clinicopathological features and survival outcome.
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With current neoadjuvant CRT followed by standard surgical procedures, patients
can be divided in two clinically relevant pathologic subcategories of responders
versus non-responders. This raises questions about the necessity of surgery in
those patients with pathologic complete response, if we can identify factors that
can predict response to therapy and survival outcome. Several markers, such as
Sonic-Hedgehog (SHH), have been proposed as predictive marker for neoadjuvant
CRT in esophageal cancer patients (73). In chapter 7 the expression CD44, SHH
and SOX2 was investigated in a cohort of esophageal cancer patients treated with
neoadjuvant CRT.
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ABSTRACT
Background: In esophageal cancer, circumferential resection margins (CRMs) are
considered to be of relevant prognostic value, but a reliable definition of tumor-free
CRM is still unclear. The aim of this study was to appraise the clinical prognostic
value of microscopic CRM involvement and to determine the optimal limit of CRM.
Methods: To define the optimal tumor-free CRM we included 98 consecutive
patients who underwent extended esophagectomy with microscopic tumor-free
resection margins (R0) between 1997 and 2006. CRMs were measured in tenths of
millimeters with inked lateral margins. Outcome of patients with CRM involvement
was compared with a statistically comparable control group of 21 patients with
microscopic positive resection margins (R1).
Results: A cutoff point of CRM at ≤1.0 mm and >1.0 mm appeared to be an adequate
marker for survival and prognosis (both P<0.001). The outcome in patients with
CRMs ≤1.0 and >0 mm was equal to that in patients with CRM of 0 mm (P = 0.43).
CRM involvement was an independent prognostic factor for both recurrent disease
(P = 0.001) and survival (P<0.001). Survival of patients with positive CRMs (≤1 mm)
did not significantly differ from patients with an R1 resection (P = 0.12).
Conclusion: Involvement of the circumferential resection margins is an independent
prognostic factor for recurrent disease and survival in esophageal cancer. The
optimal limit for a positive CRM is ≤1 mm and for a free CRM is >1.0 mm. Patients
with unfavorable CRM should be approached as patients with R1 resection with
corresponding outcome.
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INTRODUCTION
The rising incidence and poor prognosis of esophageal adenocarcinoma have
intensified research efforts to find better staging modalities, early detection, and
treatment methods.1,2 Surgery, as the only curative option, provides better outcome with
local tumor control than nonsurgical treatment.3,4 Histological examination of surgical
resection margins is a standard procedure to determine the radicality (denominated
as R) of resection. It is crucial that resection margins are microscopically free of
tumor (R0) to prevent local recurrences and avoid consequently poor survival.5,6 In
rectal cancer, involvement of circumferential resection margins (CRMs) is regarded
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as a highly significant predictor of local recurrence, prognosis, and survival.7–10 This
led to an alteration of practice, with recommendations for preoperative (chemo)
radiotherapy with complete resection of the whole mesorectum in order to reduce
the rate of CRM involvement.11 The role of CRMs in predicting local recurrence in
esophageal carcinoma was first described by Sagar et al.12
Subsequently, the role of CRMs in esophageal cancer has been investigated during
the past decade. In contrast with the stomach, small bowel, and colon, the esophagus
lacks a serosal layer. Hence, tumor expansion encounters only a few barriers before
surrounding structures are invaded. The involvement of CRMs depends upon a
combination of tumor location and extension (ingrowth), variable esophageal wall
thickness, and surgical technique. Therefore, CRMs could serve as a requirement
for better local treatment and, similar to in colorectal surgery, as a useful quality
indicator of surgery.7,9 Besides the presence of nodal metastases, lymph vascular
space involvement, and intramural metastases, CRM involvement predicts poor
prognosis.13 Some studies showed that microscopic tumor within 1 mm of the inked
circumferential margin, which would be regarded as a potentially curative resection
(R0), doubles the risk of mortality in the short to medium term (3-year survival).12,14
However, there is a lack of conclusive clinical data for a fixed definition of the optimal
limit of tumor-free CRMs in esophageal cancer. Many centers still do not take into
account CRMs as a routinely performed item. Furthermore, the literature about
the clinical value of CRMs in esophageal cancer is sparse. Especially with current
advanced staging procedures and selective use of neoadjuvant treatment, the clinical
relevance of CRMs should be further examined. Aim of this study was to appraise
the clinical prognostic value of microscopic circumferential margin involvement in
esophageal cancer and that of other histopathologic measurements influencing
CRMs. CRM measurements were performed and we assessed whether it could be a
relevant clinical prognostic factor regarding local recurrence and survival. Moreover,

25


we determined the exact optimal limit of CRMs (in tenths of millimeters). Clinical
recommendations and optimal treatment policy are also discussed.

PATIENT AND METHODS
Study Design

This study was performed in 98 patients with cancer of the esophagus or
gastroesophageal junction who underwent curative intended surgery from 1997 to 2006
in our tertiary referral university hospital. All patients underwent radical esophageal
resection performed by the same surgical group, consisting of two experienced
surgeons. For evaluation of the circumferential resection margins (CRMs) patients
had a microscopic free surgical resection margin, an R0 resection, without evidence
of distant metastases. Patients with microscopically positive resection margins, an
R1 resection (defined as cases with presence of microscopic tumor cells within 1 mm
of the proximal or distal surgical resection margins), were used as a control group for
survival analysis. The patients in the latter group were treated by the same surgical
group during the period 1992–2006 (n = 21 patients). This group was statistically
comparable to the study group (R0) regarding preoperative management, surgical
procedures, and patient and tumor characteristics. Preoperative Management
Staging was performed according to the 6th International Union against Cancer
(UICC) tumor–node–metastasis classification, which was preoperatively determined
by conventional staging modalities, including endoscopic ultrasonography (EUS)
in combination with fine-needle aspiration (FNA) and computed tomography (CT)
of the neck, chest, and abdomen, with ultrasonography of the cervical region on
indication.15 All patients with a T3–4 and/or N1 tumor were additionally staged by
fluorodeoxyglucose positron emission Tomography (FDGPET). PET/CT images
were fused when indistinctness in staging occurred.
Inclusion and Exclusion Criteria

All included patients had a locally resectable, histologically proven cancer of the
esophagus, without evidence of distant metastases (T1-4N0-1M0-1a). Patients
with distant metastases (M1b) were excluded. The few cases with postoperative
mortality (within 30 days or in-hospital mortality) were excluded. Patients who
received neoadjuvant treatment, all within a randomized trial, were also excluded
due to possible interfering factors.
Surgical Procedure

As a standard, we performed radical transthoracic subtotal esophageal resection

26

through a left thoracolaparotomy with intrathoracic anastomoses in tumors of the
distal esophagus and gastroesophageal junction or through a right thoracolaparotomy
with a cervical anastomosis. Both were combined with a two-field lymphadenectomy
of mediastinal and abdominal lymph nodes, including the nodes at the celiac trunk
and along the upper border of the pancreas.
Histological examination

All resected esophageal specimens were examined macroscopically for extension
of the primary tumor and palpable lymph nodes while keeping the specimen intact.
Subsequently, the outside of the specimen was painted with Indian ink according to
the method of Quirke, for better microscopic assessment of the surgical and lateral
margins.14 The specimens were then fixed in formalin for a minimum of 24 h before
further evaluation.
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Transverse cross-sections of approximately 0.5 cm width of the specimen were
prepared to determine macroscopically the minimal distance between the tumor and
the nearest inked margin (Fig. 1a, b). For CRM determination, a minimum of two
sections were taken of this area with minimal circumferential distance and stained
with hematoxylin and eosin (H&E) for microscopic examination (Fig. 2). The distance
from the most lateral malignant cells to the nearest inked lateral margin (defined
as the CRM) was measured microscopically in tenths of millimeters (Figs. 2 and
3). Furthermore, all specimens were assessed for surgical resection margins (R
classification), lymph node (LN) involvement, and the following tumor characteristics:
type and grade of tumor, pattern of growth (pushing or satellite growth), and types
of invasion, plus lymph vascular space involvement (LVSI = lymphogenic and/or
angiogenic growth) and perineural invasion.
Follow-Up

Relevant follow-up was obtained from the prospectively collected data. Patients
were followed every 3 months for the first postoperative year, every 6 months for the
next year, and then annually for 10 years. Any recurrent disease occurring within 3
months after operation was defined as persisting disease. All patients were followed,
with a minimum of 2 years after surgery or until death. No patients were lost to
follow-up. Survival was measured in months; cancer-related death was scored as
an event; death of any other cause was scored as end of follow-up. Recurrence
was defined as tumor regrowth, determined by any cytologic or histologic proof,
unequivocal radiologic suspicion (CT, MRI, PET, bone scan, and ultrasonography),
and/or obvious clinical manifestations. Survival of patients with determined tumor-
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Figure 1 a: Cross-sections	
   of a specimen through the tumor with 0.5- cm-wide slices. b Cross-section
with macroscopically minimal distance between the tumor and the nearest inked margin.

	
  

Figure 2: Microscopic example of CRM measurement, from most lateral tumor cells to the inked outer
margins; an enlargement of the margin is shown in the inset.

free CRMs (CRM-) and tumor-positive CRMs (CRM+) were compared with survival
of the patients in the control group (R1). A division was made in number of positive
lymph nodes (histology-proven positive lymph nodes) at >4, and in lymph node ratio
(positive lymph nodes count/examined lymph nodes count) at >0.20; recently
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Figure 3: Schematic
	
   representation of four possible microscopic circumferential resection margins (CRM)
measurements in different esophageal cross-sections: a tumor with free CRM, measurement performed
in tenths of millimeters; b small tumor with narrow free CRM, damage to the esophageal wall caused by
surgical manipulation; c large tumor, directly growing into the CRM; d tumor with satellite (spray) growth
into the CRM with few malignant cells.

it appeared that these factors are important independent prognostic indicators.16,17
Length of tumor was derived from EUS measurement. On the grounds of previously
published data, length was divided into two groups: ≤5 cm and >5 cm.18
Patient and Tumor Characteristics

The study population consisted of 98 consecutive patients: 76 males (77.6%) and
22 females (22.4%). Mean age was 64 years with a range of 41–81 years (Table 1).
The overall R0 percentage of all surgically treated patients in our center was 89%.
Consequently, 11% of the resections were assessed as R1 resection. Most tumors
were adenocarcinomas (n = 75, 76.5%) of the gastroesophageal junction (n = 44,
44.9%) or distal esophagus (n = 43, 43.9%) and classified as pT3 (n = 58,59.2%).
Lymph node metastases were found in 51 patients (52%). Therefore, most tumors
were classified as stage II (n = 44, 44.9%) or III (n = 37, 37.8%) according to the
UICC classification. The median number of examined lymph nodes was 11(1–33)
with a median of 1 (0–32) tumor-positive lymph node(s). Further characteristics are
presented in Table 2.
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Statistical Analyses

Data are reported as frequencies, means, and/or median with percentages.
Continuous variables were compared by using the T-test, and the chi-square
test was used for comparison of categorical variables. Survival and recurrence
rates were calculated by the Kaplan–Meier method and compared using the logrank test. Prognostic factors for survival and recurrence were calculated by using
univariate and multivariate Cox regression analyses. Multivariate Cox regression
was performed by incorporating as covariates those factors that had P-value ≤0.1 on
univariate Cox regression analysis. In total, 50 classifications were generated from
0.0 to 5.0 mm in steps of 0.1 mm per class. The optimal limit for the CRMs (in tenths
of millimeters) regarding outcome (survival and local recurrence) was calculated for
each generated classification with a receiver operating characteristic (ROC) curve,
with area under the curve (AUC) analysis and Kaplan–Meier and
Table 1: Patient and tumor characteristics
Characteristic
Gender
Male
Female
Age (yrs)
Median (range)
Localization
High/mid
Distal
GEJ
Type of resection
Left transthoracic
Right transthoracic
Site of Anastomosis
Cervical
Intrathoracic
Histology
Adenocarcinoma
Squamous cell carcinoma
Adeno/squamous cell carcinoma
Tumor grade
G1
G2
G3
Tumor stage
I
IIa
IIb
III
IV

GEJ gastroesophageal junction
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N (%)
76 (77.6)
22 (22.4)
65.1 (41.4 - 81.8)
11 (11.2)
43 (43.9)
44 (44.9)
40 (40.8)
58 (59.2)
54 (55.1)
44 (44.9)
75 (76.5)
22 (22.4)
1 (1.0)
9 (9.2)
44 (44.9)
45 (45.9)
15 (15.3)
31 (31.6)
13 (13.3)
37 (37.8)
2 (2.0)

Cox regression analysis for survival and recurrence rate. Univariate and multivariate
logistic and linear regression analysis were used for calculating variables influencing
CRM extension, with CRM as a continuous variable in millimeters. A P-value of
<0.05 was considered to be significant. Statistical analysis was performed by using
the statistical package SPSS version 16.0 (SPSS Inc.,Chicago, IL).

RESULTS
Measurement of Circumferential Resection Margins
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The measured CRMs ranged from 0.0 mm to >10.0 mm. Twenty-five patients (25.5%)
had tumor cells to the outer margins (CRM of 0.0 mm). Most of these patients (n =
24, 96%) had advanced pT status (pT3/4) (P = 0.029) or had lymph node metastases
(n = 18, 72%; P = 0.021). Staging was therefore unfavorable in patients with CRM
of 0 mm (P = 0.001).
Table 2: Study measurements
Study characteristics
Circumferential margins
Free of tumor
Tumor ingrowth (0mm)
Circumferential margins in mm
Median
Mean
Range
Tumor growth
Spray
Pushing
Invasive growth
Lymph vascular space
Perineural
Tumor length (endoscopy),cm
≤5
>5
Median (range)
Median nodal yield (range)
Examined number
Positive (malignant) number
Positive lymph nodes
≤4
>4
Lymph node ratio
≤ 0.20
> 0.20

N (%)
73 (74.5)
25 (25.5)
1.0
2.0
0.0 – 10.0
59 (60.2)
39 (39.8)
39 (39.8)
25 (25.5)
70 (71.4)
28 (28.6)
4.5 (0 – 14)
11 (1-33)
1 (0-32)
81 (82.7)
17 (17.3)
69 (70.4)
29 (29.6)
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Outcome in the Study Group: Recurrent Disease and Survival

Mean follow-up time was 37 months with a range of 4.7–124 months. In the followup period 44 patients (44.9%) died due to oncological reasons. Locoregional
recurrence of disease occurred in 46% of patients within a median period of 15.3
(3.7–78.7) months. Year of surgery (P = 0.2), type of surgery (P = 0.83), and type of
histology (adeno/squamous) (P = 0.544) were not associated with development of
local recurrence. Recurrent disease occurred more and developed earlier in patients
with CRM of 0 mm (P<0.001), in patients with higher pT status (P<0.001), and in
patients with lymph node metastasis (P<0.001). Prognostic factors for recurrent
disease on univariate analysis are listed in Table 3. Independent prognostic factors
for development of local recurrence as calculated by multivariate analysis were CRM
of 0 mm (P = 0.024) and pN1 status (P = 0.021). Although significant on univariate
analysis (P = 0.031), pT status was not significant (P = 0.29) on multivariate analysis.
Overall 5-year survival was 47%. Year of surgery (P = 0.611), type of surgery (P =
0.847), and type of histology (adeno or squamous) (P = 0.879) were not related to
survival. Patients with CRM of 0 mm had significantly worse 5-year survival (24%
versus 57%, P = 0.001). Several other prognostic factors for survival are listed in
Table 3. Independent prognostic factors for survival were presence of recurrent
disease (P<0.001), pN1 status (P = 0.025), and CRM of 0 mm (P = 0.05).
Cutoff Point of CRMs

The receiver operating characteristic (ROC) curves for survival and recurrent disease
showed the ≤1.0 mm and >1.0 mm classification to be optimal among all ROC curves
for the 50 subclassifications in tenths of millimeters. Furthermore, survival in patients
with CRM ≤1.0 mm and >0 mm did not differ significantly from survival in patients
with CRM of 0 mm (P = 0.43). Both had significantly worse outcome than those with
CRM >1.0 mm (P<0.001 and P = 0.004, respectively) (Fig. 4). Further comparison of
this cutoff point showed that survival was worst in the CRM ≤1.0 mm group versus
CRM>1.0 mm (P<0.001) independent of all other classifications. Local recurrence
occurred more frequently in patients with CRM ≤1.0 mm, with 32 versus 13 patients
(P = 0.001). Also, time to development of local recurrence was significantly shorter
in patients with CRM ≤1.0 mm (P = 0.002). With the cutoff point determined as CRM
≤1.0 mm (CRM+; 47 patients) with an optimal CRM limit of >1.0 mm (CRM-; 51
patients), the rate of CRM involvement was 48%.
Division in CRM+ and CRM-

Localization of tumor (P = 0.22), type of histology (P = 0.77), type of resection (P =
0.78), location of anastomosis (P = 0.443), and year of surgery (P = 0.13) were
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Table 3: Prognostic factors for survival and local recurrence of disease; univariate
Cox Regression analysis
Factor

Survival
Tumor grade
Type of growth
Perineural invasion
Lymph vascular space
involvement
Stage
pT stage
pN stage
pM1a stage
CRM in mm
CRM ingrowth (0mm)
Recurrent disease
>4 positive lymph nodes
Lymph node ratio > 0.20
Tumor length (cm)
Local Recurrence
Tumor grade
Type of growth
Perineural invasion
Lymph vascular space
involvement
Stage
pT stage
pN stage
pM1a stage
CRM in mm
CRM ingrowth (0mm)
>4 positive lymph nodes
Lymph node ratio > 0.20
Tumor length (cm)

Hazard ratio

95% Confidential Interval
Lower
Upper

P value

1.001
0.824
1.636

0.654
0.446
0.847

1.532
1.525
3.160

0.997
0.539
0.143

1.984

1.082

3.639

0.027

1.338
5.344
3.951
0.762
0.357
9.768
4.904
3.987
1.120

1.048
2.548
1.202
0.630
0.193
4.427
2.520
2.164
1.006

1.707
11.209
12.986
0.921
0.659
21.631
9.564
7.346
1.248

0.019
<0.001
0.024
0.005
0.001
<0.001
<0.001
<0.001
0.039

0.967
0.812
2.620

0.632
0.441
1.429

1.479
1.496
4.802

0.876
0.504
0.002

2.412

1.327

4.383

0.004

1.304
5.357
2.709
0.754
0.358
6.276
5.237
1.157

1.025
2.634
0.646
0.623
0.198
3.299
2.883
1.044

1.660
10.859
11.367
0.913
0.648
11.937
9.514
1.282

0.031
<0.001
0.173
0.004
0.001
<0.001
<0.001
0.005
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not significantly different in the CRM >1.0 mm (CRM-) and CRM ≤1.0 mm (CRM+)
groups. Tumor characteristics as growth pattern (spray or pushing) and grade were
comparable in the two groups (P = 0.077 and P = 0.309). Lymph vascular space
involvement occurred more frequently in the CRM+ group, being 54% (n = 28) versus
23% (n = 11), respectively (P = 0.002). Perineural invasion was equally divided (P
= 0.358), as was length of tumor>5 cm in the lumen of the esophagus (P = 0.525).
Regarding pT status, the CRM+ group had a higher number of pT3 tumors (n = 43;
84%) than did the CRM- group (n = 15; 32%: P = 0.005). Also, the rate of pN1 status
was higher in the CRM+ group, being 63% (n = 32) versus 36% (n = 17), respectively
(P = 0.015), both leading to a significant higher number of stage III tumors in the
CRM+ group. However, compared with pT status (P = 0.09) and pN status (P<0.001),
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Figure 4: Cancer-specific
survival by CRM in three categories: CRMs with tumor ingrowth (0 mm)
had similar outcome to CRMs ≤1 mm and >0 mm (P = 0.43); both had significantly worse outcome
compared with CRM >1 mm (P<0.001 and P = 0.004, respectively)

CRM classification (≤1.0 mm and >1.0 mm) was an independent prognostic factor
for survival (P = 0.011). Also, for the development of local recurrence, pN status
(P<0.001) and CRM classification (P = 0.042) were independent prognostic factors.
This CRM classification is therefore a stronger prognostic factor for both survival and
development of recurrent disease than is pT status.
Prognostic Factors for More Extensive CRM Involvement

Several factors had an impact on the extension of circumferential margins in
millimeters, including tumor stage, depth of tumor ingrowth according to pT stage,
and occurrence of lymph node metastasis. These prognostic factors influencing the
extent of CRM involvement are listed in Table 4. Independent prognostic factors
for CRM involvement were satellite growth of the tumor (P = 0.036), pT stage (P =
0.019), and tumor size>5 cm (P = 0.01).
Resection Margins Versus CRMs

CRM- patients had significant longer survival and fewer events than CRM+ patients
and patients in the control group with an R1 resection (P = 0.002 and P<0.001,
respectively). There was no statistically difference in survival between CRM+
patients and patients of the control group (P = 0.12) (Fig. 5). There were significantly
more cancer-related deaths during follow-up in the CRM+ and R1 groups than in the
CRM- group, being 66.6% (n = 34) and 90% (n = 19), respectively, versus 21% (n =
10) (P<0.001).
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Table 4: Prognostic factors for extension of circumferential resection margins
involvement, with CRM as continuous variable in mm; logistic and linear regression
univariate analysis.
Factor

Year of surgery
Type of resection
Histology type
Localization
Tumor grade
Stage
pT stage
pN stage
pM stage
Tumor growth (spray)
Perineural invasion
Lymph vascular space
involvement
> 4 positive lymph nodes
Lymph node ratio > 0.20
Tumor length (cm)

Regression

P value

Coefficient
0.042
-0.008
-0.027
-0.015
-0.031
-0.272
-0.110
-0.073
-0.010
0.052
-0.036

95% Confidential nterval
Lower
Upper
-0.167
-0.054
-0.099
-0.083
-0.085
-0.358
-0.186
-0.112
-0.024
0.012
-0.072

0.251
0.038
0.045
0.054
0.022
-0.186
-0.034
-0.033
0.005
0.092
0.000

0.693
0.737
0.465
0.666
0.251
< 0.001
0.005
< 0.001
0.187
0.011
0.048

-0.078
-0.040
-0.047
-0.370

-0.116
-0.071
-0.084
-0.579

-0.040
-0.010
-0.010
0.160

< 0.001
0.010
0.014
0.001
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Figure 5 Equal cancer-specific
survival of positive CRMs and R1 resections. Kaplan–Meier survival
	
  
curve of patients with positive resection margins (R1) of the control group (n = 21) and patients of the
study group with positive CRM ≤1 mm (CRM+) (n = 51, 52%) and free CRM >1 mm (CRM-) (n = 47, 48%).
There was no significant difference in survival between CRM+ and R1 (P = 0.12); significant differences
were found between CRM- with CRM+ and R1 (both P<0.001).
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DISCUSSION
In the assessment of surgical radicality in esophageal cancer, circumferential
resection margin (CRM) is an independent prognostic factor for both local recurrence
and survival. The clinical importance of CRM in current histopathologic staging
procedure is considerably underestimated. Patients with CRM involvement have
worse outcome, independent of other factors. We determined that the best cutoff
point for CRM was ≤1.0 mm and >1.0 mm. A tumor-free CRM limit >1.0 mm seems
optimal regarding its prognostic value for development of recurrent disease and
survival. The rate of CRM involvement (≤1.0 mm) in this study was 48%, which is
comparable to figures from other studies.14 Patients with CRM ≤1.0 mm had equal
survival compared with patients with an R1 resection.
Total lymph node count and lymph node ratio in this study are in line with the
results of other large, single-center studies.19,20 Although lymph node involvement
occurred more frequently in patients with CRM ≤1.0 mm, it had no influence on the
independent prognostic factor of CRM. CRM classification into ≤1.0 mm and >1.0
mm is also a stronger prognostic factor for survival and local recurrence than is pT
status of the tumor.
We reappraised the prognostic value of several histopathologic measurements and
can affirm the prognostic importance of lymph vascular space involvement and
perineural invasion for survival and local recurrence.16–18,20–22 The used classifications
of >4 positive lymph nodes and lymph node ratio >0.20 were highly significant for
survival and recurrent disease and also correlated with extensive CRM involvement
on univariate analysis. Our data support published reports on their usefulness in
the estimation of prognosis for survival and add their prognostic value for CRM
involvement.16,23
Independent factors for extensive CRM involvement were satellite (spray-type)
growth of tumor, depth of tumor ingrowth according to pT classification, and length
of tumor.
Other studies defined CRM involvement in esophageal cancer as presence of tumor
within 1 mm of inked margins, while no explanation is given for this choice of cutoff
point. We assume that this choice is based on the R classification of 1 mm and/or the
cutoff point for CRMs in rectal cancer of ≤1.0 mm. In this study we found that margins
≤1.0 mm and >0 mm and margins with obvious tumor ingrowth (0 mm) did not have
different survival and had the same prognostic value for dismal prognosis. The
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receiver operating characteristic (ROC) curve and survival analysis demonstrated
the best sensitivity and specificity for the ≤1.0 mm and >1.0 mm classification out
of 50 subclassifications in tenths of millimeters. Therefore, the optimal limit of CRM
involvement and its predictive value for outcome should be >1.0 mm.
As in rectal cancer, patients with esophageal carcinoma and CRM involvement are
more likely to develop local recurrence, while local recurrence of disease is the
strongest predictor for dismal outcome.8
Considerable numbers of studies have been published regarding prognostic factors
for esophageal carcinoma. However, only a few studies included in-depth analyses
of CRM involvement and homogeneous study groups. The major advantage of our
study is that we report CRM results from a statistically comparable group of patients
operated on at a single center, with the same referral pattern, selection process,
classification procedure, resection procedure, and follow-up protocol. Our data are
not affected by neoadjuvant chemoradiation or differences in surgical procedure.

2

Extension of CRM is correlated with more advanced pT status; perhaps other
studies therefore lack consistent CRM measurements. However, tumor depth (pT) is
only related to extent of tumor ingrowth in layers, whereas CRMs may also depend
on differences in cellular layer thickness of the esophageal wall and the performed
surgical technique of resection. For example, unexpected ruptures or incomplete
resection may occur during surgery, particularly when stretching or dissecting the
esophagus from the peri-esophageal tissue during transhiatal procedures (Fig. 3).13
Therefore it is plausible that adequately performed extended transthoracic resection
reduces the likelihood of involvement of CRMs and this may partly explain the
improved survival in the randomized study of Hulscher et al.24 Moreover, it explains
the independent prognostic factor for development of recurrent disease and survival
of CRM involvement, independent of pT and pN classification. In advocating a
surgical procedure, the ideal control group to differentiate pattern of recurrence
(local versus recurrence outside the conduit) and survival would consist of patients
who underwent a non-en bloc procedure (i.e., transhiatal resection) with a positive
circumferential margin. Hence, CRM measurements can serve as a useful quality
indicator of surgery.
As the proposed CRM >1 mm is not always feasible, even with an en bloc
transthoracic resection, neoadjuvant chemoradiation can play an important role in
increasing the ratio of clear CRMs. In this study no patients underwent study-related
neoadjuvant treatment. Therefore no data on the effect of neoadjuvant treatment on
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CRM involvement can be given. However, recent studies showed that neoadjuvant
multimodality treatment significantly reduces CRM involvement.5,25,26 With the worse
prognosis of CRM involvement in mind, this could signify an important benefit of
neoadjuvant treatment and might even explain in part the improved results of this type
of therapy. Since most patients with esophageal cancer currently receive induction
therapies, CRM measurements could be used as a marker of tumor regression after
neoadjuvant treatment. In rectal cancer, CRM measurements after neoadjuvant
therapy can predict local recurrence and a subsequently worsened outcome.10 In
recent years many studies have suggested an adaptation of the TNM staging system
with assimilation of many different, scientifically proven prognostic factors.17,20,22,23,27
With increasing knowledge about the biological behavior and findings of strong
prognostic variables other than TNM, adaptation of the staging procedure will be
inevitable in the near future. We suggest that CRM measurement should be a part of
the classification, because it seems to have more value than pT status alone. At least
integration of CRM measurement with the R classification is pivotal. We propose that
the resection (R) classification should not only include clear longitudinal margins but
also circumferential resection margins with a critical limit of 1.0 mm.
In conclusion, we advocate integration of the circumferential resection margin (CRM)
with a limit of ≤1.0 mm and >1.0 mm into the routine pathologic staging procedure
of esophageal carcinoma. CRM is an important underestimated independent
prognostic factor for development of recurrent disease and survival. Therefore,
patients with unfavorable CRM involvement should be approached as patients with
an R1 resection with corresponding outcome. Furthermore, we recommend radical
transthoracic extended resection to achieve optimal surgical margins, including
ample circumferential resection margins, for better locoregional control and longterm outcome.
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ABSTRACT
Background: In esophageal cancer (EC) patients who are not eligible for surgery,
definitive chemoradiation (dCRT) with curative intent using cisplatinum with
5-fluorouracil (5-FU) is the standard chemotherapy regimen. Nowadays carboplatin
/ paclitaxel is also often used. In this study we compared survival and toxicity rates
between both regimens.
Patients and methods: This multicentre study included 102 patients treated in
five centers in the Northeast Netherlands from 1996 till 2008. Forty-seven patients
received cisplatinum / 5-FU (75 mg/m2 and 1g/m2) and 55 patients carboplatin /
paclitaxel (AUC2 and 50mg/m2).
Results: Overall survival (OS) was not different between the cisplatinum / 5-FU and
carboplatin / paclitaxel group (P=0.879, Hazard Ratio [HR] 0.97 confidence interval
[CI] 0.62-1.51), with a median survival of 16.1 (CI 11.8-20.5) and 13.8 months
(CI
10.8-16.9). Median disease free survival (DFS) was comparable (P=0.760, HR 0.93
CI 0.60-1.45) between the cisplatinum / 5-FU group (11.1 months, CI 6.9-15.3) and
the carboplatin / paclitaxel group (9.7 months, CI 5.1-14.4). Groups were comparable
except clinical T-stage was higher in the carboplatin / paclitaxel group (P=0.008).
High clinical T-stage (cT4) was not related to OS and DFS in a univariate analysis
(P=0.250 and P=0.201). A higher percentage of patients completed the carboplatin
/ paclitaxel regimen (82% vs. 57%, P=0.010). Hematological and non-hematological
toxicity (≥ grade 3) in the carboplatin / paclitaxel group (4% and 18%) was significantly
lower than in the cisplatinum / 5-FU (19% and 38%, P=0.001).
Conclusions: In this study we showed comparable outcome, in terms of DFS and
OS for carboplatin / paclitaxel compared to cisplatinum / 5-FU as dCRT treatment in
EC patients. Toxicity rates were lower in the carboplatin / paclitaxel group together
with higher treatment compliance. Carboplatin / paclitaxel as an alternative treatment
for cisplatinum / 5-FU is a good candidate regimen for further evaluation.
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INTRODUCTION
With an increasing incidence and overall 5-year survival of about 15% the prognosis
of esophageal cancer (EC) patients remains poor [1-4]. In patients treated surgically
with curative intent 5-year survival rates are usually between 25-39%. In an attempt
to improve prognosis multimodality treatment has been incorporated during the last
two decades. Neoadjuvant chemoradiation has shown to be superior compared to
surgery alone with a gain of 12-15%, leading to be the current standard procedure in
medically fit patients with curative resectable esophageal carcinoma [5, 6].
In patients who are not eligible for curative intended surgery, due to a close relation
of the tumor with- or tethered to vital structures (aorta, trachea, especially the
higher lesions) or patients otherwise medically unfit for surgical resection, definitive
chemoradiation (dCRT) has to be considered as an alternative option. The RTOG
85-01 trial showed that in patients not receiving surgery, chemoradiation with
cisplatinum and 5-fluorouracil (5-FU) improved 5-year survival up to 26% compared
to patients receiving only radiotherapy [7, 8]. Several chemotherapy regimens are
currently being used as definitive regimen in EC patients. The most commonly used
regimens are those consisting of cisplatinum in combination with 5-FU or paclitaxel
combined with carboplatin. Current guidelines in the US and Europe recommend
the combination of cisplatinum with 5-FU as standard combined with 50.4 Gy
radiation therapy [9], while the carboplatin / paclitaxel regimen is frequently used
in patients with extensive co-morbidity [10]. Cisplatinum has a high toxicity profile
and carboplatin is an often used alternative in platinum-based therapy regimens.
However, no study has yet investigated the superiority of one of these regimens in
overall survival in patients receiving dCRT.

3

The aim of this study was to compare the differences in survival and toxicity rates
between cisplatinum with 5-FU and carboplatin with paclitaxel as dCRT in a relatively
large homogenous cohort of EC patients treated in Northeast Netherlands.

PATIENTS AND METHODS
Patients
In this multicentre retrospective study we analyzed 102 esophageal cancer patients
without distant metastases, who were treated with curatively intended dCRT in five
centers in the Northeast Netherlands from 1996 till 2008. This subgroup of patients
treated with only chemoradiation as definitive treatment is part of a larger cohort
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described elsewhere [11]. As described in the publication of Smit et. al. the indications
in both dCRT regimens were technically unresectable tumors, medically unfit
patients or patient’s own choice. Carboplatin / paclitaxel was the standard regimen
in two of the five centres and also preferred above cisplatinum/ 5-FU for patients with
cardiovascular comorbidity. Patients with other histology than adenocarcinoma or
squamous carcinoma were excluded as well as cases with missing relevant staging
information or inadequate follow-up.

Methods
Pre-treatment staging

Pre-treatment staging consisted of endoscopic ultrasonography (EUS) with fine
needle aspiration (FNA) of suspected lymph nodes, 16-64 multidetector Computed
Tomography (md-CT) scans of the neck, chest and abdomen and on indication
cervical echographic examination. From 2002 onwards 18-F-fluorodeoxyglucose
positron emission tomography (FDG-PET) was added to the staging procedure.
Bronchoscopy was required when the tumor was tethered to the trachea or main
stem bronchus. Patients were staged according to the Union for International
Cancer Control TNM 6th edition [12].
Chemotherapy regimens

The cisplatinum / 5-FU dCRT (N=47) regimen consisted of cisplatinum 75 mg/m2
(day 1) and 5-FU 1g/m2 (day 1-4) at week 1 and 5 during radiotherapy (RT), with two
additional courses on week 8 and 11 (RTOG 85-01 scheme) [7] .
In the carboplatin/ paclitaxel group (N=55) a chemotherapy scheme was given
weekly during RT at day 1, 8, 15, 22, 29 (and 35). The paclitaxel dose was 50mg/m2
and carboplatin was administered at AUC2.
Radiation scheme

Radiotherapy planning was carried out after direct simulation, based on diagnostic
images or 3D based on treatment planning CT images. During direct simulation
patients had to swallow barium contrast to facilitate identification and localization of
the primary tumor. For the planning CT the patients also received oral contrast.
Gross tumor volume (GTV), defined as the macroscopic primary tumor and regional
lymph node metastases, was reconstructed using all available information derived
from endoscopy, EUS, CT and from FDG-PET.
At direct simulation, margins from GTV to field margin were 5 cm in caudal/cranial
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direction and 2 cm margin in transversal plane. A margin of 4 cm in caudal/cranial
direction and 1.5 cm in transversal plane was used to generate the planning target
volume (PTV). If the treatment planning was based on a planning CT, the clinical
target volume (CTV) was obtained by adding a 3 cm margin in cranial-caudal
direction and 1 cm margin in transversal plane. A 0.5-1 cm margin was used around
pathological lymph nodes.
A total radiation dose of 46.8-70 Gy (median dose 50.4Gy) was given in daily
fractions of 1.8-2 Gy. One patient received a dose of 41.1Gy as the initial neoadjuvant
treatment was switched to dCRT. Generally delivered with at least 6 MV photons.
Intra luminal brachytherapy (ILBT) given in 2 fractions of 6 Gy or a single fraction of
10 Gy and was administered in 5% of the patients.
Data acquisition

3

Data was obtained using the medical records of the different centers in the NorthEast region of the Netherlands. Additional information from comprehensive cancer
centers was acquired. The study was performed according to national ethics
guidelines (www.ccmo-online.nl).
Follow-up

Patients were generally seen for regular follow up according to national guidelines
at 4 to 8 weeks after completion of treatment, every 6 months in the first year and
thereafter annually up to 5 years or until death.
Toxicity

Toxicity was measured according to the Common Terminology Criteria for Adverse
Events (CTCAE 4.0). Grade 3 and 4 toxicity reactions are shown in table 3. Grade 5
toxicity occurring up to 30 days after treatment was recorded as mortality.
Statistics

Overall survival (OS) was defined as the time interval between the starting date
of the chemoradiation and documentation of the day of death or last follow-up.
Disease-free survival (DFS) was determined from the starting date of treatment to
documented date of first recurrence or death of any cause. OS and DFS rates were
calculated according to the Kaplan-Meier method and compared using the log-rank
test. Patient characteristics and toxicity rates were determined and compared using
Student t-test and Fisher’s exact test. Univariate and multivariate analyses were
performed using Cox-regression analyses. P values < 0.150 in the univariate analysis
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were included in the multivariate analysis. A P value <0.05 (95% confidence interval
[CI]) was considered as significant. The statistical analyses were performed by using
the Statistical Package for Social Sciences (SPSS, Chicago IL, USA) version 18.0
software.

RESULTS
Patient and tumor characteristics

Patient characteristics are shown in table 1. Age (P=0.169), sex (P=0.468) and
WHO-performance (P=0.334) did not differ among both groups. In both groups
comorbidity was equally present, 49% in the cisplatinum / 5-FU group and 55% in the
carboplatin / paclitaxel group (P=0.691). The type of comorbidity varied between the
groups as the carboplatin / paclitaxel group had more cardiovascular and pulmonary
comorbidity (38%) compared to the cisplatinum / 5-FU group (19%, P=0.049). Of
the tumor characteristics, localization differed with more gastro-esophageal junction
(GEJ) tumors in the cisplatinum with 5-FU group (P=0.05). Clinical T-stage did differ
(P=0.008) with a T3 stadium of 67% in the cisplatinum / 5-FU group, while the majority
of patients in the carboplatin / paclitaxel group (55%) had a higher stage group T4.
N-stage (P=0.465) was comparable between both groups. A higher percentage of
patients in the cisplatinum with 5-FU group had a cM1a stage (23%) compared to
the paclitaxel with carboplatin group which was not significant (9%, P=0.061). Most
patients received a radiation dose of 50-50.4 Gy in both treatment groups and the
distribution of radiation dose did not differ between the hospitals (P=0.181).
Overall Survival and Disease Free Survival

Overall Survival (OS) was comparable between the cisplatinum with 5-FU group
and the carboplatin with paclitaxel group (P=0.879, HR 0.97 CI 0.62-1.51), with a
median survival of respectively 16.1 (CI 11.8-20.5) and 13.8 (CI 10.8-16.9) months
(figure 1.a). Disease free survival (DFS) was also not significantly different (P=0.76,
HR 0.93 CI 0.60-1.45). Median DFS was 11.1 in the cisplatinum with 5-FU group
(figure 1.b, CI 6.9-15.3) and 9.7 months with carboplatin with paclitaxel (CI 5.114.4). OS and DFS were also not different between both chemotherapy regimens
when analyzed for the two histological subtypes adenocarcinoma and squamous
cell carcinoma (Supplementary figure S1). As the Kaplan-Meier survival curves
cross the proportional hazards criterion for the logrank test is not met. Therefore we
also tested smaller groups (OS and DFS 24 months) in the ESCC group for both
regimens and found they were not significant (data not shown).
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Table 1: Clinical and patient characteristics.

Age (mean, years)
Sex (m/f)
cT1
cT2
cT3
cT4
cN1 (%)
cM1a (%)
Histology (AC/SCC)
Tumor length >5cm
Tumor site
Upper
Mid
Distal
GEJ
WHO performance
0-1
2
3
Radiation dose
<50.0 Gy
50.0-50.4 Gy
>50.4 Gy
Comorbidity present
Cardiovascular and
pulmonary comorbidity
Type of comorbidity
None
Pulmonary
Cardiovascular
Other

Cisplatinum / 5-FU
(N =47)
62.5
39 (83%) / 8 (17%)
0 (0%)
3/46 (7%)
31/46 (67%)
12/46 (26%)
39/47 (83%)
11/47 (23%)
28 (60%) / 19 (40%)
25/36 (69%)

Carboplatin / Paclitaxel
(N =55)
64.8
42 (76%) / 13 (24%)
1/47 (2%)
2/47 (4%)
18/47 (38%)
26/47 (55%)
41/54 (76%)
5/54 (9%)
23 (42%) / 32 (58%)
27/38 (71%)

9/44 (21%)
4/44 (9%)
22/44 (50%)
9/44 (21%)

14/54 (26%)
10/54 (19%)
28/54 (52%)
2/54 (4%)

45/47 (96%)
2/47 (4%)
0 (0%)

47/54 (87%)
5/54 (9%)
2/54 (4%)

1 (2%)
42 (89%)
4 (9%)
23/47 (49%)
9/47 (19%)

2 (4%)
53 (96%)
0 (0%)
30/55 (55%)
21/55 (38%)

24/47 (51%)
1/47 (2%)
8/47 (17%)
14/47 (30%)

25/55 (46%)
9/55 (16%)
12/55 (22%)
9/55 (16%)

P-value
0.169#
0.468
0.008

0.465
0.061
0.112
1.000
0.050

3

0.334

0.062

0.691
0.049
0.048

# Student t-test, all other variables were compared using a Fisher’s exact test. GEJ, gastroesophageal
junction.TNM classification according to sixth edition. P< 0.05 was considered significant, significant
values presented in italics

Univariate and Multivariate Cox-regression analysis

Chemotherapy regimen was not related to OS and DFS in an univariate analysis
(HR=0.97, P= 0.879 and HR=0.93, P=0.760). Other factors as comorbidity, localization
and completion of the chemotherapy were significantly related to OS (Supplementary
table S2, P=0.031, P=0.028 and P=0.046). Comorbidity, tumor localization, cN-stage
and completion of chemotherapy were related to DFS (P=0.107, P=0.014, P=0.114,
P=0.123). When corrected for these factors in a multivariate Cox-regression analysis
OS and DFS did not change drastically for chemotherapy regimen (table 2, P= 0.990
HR 1.00, CI 0.61-1.64 and P= 0.641 HR 0.89, CI 0.54-1.47). None of the other
factors was an independent prognostic factor for OS or DFS.
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Figure 1: Kaplan-Meier survivals estimation of the Overall Survival (a) and Disease Free Survival (b) for
dCRT with cisplatinum/5-FU (N=47) or carboplatin /paclitaxel (N=55).

Table 2: Multivariate Cox-regression analysis.
Multivariate analysis
OS (N=97)
Chemotherapy regimen
Comorbidity presenta
Localization
Upper
Mid
Distal
GEJ
Completed chemotherapy

HR

(95% CI)

P-value

1.00
0.67

(0.61-1.64)
(0.39-1.13)

0.990
0.135
0.149
0.314
0.418
0.669

0.62
(0.25-1.57)
1.49
(0.57-3.87)
1.20
(0.52-2.75)
Reference
1.28
(0.73-2.24)

0.388

DFS (N=96)
Chemotherapy regimen
0.89
(0.54-1.47)
0.641
Comorbidity present
0.78
(0.46-1.32)
0.357
cN
0.63
(0.32-1.22)
0.168
Localization
0.301
Upper
0.90
(0.35-2.34)
0.829
Mid
1.61
(0.62-4.16)
0.330
Distal
1.59
(0.70-3.65)
0.270
GEJ
Reference
Completed chemotherapy
1.45
(0.82-2.56)
0.198
a
Due to the large number of subgroups comorbidity was only included as dichotomous
variable. GEJ, gastroesophageal junction
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Toxicity and Mortality

Table 3 shows the treatment compliance and toxicity grades. A higher percentage
of patients with carboplatin / paclitaxel completed their treatment compared with the
cisplatinum / 5-FU group (82% vs 57%, P=0.010). The occurrence of side-events was
significantly lower in the carboplatin / paclitaxel group compared with the cisplatinum
/ 5-FU group (P=0.001). In the cisplatinum / 5-FU group 38% (N=18/47) experienced
a grade 3 toxicity and 15% (N=7/47) a grade 4 toxicity. In the carboplatin / paclitaxel
group treated patients toxicity rates were lower, 15% (N =8/55) experienced a
grade 3 toxicity and 6% (N=3/55) a grade 4 toxicity. Hematologic toxicity was most
common and higher in the cisplatinum / 5-FU group (19% versus 4%, P=0.021).
Non-hematologic adverse events were also more common in the cisplatinum / 5-FU
group (38% versus 18%, P=0.028).
In the cisplatinum / 5-FU group two patients died due to treatment related events.
One patient had atrial fibrillation resulting in brain infarction and death. The other
patient developed severe bone marrow depletion and died from neutropenic sepsis
based on a pneumonia. In the carboplatin / paclitaxel group one patient with previous
hepatocellular carcinoma died due to liver failure and severe diarrhea.

3

Table 3: Treatment compliance and major toxicities.

Completed chemotherapy
Toxities (CTCAE 4.0)
overall toxicity (≥ gr3)
Hematological ≥gr3
Non-hematological ≥gr3
Gr3
Gr4
Mortality
Hematologic**
Febrile leucopenia
Trombocytopenia
Bleeding
Anemia
Non-Hematologicb
Nauseau/Vomiting
Fatigue
Diarrhea
Mucositis
Other

Cisplatinum / 5-FU
(N =47)
27 (57%)

Carboplatin / Paclitaxel
(N =55)
44 (82%)

P-value

26a (55%)
9 (19%)
18 (38%)
18 (38%)
7 (15%)
2 (4%)

12 (22%)
2 (4%)
10 (18%)
8 (15%)
3 (6%)
1 (2%)

0.001
0.021
0.028
0.011
0.180
0.594

6 (13%)
1 (2%)
1 (2%)
3 (6%)

2 (4%)
2 (4%)
0 (0%)
3 (6%)

0.139
1.000
0.461
1.000

2 (4%)
1 (2%)
0 (0%)
2 (4%)
14 (30%)

0 (0%)
0 (0%)
1 (2%)
2 (4%)
7 (13%)

0.210
0.461
1.000
1.000
0.049

0.010

Compared using Fisher’s exact test. a In cisplatinum / 5-FU group one patient had both a grade 3
hematological toxicity as a grade 4 non-hematological toxicity. b All recorded toxicity. P< 0.05 was
considered significant, significant values presented in italics.
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DISCUSSION
In this study we described comparable outcomes in terms of OS and DFS between
EC patients treated with cisplatinum / 5-FU and with carboplatin / paclitaxel as part
of dCRT. Severe toxicity rates including hematological and non-hematological events
(both ≥ grade 3) were significantly lower for the carboplatin / paclitaxel group (P=0.001).
Furthermore, a significantly higher percentage of patients completed their therapy in
the carboplatin with paclitaxel group which could be due to fewer and milder adverse
events (P=0.010). However completion of chemotherapy was not an independent
prognostic factor for OS or DFS in a multivariate analysis.
Literature concerning the effectiveness and side effects of carboplatin with paclitaxel
compared with standard cisplatinum with 5-FU is limited. Supplementary table S3
gives an overview of the literature reporting on one or both of the schemes in dCRT in
EC. Polee et al. were the first to show the use of carboplatin with paclitaxel as dCRT
scheme in a phase I study [13]. Median survival was 11 months and myelotoxicity
was regarded acceptable as only 5% of the 77% with neutropenia developed fever.
Wang et al. showed a good response rate in a small group of EC patients with locally
advanced disease (N =16) treated with dCRT with carboplatin and paclitaxel with an
overall 3-year survival rate of 60% [14] . However, they do not compare this regimen
with other chemotherapy regimens. Courrech Staal et al. compared carboplatin with
paclitaxel and cisplatinum with 5-FU, in both a curative dCRT and a neoadjuvant
setting [15] . The median OS was 15 months for the dCRT group (N =49), which is
similar as to our study. No survival distinction was made between the two therapy
regimens in this study. A recent study of Blom et al. compared cisplatinum/ 5-FU
and carboplatin/ paclitaxel in the neoadjuvant setting in EC patients and showed
comparable overall toxicity (≥grade 3) as in our study and no difference in survival
[16].
Toxicity rates for the carboplatin with paclitaxel group of our study were comparable to
the rates in the CROSS-trial. In our study 4% of patients experienced hematological
events (≥ grade 3) and 18% non-hematological events (≥grade 3) compared to 7.6%
and 13%, respectively in the CROSS-trial [6] .
Our study is limited by the number of patients included and the retrospective design.
An important limitation is that patients were not randomized, which could lead to
differences in patient characteristics and treatment per hospital between both
treatment groups. Between our groups we showed no differences in outcome but a
larger number of patients would be required to make these conclusions more robust.
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A fase III trial would be suitable for that purpose. However, the number of EC patients
receiving dCRT is limited and we do not expect groups to become significant with
larger numbers. As toxicity rates are lower in the carboplatin / paclitaxel group an
evaluation of the quality of life would also be of interest in future studies.
Another important difference between our groups is that patients in the carboplatin
/ paclitaxel group had more cardiovascular and pulmonary comorbidity. This could
suggest a possible selection bias to include patients in better physical condition in
the cisplatinum / 5-FU group. However, most patients (78%) receiving carboplatin
/ paclitaxel were treated in the two centres were this was the standard regimen
thereby arguing against a selection bias.
In conclusion, the present study suggests that OS and DFS are similar in both
treatment regimens in dCRT in esophageal cancer. Carboplatin with paclitaxel has
fewer adverse events with higher treatment compliance. These results suggests
carboplatin /paclitaxel could be used as an alternative for cisplatinum / 5-FU in dCRT
for esophageal cancer patients which should be further evaluated.
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Figure S1: Overall Survival (OS) and Disease Free Survival (DFS) in patients with esophageal
adenocarcinoma (EAC) and patients with esophageal squamous cell carcinoma (ESCC) for dCRT with
cisplatinum with 5-FU or carboplatin with paclitaxel. a) OS in EAC, b) DFS in EAC, c) OS in ESCC and
d) DFS in ESCC.
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Table S2: Univariate analysis
Univariate analysis
Chemotherapy regimen
Sex
Comorbidity present
WHO
0-1
2
3
Localization
Upper
Mid
Distal
GEJ
cT #
cN
cM
Histology
Age
Completed chemotherapy

OS (N=97)
HR
(95% CI)
0.97 (0.62-1.51)
1.30 (0.74-2.29)
0.61 (0.39-0.96)
1.38 (0.19-9.98)
1.81 (0.22-15.12)
Reference
0.69 (0.29-1.67)
2.02 (0.83-4.89)
1.46 (0.68-3.11)
Reference
0.76 (0.48-1.21)
0.77 (0.44-1.35)
1.01 (0.54-1.88)
1.21 (0.78-1.89)
1.00 (0.97-1.03)
1.60 (1.00-2.57)

P-value
0.879
0.356
0.031*
0.768
0.750
0.584
0.028*
0.413
0.120
0.332
0.250
0.360
0.974
0.400
0.946
0.046*

DFS (N=96)
HR (95% CI)
0.93 (0.60-1.45)
1.47 (0.84-2.58)
0.70 (0.47-1.08)
1.97 (0.27-14.25)
2.11 (0.25-17.58)
Reference
0.74 (0.31-1.78)
2.18 (0.90-5.30)
1.70 (0.80-3.62)
Reference
0.74 (0.47-1.17)
0.64 (0.36-1.12)
0.97 (0.54-1.76)
1.37 (0.88-2.12)
1.00 (0.98-1.03)
1.44 (0.90-2.29)

P-value
0.760
0.178
0.107*
0.777
0.500
0.490
0.014*
0.499
0.085
0.169
0.201
0.114*
0.917
0.159
0.867
0.123*

* Variables with a P<0.150 were included in the multivariate analysis. # cT-stage was divided into two
groups cT1-T3 and cT4.

56

3

57

58

SCC 43
EAC 46
Adenosquamous
5

SCC 106
EAC 15

40

94

121

Polee[13]

Courrech
Staal*[15]

Herkovic**
(RTOG trial)
[8]

SCC:5
EAC:34
Undiff:1

SCC:16
EAC:34

50

Wang#[ [14]

Histology

N

Reference

A: (n=61) cis platin
75 mg/m2 4 times +
5-FU1g/m2 16 times
B: (n=60)
radiotherapy alone

A (n=65): cis 75 mg/
m2 + 5-FU 800 mg/
m2
B (n=16): carboplatin
2 AUC + paclitaxel
50 mg/m2 6 times
C (n=13): cis platin
low dose 6 mg/m2
Total 41 surgery
afterwards

Paclitaxel 30 mg/
m2 10-11 doses
carboplatin 1.5mg/
ml/min 5-6 doses
Consolidation
therapy for nonsurgical patients: an
extra 2x paclitaxel
200mg/m2 and
carboplatin AUC6
Paclitaxel 100mg/m2
Carboplatin AUC
2-5mg min/ml

Regimen
Chemotherapy

A: 50Gy
B: 64Gy

A: 50 Gy
B: 50.4 Gy
C: 66 Gy

Surgical
patiënts total
45Gy.
Non-surgical
50,4 Gy

Radiotherapy

Recurrence:
1) within RT field
A 39% B 52%
2) distant
metastasis
A 7% B 13%
3) within
field+metastasis
A 5% B 13%
4) death of
disease
A 7% B 5%

Partial 19 (51%)
Complete: 1
(with additional
RT 50Gy)
Stable 10 (27%)
Progressive 7
(18%)
Complete or
partial response
overall: 30%
A 21%
B 50%
C 54%

12% complete
8% partial
19% stable
9%
progressive
41% dysfagie
relief

Respons

3 year
41
55
19
41

Chemoradio+surgery
1yr 79%
3yr 61%
Definitive
chemoradition
1yr 63%
3yr 24%
1yr survival
A 50% B 33%
Combined 2yr
A 36% B10%
Median survival
A 12,5 months B 8.9
months

OS
1
A 65
B 88
C 76
T 70

1yr 46%
Median survival 11
months

3-year survival
60% local + no
surgery(n=16)
60% local + surgery
(n=8)
14% metastatic
disease (n=20)

Survival

A: 20
B: 2

A:8
B:9
C:1

Neutropenia Gr 3-4
in 25 (77%)
Trombocytopenia
Gr 3-4 in 4 (10%)
Anemia Gr 3-4 in 0

3
9 (7)

Toxicity gr 3-4
Hematological

A: 8
B: 0

A:9
B:0
C:0

4

A: 29
B:14

A: 8
B: 0
C: 3

2

Nonhematological
3
6 (3)

A:7
B: 2

A:0
B:0
C:0

0

4
0

A:1
B:0

Mortality

Table S3: Literature overview of articles concerning 5-FU and cisplatinum or carboplatin and paclitaxel in the curative setting.



SCC 8 EAC 11

SCC 13 EAC 22

SCC 107 EAC
23

Paclitaxel 30-50
mg/m2 2x weekly
and carboplatin
AUC2 weekly during
RT, followed by
carboplatin 6AUC
and paclitaxel 175200mg/m2 for 2
cycles given every 3
weeks

Paclitaxel 200mg/m2
Carboplatin AUC of
5mg/h/ml Median 5
courses (range 1-12)

A: cisplatin 75
mg/m2 4 times +
fluorouracil 1g/m2 16
times
B: radiotherapy alone

50.4 to 61.2
Gy

A: 50Gy
B: 64Gy

8yr followup
Complete:
A 27% B 0%,
Persistent:
A 26% B 18%
Local regional
disease:
A 17% B 16%
Distant only:
A 12% B 15%
Local,regional
and distant: A
9% B 15%
Death:
A 22.3% B 18%
15 partial
response (45%)
nonmetastatic
33% metastatic
50%
8 complete
response 2
partial
3yr 56%

1yr 43%
2yr 17%
Median survival 9
months

5yr survival:
A 26% B 0%

* Within these groups 41 patients underwent surgery after chemoradiation, not further specified per group.
** Toxicity was scored as severe and life-treatening
*** In the non-metastatic group 3 patients had surgery				
# grade 3 and 4 events combined, between brackets toxicity after consolidation therapy
## Unspecified: RT alone:gr 3 10(19%), gr4 2 (4%) Randomized group combined therapy: gr3 13(25%),
gr4 2(4%) Nonrandomized combined: Gr3 15(23%), gr4 2(3%), gr5 1(2%)
*# Six patients underwent surgery afterwards

19

15 non
metastatic
20
metastatic

ELRayes***[17]

Ruppert*#[18]

123
randomized
69 nonrandomized

Cooper##
(RTOG trial
85-01) [7]

5

17

3

59

14

4

8

5

0

0

A:1(2%)
B: 0
(0%)
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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.

82

4

83

Chapter 5
GATA6 expression in Barrett’s oesophagus and
oesophageal adenocarcinoma.

Pavlov K1, Honing J2, Meijer C3, Boersma-van Ek W1, Peters F.T.1, van den Berg A.4
Karrenbeld A.4, Plukker J.T.M.2, Kruyt F.A.E.3, Kleibeuker J.H1

Department of Gastro-Enterology and Hepatology, 2Department of Surgical Oncology,
Department of Medical Oncology and 4Department of Pathology University of Groningen,
University Medical Center Groningen, Groningen, the Netherlands
1

3

Submitted



ABSTRACT
Aims: Barrett’s oesophagus (BO) is characterized by the presence of columnar
metaplastic epithelium. BO can progress towards oesophageal adenocarcinoma
(OAC) through a metaplasia-dysplasia-carcinoma sequence, but the underlying
mechanisms are poorly understood. The transcription factor GATA6 is known to be
involved in columnar differentiation and proliferation. GATA6 gene amplification was
recently linked with poor survival in OAC. Our aim was to investigate the expression
pattern of GATA6 in BO development and progression towards OAC and to correlate
expression with patient survival.
Methods and results: Immunochemistry was performed in 136 patient tissue
samples containing normal squamous oesophageal epithelium, metaplasia,
dysplasia and OAC and in a tissue microarrays containing tissue from 92 patients
with OAC only. GATA6 expression data was correlated with clinocopathological
variables, overall and disease-free survival. The percentage of GATA6-positive
cells was low in squamous epithelium but increased progressively during Barrett’s
oesophagus development and malignant transformation. GATA6 expression was not
associated with overall or disease-free survival outcome in OAC patients (P=0.599
and P=0.700 respectively).
Conclusion: Our findings indicate that GATA6 expression is increased during
Barrett’s development and increases further upon the transformation to OAC.
However, no prognostic value of GATA6 expression could be found in OAC.
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INTRODUCTION
Oesophageal adenocarcinoma (OAC) is a disease with a poor prognosis and rising
incidence (1,2). Barrett’s oesophagus (BO) is the only known precursor lesion of OAC
and is characterized by the replacement of the squamous epithelium by columnar
epithelium in the oesophagus. BO is categorized as either non-intestinal metaplasia
(non-IM) or intestinal metaplasia (IM) (3). IM differs from non-IM by the presence
of goblet cells, and it has been suggested that non-IM might precede IM during BO
development (4,5). Persistent esophagitis due to gastro-oesophageal reflux disease
(GORD) is the main risk factor for the development of BO. However, only a minority
of GORD patients develops BO and an even smaller percentage shows subsequent
malignant transformation through a metaplasia-dysplasia-carcinoma sequence.
Chemoprevention and therapeutic options for BO and OAC are currently limited, in
part by the lack of knowledge regarding the factors that drive the development of BO
and OAC.
GATA6 is a member of the GATA transcription factor family. GATA1, GATA2 and
GATA3 are involved in hematopoiesis while GATA4, GATA5 and GATA6 play a role
in endodermal differentiation (6,7). In particular, GATA6 is involved in intestinal
development. Mouse models showed that GATA6 is involved in regulating proliferation
and differentiation in stomach, small intestine and colon (8-10). Besides its role in
intestinal development, GATA6 seems to be involved as an oncogene in various
gastrointestinal cancers. GATA6 protein expression is increased in pancreatic and
colon cancer. (11-13). GATA6 gene amplification is associated with an adverse
survival in cholangiocarcinoma and pancreatic cancer (14,15). In addition, in vitro
studies have shown that GATA6 is associated with tumor proliferation and invasion
(11,14-16). Interestingly, GATA6 expression is also increased in pancreatitis
suggesting that inflammation may induce GATA6 expression (11).
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The role of GATA6 in a variety of gastrointestinal malignancies, and its association
with inflammation has raised interest in a possible role of GATA6 in BO and OAC.
While the presence of GATA6 in normal squamous oesophageal epithelium is
disputed, several studies showed that GATA6 is expressed in nondysplastic BO,
and is further increased in dysplasia and OAC (17-19). GATA6 gene amplification
has been associated with the transformation of BO towards OAC (19) and a worse
survival of OAC patients (20), but it is unknown whether high GATA6 protein
expression correlates with adverse survival in OAC patients. Also, little is known
regarding the spatial expression pattern of GATA6 along the crypt axis in BO and
how this changes during transformation towards OAC.
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In this study we hypothesize that GATA6 protein expression correlates with columnar
differentiation and subsequent development of dysplasia and OAC, and that GATA6
plays a role in the biologic behavior of OAC. To test these hypotheses the expression
of GATA6 during all stages of BO development and OAC progression was examined
and its association with patient survival was determined.

METHODS
The study was conducted according to the guidelines of our ethics hospital board
(www.ccmo.nl). Archival tissue was handled according to the Dutch Code for proper
use of Human Tissue (www.federa.org).
Patient material

All tissue samples were paraffin-embedded and derived from patients undergoing
treatment or surveillance at the University Medical Center Groningen, the
Netherlands. To investigate GATA6 expression during BO development we
analyzed 86 biopsies containing samples of squamous epithelium (N=43), inflamed
oesophageal epithelium due to GORD (N=16), non-IM BO (N=16) and IM BO
(N=26). All biopsies were collected between 2002 and 2011 during either diagnostic
or surveillance endoscopies, fixated in formalin, embedded in paraffin and stored at
ambient temperature at the archives of the Pathology department of the University
Medical Center Groningen. GATA6 expression during BO malignant transformation
was analyzed using a total of 50 endomucosal resection (EMR) specimens containing
samples of metaplasia (N=19), high grade dysplasia (HGD, N=24) and OAC (stage
˂ IB, N=22). Some samples contained multiple tissue types. All EMR samples were
collected between 2003 and 2012 during EMR-procedures and processed similar to
the biopsy specimens. To correlate GATA6 expression with survival outcome in OAC
patients we constructed a tissue microarray (TMA) containing triplicate cores of 104
OAC tumors from formalin-fixated, paraffin-embedded resection material. The tumor
specimens were derived from patients with pathologic tumor stage ≥ 1B. These
patients underwent an oesophagectomy without neoadjuvant treatment between
1998 and 2008.
Immunohistochemistry

Slides were deparaffinized and antigen retrieval was performed by heating the slides
in 10mM citrate buffer (pH 6.0) for 15 minutes using a 400W microwave. Endogenous
peroxidase was blocked by incubating the slides for 30 minutes in 3% H202 in
phosphate-buffered saline (PBS). Slides were incubated at room temperature with
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the primary antibody against GATA6 (polyclonal rabbit antibody against GATA6,
sc-9055, Santa Cruz, USA; dilution 1:100) for 60 minutes. Control slides were
incubated with rabbit IgG (Dako, Glostrup, Denmark) or PBS. A subset of EMR
samples (N=5) and the TMA were also stained against Ki-67 (mouse monoclonal
antibody against Ki-67, Dako, Glostrup, Denmark; dilution 1:350) for 60 minutes.
Afterwards slides were incubated with a horseradish-peroxidase conjugated goatanti
rabbit secondary and rabbit-anti goat tertiary antibodies (Dako, Glostrup, Denmark;
dilution of both secondary and tertiary antibody 1:50). The staining was visualized
using 3,3’-diaminobenzidine (Sigma-Aldrich, Saint Louis, USA) and slides were
counterstained with haematoxylin.
Staining evaluation

Both the tissue slides and the TMA were scored for localization, intensity and
percentage of positive cells. Localization was scored as either nuclear or cytoplasmic
and intensity was scored as absent (0) weak (1) medium (2) or strong (3). For the
tissue slides, an absolute percentage was estimated. Scoring was performed by
two independent observers. The score for each tissue slide was calculated from an
average of three whole crypts. For squamous epithelium, one representative area
was evaluated. The final percentage was calculated by averaging the estimates
of the two observers. For the TMA, the localization and intensity were scored as
described above. The percentage of positive cells was divided into six categories:
no staining (0), 1≥5% (1), 5≥25% (2), 25≥50% (3), 50≥75% (4) and 75-100% (5).
The score for each tumor sample consisted of an average of three tumor cores.
To correlate GATA6 expression with survival outcome, an Immuno Reactivity Score
(IRS) was obtained by multiplying the intensity score times the score for percentage
of positive cells. Random tissue slides and TMA samples were validated by a blinded
experienced pathologist.
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Statistical analysis

The difference in percentage of positive cells in the biopsy and EMR specimens
was analyzed using the Mann-Whitney test or a Wilcoxon signed rank test when
comparing paired samples and an ANOVA test with Bonferroni correction when
comparing three groups. Overall Survival (OS) was defined as the time interval
between surgery and death or last known follow-up. Disease-Free Survival (DFS)
was defined as the time interval between surgery and date of recurrence, death or
last known follow-up. Patient characteristics were analyzed using Fisher’s exact test.
A quartile analysis was used to study the association between GATA6 expression
and survival outcome. Survival curves were calculated according to the Kaplan-Meier
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method and compared using the log-rank test. Univariate Cox-regression analysis
was performed to identify prognostic factors for OS and DFS. A P-value of <0.05 was
considered as significant in all statistical analyses. Ten patients from the TMA were
excluded from analysis due to in-hospital death. Two patients were excluded due to
insufficient tumor tissue on the TMA. Statistical analysis was performed using the
Prism 5.0 software (GraphPad Software, San Diego, CA, USA).

RESULTS
GATA6 expression in BO metaplasia development

GATA6 expression was localized in the nucleus in all tissue types. Weak GATA6
expression was observed in both normal and inflamed squamous epithelium, but
the intensity of GATA6 expression cells was significantly increased in BO metaplasia
(P<0.001). We did not find a statistical difference in GATA6 intensity between nonIM and IM tissue (P=0.089). The percentage of GATA6-positive cells progressively
increased from normal to oesophagitis (p=0.014) and BO metaplasia (P=0.017)
samples (Figure 1). Percentage of GATA6 expression was similar in both non-IM
and IM BO tissue. GATA6 was preferentially expressed in the lower half of the crypts
(P=0.004 and P=0,010, Figure 1).
GATA6 expression during BO malignant transformation

The intensity of GATA6 expression did not differ between the metaplastic crypts,
HGD and OAC in the EMR slides. However, the number of GATA6 positive cells
showed an increase during malignant transformation of BO metaplasia towards
OAC. The percentage of GATA6 positive cells was higher in HGD compared to
metaplastic crypts (P=0.005, Figure 2). Comparison of metaplastic and HGD crypts
from the same EMR specimens (n=16) revealed an expansion of GATA6 positive cells
throughout the crypt in HGD compared to metaplasia (P=0.002, Figure 2). Within the
EMR specimens, there was no difference in the percentage of GATA6-positive cells
between HGD and OAC. We found that HGD-associated nondysplastic metaplastic
crypts from EMR samples had a higher number of GATA6 positive cells compared
to metaplastic crypts in samples from biopsies without HGD or OAC (P<0.001). To
investigate the relation between GATA6 expression and proliferation we compared
GATA6 and Ki-67 expression patterns in the EMR specimens. We found that Ki-67
expression partially co-localized with GATA6 expression in metaplasia, HGD and
OAC (Figure 2). Similar to the GATA6 expression pattern, we observed nuclear Ki-67
expression predominantly in the lower part of the metaplastic crypts, with expansion
of Ki-67 positive cells along the crypt axis in HGD.
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Figure 1: GATA6 expression during BO development. Nuclear GATA6 expression is absent or low in
squamous epithelium (a,e) and increased in oesophagitis (with characteristic infiltration of inflammatory
cells, denoted by arrows) (b,e). GATA6 expression in BO metaplasia was significantly higher compared
to normal squamous epithelium or oesophagitis (e). GATA6 expression is similar in both non-intestinal
metaplasia (non-IM and intestinal metaplasia (IM) and preferentially localized in the lower half of the crypt
(c,d,f).
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Figure 2: GATA6 expression during BO malignant progression. Compared to high grade dysplasiaassociated metaplasia (HGD-metaplasia) nuclear GATA6 expression is increased in both high grade
dysplasia and oesophageal adenocarcinoma (a-c,g). GATA6 expression partially co-localizes with Ki-67
and both show a progressive increase during BO malignant development (d-f). The increase of GATA6
during progression of BO towards malignancy is further confirmed by comparing GATA6 expression in
metaplastic and dysplastic crypts from the same patient (h).
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Figure 3: GATA6 expression in oesophageal adenocarcinoma. Nuclear GATA6 expression varies in
intensity and is absent in a subset of oesophageal adenocarcinoma samples (a-d). GATA6 expression,
stratified by IRS quartile does not affect overall survival or disease-free survival (e,f)

Association of GATA6 and survival outcome in OAC

To investigate the association between GATA6 expression and survival outcome in
OAC patients we studied GATA6 expression in tumor samples of 92 OAC patients.
GATA6 intensity was strong in 12 tumors (13.0%), medium in 29 tumors (31.5%),
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weak in 36 tumors (39.1%) and lost in 15 tumors (16.3%, Figure 3). The majority
of tumors showed nuclear GATA6 expression in 75-100% of all tumor cells (67%).
We found no association between GATA6 expression and Ki-67 positivity in the
tumor samples (data not shown). Patient characteristics associated with the TMA
are described in Table 1. Clinicopathological characteristics did not differ between
the groups (Table 1). Univariate analysis showed that pT stage, pN stage and R1
resection are significantly associated with a decreased OS and DFS (Table 2).
However, we did not find an association between GATA6 expression and OS or
DFS (Table 2, Figure 3B). To further validate our finding that GATA6 expression
is not related with survival outcome we compared survival outcome between the
lowest and highest IRS quartile and found no association with survival outcome
(Supplementary figure 1).
Table 1: Patient characteristics
Sex
Male
Female
Age
˂65
≥65
pT
pT1-T2
pT3-T4
pN
pN0
≥pN1
Resection
R0
R1
Angioinvasion
No
Yes
Perineural growth
No
Yes
Lymph invasion
No
Yes
Localization
Mid
Distal
GEJ
Recurrence
No
Yes
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IRS quartile
1st quartile

2nd quartile

3rd quartile

4th quartile

P-value

21
2

19
4

22
1

19
4

10
13

11
12

8
15

10
13

6
17

8
15

9
14

6
17

4
19

7
16

9
14

8
15

20
3

19
4

22
1

19
4

16
7

17
6

19
4

16
7

16
7

16
7

18
5

16
7

20
3

18
5

21
2

18
5

1
14
8

1
16
6

0
17
6

1
17
5

5
18

10
13

11
12

8
15

0.488

0.879

0.755

0.420

0.531

0.729

0.900

0.597

0.928

0.262

Table 2: Univariate analysis.
N

Sex
Male
Female
Age
˂65
≥65
pT
pT1-T2
pT3-T4
pN
pN0
≥pN1
Resection
R0
R1
Angioinvasion
No
Yes
Perineural growth
No
Yes
Lymph invasion
No
Yes
Localization
Mid
Distal
GEJ
GATA6 expression
1st quartile
2nd quartile
3rd quartile
4th quartile

Overall survival
HR
95% CI
1.24
0.62-2.49

P-value
0.551

Disease-free survival
HR
95% CI
1.24
0.61-2.45

P-value
0.551

0.51

0.31-0.87

0.009

0.66

0.41-1.05

0.080

0.36

0.20-0.64

0.001

0.35

0.20-0.61

0.000

0.37

0.20-0.67

0.001

0.38

0.22-0.66

0.001

0.59

0.31-1.13

0.120

0.44

0.23-0.82

0.010

0.56

0.33-0.95

0.032

0.57

0.34-0.95

0.029

0.78

0.47-1.30

0.359

0.68

0.42-1.10

0.116

1.05

0.55-1.99

0.873

1.06

0.57-1.97

0.847

3

4.62

3.84

1.10-13.41

64
25

1.35
Reference

1 . 3 0 16.42
0.76-2.37

23
23
23
23

1.37
0.70-2.66
1.01
0.51-2.00
1.24
0.64-2.40
Reference

81
11
39
52
29
63
28
64
80
12
68
24
66
26
77
15
0.059

0.102

5

1.09
0.65-1.85
Reference
0.752

0.823
1.33
0.70-2.53
1.04
0.54-2.00
1.10
0.57-2.11
Reference
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DISCUSSION
This study presents the first thorough examination of GATA6 expression at all stages
of BO and OAC. We show that GATA6 protein expression is progressively increased
during BO development and progression towards OAC. GATA6 is not associated with
survival outcome in our large cohort of OAC patients.
Previous studies indicate that GATA6 is involved in the induction of a columnar
differentiation and proliferation (8-10,16). Both are important in BO, as altered
differentiation of stem cells in squamous oesophageal epithelium may underlie the
development of BO metaplasia, and deregulated proliferation is essential for malignant
transformation (21,22). Previous studies reported either low (17,19) or absent (18)
expression of GATA6 in normal squamous epithelium. In our biopsy series we found
that half of the squamous epithelium samples showed weak GATA6 expression,
confirming previous reports by Alvarez et al. and Kimchi et al. (17,19).
As inflammation was correlated with GATA6 expression in the pancreas, we
hypothesized that inflammation due to persistent GERD may similarly induce GATA6
expression in the oesophagus. We found that GATA6 expression is increased
in esophagitis when compared to samples of normal squamous oesophageal
epithelium, but lower than found in Barrett’s metaplasia. Given the role of GATA6 in
intestinal development (8-10) our results warrant further studies to examine whether
components of reflux or inflammation-associated factors contribute to GATA6
expression in squamous epithelium, and whether GATA6 expression might contribute
to the induction of a columnar phenotype.
Previous studies have reported a strong increase of GATA6 expression in Barrett’s
metaplasia compared to squamous epithelium (18,19). However, little is known
regarding its spatial expression and possible differences between IM and non-IM. We
found GATA6-positive cells preferentially in the lower half of the crypt. The GATA6
expression pattern was similar in both non-IM and IM, suggesting that increased
GATA6 expression is an early event in the development of BO. In metaplastic crypts
most, but not all cells expressing GATA6 were also Ki-67 positive. The co-localization
of GATA6 and Ki-67 suggests a role of GATA6 in proliferation. Proliferation was
increased in HGD compared to non-IM and IM, and this was mirrored by an expansion
of GATA6-positive cells along the crypt axis. A possible functional relationship between
GATA6 and Ki-67 is also consistent with the finding that conditional intestinal deletion
of GATA6 in a mouse model resulted in decreased proliferation and less Ki-67 positive
cells in the intestinal crypts (10). However, it is likely that GATA6 expression is not only
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a marker of proliferating cells. First, the basal layer of normal squamous epithelium
contains proliferating progenitor cells (23), but in our study we found that squamous
epithelium often lacks GATA6 expression. Second, we did not find an association
between Ki-67 and GATA6 in a large cohort of OAC samples. Together, our findings
suggest that GATA6 is involved in both proliferation and columnar differentiation.
The percentage of GATA6 positive cells in HGD-associated metaplastic crypts was
increased compared to metaplastic crypts from patients without dysplasia. This may be
explained by a “field effect” in which histologically normal tissue already has molecular
alterations characteristic of dysplasia or malignancy. The existence of a field effect
in BO has been proposed by several authors on the basis of altered expression of
genes on mRNA level, but to our best knowledge this study provides the first evidence
for his notion at protein level (24-28), and suggests that high GATA6 expression in
metaplastic epithelium could be associated with malignant transformation.
We did not find an association between GATA6 expression and survival outcome
in OAC patients. Previously, Lin et al. reported that GATA6 gene amplification
is associated with a shortened OS in OAC patients (20). In their study, using a
comparable sample size to our current study, GATA6 gene amplification was found in
20.5% of OAC specimens while we detected high protein expression of GATA6 in 13%
of OAC specimens. Although we did not examine GATA6 gene amplification, previous
studies reported that GATA6 gene amplification is associated with increased GATA6
protein expression (19,20). GATA6 expression in OAC can be regulated by multiple
mechanisms including, but not limited to gene amplification, making it difficult to
correlate GATA6 protein expression with GATA6 gene amplification. To further explore
the potential prognostic value of GATA6 expression in OAC we compared survival
outcome between the lowest and highest IRS quartile, but we did not find a difference
in either OS or DFS (Supplementary Figure 1).

5

The results of this study show that GATA6 is progressively upregulated during BO
development and malignant progression. While GATA6 protein expression does not
influence survival outcome in OAC, GATA6 may be a driver of BO development and
malignant transformation and deserves further study.
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SUPPLEMENTARY MATERIAL

Supplementary figure 1: Kaplan-Meier survival curves comparing survival outcomeof the 1st and 4th
IRS quartiles. There is no 	
  difference in overall survival (a) or disease free survival (b) between the lowest
and highest IRS quartile.
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ABSTRACT
Background: It has been suggested that markers associated with cancer stem
cells (CSC) may play a role in esophageal cancer. Our aim was to investigate the
expression pattern of proposed CSC markers ALDH1, Axin2, BMI1, CD44 and SOX2
in esophageal adenocarcinoma (EAC) and to relate their expression to survival.
Methods: In this study we included 94 EAC patients, and examined the expression
of the above mentioned markers using immunohistochemistry on tissue microarrays
(TMA’s). Expression was scored as positive or negative, or categorized as low or
high in terms of an Immuno-Reactivity-Score (IRS). Expression rates were related to
clinicopathological characteristics, overall and disease free survival (OS and DFS).
Results: In a multivariate analysis, negative expression of CD44 and of SOX2 were
both significant prognostic factors for DFS (HR 1.73 CI 1.00-2.96 P=0.046 and HR
2.06 CI 1.14-3.70 P=0.016). When CD44 and SOX2 expression were analyzed
together, negative SOX2 expression was an independent prognostic factor for
DFS (HR 1.91, CI 1.05-3.46, P=0.034). Low IRS scores for ALDH1 or Axin2 were
associated with a reduced median survival (12.8 vs. 28.7 months and 12.1 vs. 25.5
months). However, these markers and BMI1 were not prognostic factors for survival.
Conclusion: Loss of CD44 expression and loss of SOX2 expression are prognostic
factors of poor survival in EAC patients. This suggests a role of these proteins in
EAC that requires further investigation.
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INTRODUCTION
Esophageal carcinoma (EC) is a lethal malignancy with a rising incidence. Despite
better staging methods and selection of surgically treated patients, the prognosis
remains low, with an overall 5-year survival rate of 15-35%.[1, 2] Current standard
treatment consists of neoadjuvant chemoradiation (CRT) followed by curative
intended surgery, leading to an increased 5-year survival rate of up to 47%.[3]
Research aimed to unravel the biological mechanisms driving tumorigenesis and
disease progression in EC is expected to improve prognosis. In this regard, the
cancer stem cell (CSC) model is of potential interest. According to this model a
subgroup of cells, the CSCs, are at the basis of tumor formation, progression and
metastatic spread, and give rise to tumor heterogeneity and therapy resistance. The
CSC theory has been studied in various cancers including glioblastoma, breast and
colon cancer, whereas several proteins specifically showed to characterize CSCs.
[4-6]
The WNT-pathway has been associated with maintenance of CSCs in several tumor
types.[5, 7, 8] Target genes of the WNT/β-catenin pathway have been used as
markers for detecting CSCs, including CD44.[9, 10] CD44 is a membrane protein,
involved in cell adhesion and was shown to be associated with CSCs in gastric
and colon cancer.[8, 11] Recently, high CD44 expression has been suggested as a
possible marker of CSCs in EC and might also play a role in radiotherapy resistance.
[12] Axin2 is a scaffold protein that functions as an antagonist of WNT signalling.
Interestingly, in esophageal squamous cell cancer (ESCC) reduced Axin protein
expression was related to a worse overall survival rate.[13]
Besides targets of the WNT-pathway, other markers, such as Aldehyde
dehydrogenase (ALDH1), BMI1 and SOX2, also have been used to identify CSCs in
various tumor types.[14-16] ALDH1 is an enzyme that converts retinol into retinoic
acid. Retinoic acid regulates gene expression and is involved in normal cell growth
and differentiation.[17] In ESCC, high ALDH1 expression was related to a worse
cause-specific survival rate.[18] BMI1 is an important regulator of self renewal in
haematopoietic, neuronal and small intestine stem cells.[16, 19-21] BMI1 expression
was reported to increase during esophageal adenocarcinoma (EAC) development
and may indicate a worse survival rate in ESCC and EAC patients.[22, 23] SOX2 is
a transcription factor expressed in the endoderm during esophageal embryogenesis.
[24] In the esophagus, SOX2 is expressed in progenitor cells in the basal layer and
plays a role in proliferation.[25, 26] In several cancers, including pancreatic cancer,
SOX2 expression was associated with CSC properties.[15]
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Although it has been suggested that the above mentioned proteins are involved
in EC, their expression and possible relation with patient outcome has scarcely
been investigated in EAC. Therefore, our aim was to investigate the expression of
ALDH1, Axin2, BMI1, CD44 and SOX2 within a large cohort of EAC patients, and to
determine their relation to patient outcome.

PATIENTS AND METHODS
Patient material

This retrospective study consisted of 104 patients with EAC, who underwent a
curative intended esophagectomy without neoadjuvant treatment in our institute,
between 1998 and 2008. Patients with in-hospital death (N=10) were excluded from
further analysis. Follow-up was recorded until September 2013. The mean follow up
time was 40.5 months ± 36.7 months.
The study was conducted according to the guidelines of our Ethical Board (www.
ccmo.nl). Archival tissue of all patients was handled according to the Dutch Code for
proper use of Human Tissue (www.federa.org).
Immunohistochemistry

A tissue microarray (TMA) was constructed of paraffin-embedded tumor resection
specimens. From each tumor three representative cores were taken. In all cases a
minimum of two cores per tumor were available for adequate evaluation. Antigenretrieval was performed using citrate or EDTA buffer, followed by blocking of
endogenous peroxidase. The sections were incubated with the primary antibody for
1 hour at room temperature or overnight at 4°C (BMI1). Primary antibodies used
were: ALDH1 (clone 44/ALDH1, 1:1000, BD biosciences, San Jose, USA), Axin2 (ab
32197, 1:1000, Abcam, Cambridge, UK), BMI1 (clone 384509, 1:400, R&D systems,
Abingdon, UK), CD44 (clone IM7, 1:100, Biolegend, London, UK.), SOX-2 (clone
L1D6A2, 1:200; Cell Signaling, Leiden, the Netherlands) and KI-67 (clone MIB-1,
1:350, Dako, Heverlee, Belgium). Subsequently, tissue sections were incubated for
30 minutes with HRP-conjugated secondary and tertiary antibodies (1:50 dilution, all
from Dako). Staining was visualized using 3,3’-diaminobenzidine and haematoxylin
counterstaining. Adequate positive and negative controls (immunoglobulin classmatched control sera) for each staining were included.
Analysis of immunohistochemistry

TMA slides were digitized using the Digital Slide Scanner NanoZoomer and NDP
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software (Hamamatsu, Shizuoka, Japan). Scoring was performed on the digitalized
images using the same monitor and screen settings. Protein expression was scored
by determining subcellular localization, intensity and percentage of positive cells.
Scoring was performed by two independent observers, who were blinded for the
clinicopathological characteristics at the time of scoring. Random samples of
each staining were validated by a blinded expert gastrointestinal pathologist. The
percentage of positive cells was scored into six categories: 0) no staining, 1) 1-5%,
2) 5-25%, 3) 25-50%, 4) 50-75% and 5) 75-100% positive cells. Intensity was
scored as 0) negative, 1) weak, 2) medium and 3) strong. An Immuno-Reactivity
Score (IRS) was calculated by multiplying the percentage of positive cells times
the intensity score, resulting in a scale from 0 to 15. The IRS was divided into two
groups: negative or low staining (IRS 0-5), and positive or high staining (IRS 6-15).
For each staining the most appropriate scoring system was determined, either the
presence of the marker or the IRS-score. KI-67 staining was scored as percentage
of positive cells, and divided in a low (<50% positivity) and high (>50%) group.
Statistics

Overall survival (OS) was defined as the time interval between the date of surgery
and the documented day of death or last follow-up alive. Disease Free Survival
(DFS) was defined as the time between date of surgery and date of recurrence, or
death, or last follow up alive. Differences in patient characteristics per group and
co-expression of markers were calculated using the Fisher’s exact test. Survival
curves were calculated according to the Kaplan-Meier method and compared using
the log-rank test. To identify prognostic factors for OS and DFS, univariate Coxregression analyses were performed. Factors with multiple categories were made
dichotomous by creating two subgroups. pT-stage was subdivided into low (pT1-T2)
and high (pT3-T4) stage. pN-stage was divided into negative (pN0) and positive
(pN1-3). Factors with a P-value <0.100 for either the OS or DFS, and which met the
proportional hazards criteria in the univariate analysis were included in a stepwise
multivariate Cox-regression. A P-value <0.05 was considered significant. Statistical
analysis was performed by using the International Business Machines Statistical
Package for Social Sciences (IBM SPSS, Armonk, New York, USA) version 20.0.

6

RESULTS
Patient and clinicopathological characteristics

Patient characteristics are shown in table 1. There was no difference between the
groups for all tested markers (supplementary table 1), except for a higher percentage
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of microscopically irradical (R1) resections in SOX2 negative patients (P=0.049).
The average age was 64.4 years. CD44 negative samples correlated with systemic
recurrence in patients (P=0.006).
Table 1: Patient characteristics.
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Figure 1 Immunohistochemical staining patterns of ALDH1, Axin2, BMI1, CD44 and SOX2
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Marker expression pattern

Representative images of all tested markers are shown in figure 1. ALDH1 expression
was detected in the majority of patient samples (66%) with 75-100% being positive,
whereas only a small percentage of patients were negative for this marker (7.4%).
Axin2 staining was detected in all patient samples and 25.5% of the patients
had lower expression levels. BMI1 was detected in almost all patients (92.6%) in
75-100% of the cells, with a reduced expression in 48% of the patient samples.
CD44 expression was variable, with 38.3% of the tumor samples having 75-100%
positive stained cells, and no staining was detected in 23.4% of the samples. SOX2
expression was detected in both the nucleus and the cytoplasm of the tumor cells. A
majority of patient samples (81%) was positive for SOX2.
Table 2: Univariate analysis for OS and DFS
N
HR
1.33
0.53
0.39

OS
95% CI
0.64-2.79
0.33-0.86
0.22-0.67

P-value
0.445
0.011
0.001

HR
1.26
0.68
0.38

Sex (M/F)
83/11
Age (<65/ ≥65)
41/53
pT (pT1-T2/
31/63
pT3-T4)
pN (pN0/ ≥ pN1)
29/65
0.39
0.22-0.69 0.001
0.39
Resection (R0/R1) 82/12
0.60
0.32-1.14 0.120
0.45
Angio-invasion
69/25
0.60
0.35-0.97 0.039
0.56
(No/Yes)
Perineural
67/27
0.79
0.48-1.31 0.359
0.67
growth(No/Yes)
Lymphe-invasion
79/15
1.05
0.55-2.00 0.873
1.08
(No/Yes)
Localization
3
0.052
Mid
66
4.78
1.35-17.0
3.91
Distal
25
1.36
0.77-2.38
1.11
GEJ
Reference
Reference
ALDH1 (Low/
27/66
1.61
0.97-2.65 0.064
1.83
High*)
Axin2 (Low/High*) 23/71
1.81
1.07-3.06 0.027
1.64
BMI1 (Low/High*)
46/48
1.06
0.66-1.68 0.819
1.07
CD44 (Neg/Pos*)
22/72
1.75
1.02-3.02 0.044
2.15
SOX2 (Neg/Pos*)
18/76
2.38
1.36-4.15 0.002
2.46
* Reference
Bold values indicate significant P value (P<0.100) and which met proportional
included in the multivariate analysis . GEJ gastroesophageal junction
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DFS
95% CI
0.63-2.54
0.43-1.08
0.23-0.65

P-value
0.512
0.106
0.000

0.23-0.67
0.24-0.83
0.34-0.92

0.001
0.011
0.022

0.42-1.09

0.103

0.58-2.00

0.816

1.12-13.64
0.66-1.88

0.097

1.12-2.96

0.015

0.99-2.72
0.68-1.68
1.27-3.64
1.42-4.26

0.056
0.777
0.005
0.001

hazards criteria were

Prognostic value of the tested markers

Univariate analysis showed that age>65 years (P=0.011), high pT-stage (P=0.001),
positive pN-stage (P=0.001) and angioinvasion (P=0.039) were predictors for poor
OS (table 2). Except for patients with age>65 years (P=0.106), all above described
parameters and R1-resection, were also related to a poor DFS (P<0.001; P=0.001;
P=0.022 and P=0.011 respectively).
Table 3: Multivariate analysis for OS and DFS
Multivariate analysis
N=94
Age≥65
High pT-stage (T3-T4)
pN1
R1 resection
Angio-invasion
Negative CD44

HR
2.10
2.14
1.78
1.07
1.39
1.32

OS
95% CI
1.28-3.46
1.17-3.89
0.95-3.34
0.54-2.13
0.81-2.39
0.76-2.30

P-value
0.003
0.013
0.074
0.846
0.236
0.326

HR
1.63
1.99
1.73
1.31
1.36
1.73

DFS
95% CI
1.02-2.60
1.11-3.56
0.95-3.15
0.67-2.56
0.80-2.30
1.00-2.96

P-value
0.042
0.021
0.074
0.436
0.256
0.046

Age≥65
High pT-stage (T3-T4)
pN1
R1 resection
Angio-invasion
Negative SOX2

1.95
1.95
1.98
1.12
1.34
1.67

1.17-3.23
1.07-3.55
1.06-3.70
0.57-2.22
0.77-2.32
0.93-3.00

0.010
0.029
0.033
0.741
0.296
0.087

1.45
1.71
2.03
1.52
1.32
2.06

0.90-2.35
0.95-3.07
1.12-3.69
0.78-2.99
0.77-2.25
1.14-3.70

0.126
0.074
0.020
0.223
0.311
0.016

0.016
0.027
0.047
0.767
0.307
0.564
0.135

1.48
1.73
1.88
1.44
1.34
1.59
1.91

0.92-2.39
0.96-3.12
1.03-3.45
0.73-2.84
0.79-2.28
0.92-2.74
1.05-3.46

0.109
0.067
0.040
0.292
0.278
0.096
0.034

1.95
1.18-3.25
Age≥65
High pT-stage (T3-T4)
1.97
1.08-3.58
pN1
1.91
1.01-3.61
R1 resection
1.11
0.56-2.19
Angio-invasion
1.33
0.77-2.30
Negative CD44
1.19
0.66-2.12
Negative SOX2
1.59
0.87-2.93
Bold values indicate significant P value (P<0.05).

The number of events was 71 for OS and 76 for DFS. Loss of ALDH1 (P=0.064/
P=0.015), Axin2 (P=0.027/ P=0.056), CD44 (P=0.044/ P=0.005) and SOX2
(P=0.002/ P=0.001) were related to a poor OS and DFS, respectively. BMI1 was not
related to a poor OS or DFS (P=0.819 and P=0.777). In the multivariate analysis,
all parameters that were related to either OS or DFS were included: age, pT-stage,
pN-stage, R1-resection and angioinvasion. Both negative CD44 expression and
negative SOX2 expression were significant adverse predictors of DFS (table 3, HR
1.73 CI 1.00-2.96 P=0.046 and HR 2.06 CI 1.14-3.70 P=0.016). When both CD44
and SOX2 expression were included in the multivariate analysis only SOX2 was an
independent prognostic factor for DFS (HR1.91, CI 1.05-3.46, P=0.034).
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Figure 2 shows the Kaplan Meier curves for CD44 and SOX2 in relation to OS and
DFS. Median DFS for CD44 positive patients in comparison to CD44 negative patients
was 24.9 vs. 12.1 months, respectively. Median DFS for SOX2 positive patients was
26.9 months, and 10.6 months for patients with negative SOX2 expression. Patients
displaying low ALDH1 or low Axin2 expression showed a trend for poor OS and DFS
(supplementary figure 1). However, in a multivariate analysis, low ALDH1 (HR 1.28
P=0.351 and HR 1.40 P=0.200) and low Axin2 expression (HR 1.60 P=0.088 and
HR 1.51 P=0.134) did not significantly correlate with OS and DFS (supplementary
table 2).
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Figure 2: OS and DFS for a) CD44 and b) SOX2

112

72

DFS (months)

0

12

24

36

DFS (months)

48

60

72

Correlations between markers

We further explored possible correlations between the markers using a Fisher’s exact
test. Low ALDH1 and low BMI1 expression were significantly related (supplementary
table 3, P=0.012). High Axin2 and CD44 expression were also often co-expressed
(P=0.051). SOX2 expression significantly correlated with high ALDH1 and BMI1
expression (P<0.001 and P<0.001). KI-67 staining was not related to the other
markers in the study.

DISCUSSION
In this study we examined the prognostic value of a number of proposed CSC
markers in EAC patient samples. We show that loss of CD44 and loss of SOX2
expression are associated with a poor DFS. In addition, negative CD44 expression
was related to systemic tumor recurrence. Furthermore, patients with either low
ALDH1 or Axin2 expression demonstrated a lower median survival (12.8 vs. 28.7
months and 12.1 vs. 25.5 months); however, this was not significantly related to OS
and DFS in a multivariate analysis. These results are of interest, as the expression of
these CSC markers has not been investigated in such a large group of EAC patients
and in relation to survival outcome. Interestingly, loss of CD44 and SOX2 expression
was related to worse outcome. This seems counterintuitive, as both markers are
regarded CSC markers, and high CSC marker expression is expected to relate to
a worse patient outcome. However, increasing evidence suggests that SOX2 could
have multiple functions both an oncogenic as well as a tumor suppressor function.
[25, 27] While little is known regarding the exact mechanisms through which CD44
and SOX2 exert their function, loss of CD44 and SOX2 expression has been related
to poor patient outcome in several cancer types.[28, 29]			
Loss of CD44 expression has been related to malignant progression in various
tumors, including breast, colon and esophageal cancer.[30-32] Decreased CD44
expression has been associated with tumor progression in breast cancer, where low
CD44 expression correlated with invasive tumors.[32] In esophageal cancer, CD44
expression has been described as both a positive and negative prognostic factor
in ESCC.[18, 33] In accordance with our results, low CD44 expression in EAC has
previously been associated with poor prognosis in a group of 41 patients.[28] The
notion that CD44 has a tumor suppressor role in the carcinogenesis of EAC is further
supported by the finding that CD44 expression is also decreasesd in the malignant
sequence from Barrett’s esophagus to EAC, however it is still unclear how loss of
CD44 contributes to malignant progression.[30]
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CD44 is a downstream target of WNT signaling and associated with CSCs.[8, 34]
Active WNT signaling is expected to be associated with an adverse prognosis,
possibly due to a larger CSC fraction. However, De Sousa et al. reported that
high expression of WNT target genes was associated with a favourable prognosis
in colorectal cancer patients, possibly due to methylation of these genes during
tumor progression.[35] Further research is required to understand the role of WNT
signalling in EAC, and especially the effect of epigenetic modulation of WNT and
CSC target genes on survival outcome.
We found that loss of SOX2 expression relates to a poor survival in EAC patients.
Previous studies reported the expression pattern of SOX2 in EAC and ESCC patients,
but expression was not correlated to patient outcome.[36, 37] In agreement with our
results, high SOX2 expression was shown to be an independent positive prognostic
factor in squamous lung carcinoma and non-small cell lung cancer (NSCLC).[29, 38,
39] Contrary to these results, other studies in breast and ovarian cancer indicated
that high SOX2 expression had a negative prognostic impact.[40, 41]
It is not known how loss of SOX2 contributes to a poor prognosis, but a tumor
suppressor role of SOX2 has previously been described.[27] SOX2 is known to
serve various functions in embryological development, and is implicated in several
cancers.[24, 25, 42] Several studies suggest that SOX2 acts as a tumor suppressor
in gastrointestinal cancers. In gastric cancer, SOX2 expression inhibited proliferation
and induced apoptosis in vitro, and methylation of the SOX2 promoter was related
to a worse prognosis.[27] Similarly in colon cancer, SOX2 overexpression reduced
cell proliferation and tumor growth through induction of autophagy.[42] While in vitro
studies on the role of SOX2 in EAC are lacking, these results suggest that SOX2
could also act as a tumor suppressor. This might explain our finding that loss of
SOX2 is associated with an adverse survival outcome in EAC patients. However,
overexpression of SOX2 in mice could induce squamous cell tumors[26], and
an oncogenic role for SOX2 has been reported in squamous cell cancers of the
esophagus and lung.[25] Tissue-specific interaction of SOX2 with other transcription
factors could modulate the function of SOX2. A recent paper reported that SOX2
interacts with p63 in ESCC, while in embryonic stem cells SOX2 preferentially
interacts with OCT4, a known inducer of pluripotency.[43] A tissue-specific interaction
with other transcription factors could explain how SOX2 might play a dual role in
stem cells and the development of different cancer types.
In our study we detected both nuclear and cytoplasmic SOX2 staining. The functional
role of SOX2 in the cytoplasm is currently not well understood, but cytoplasmic SOX2
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has been detected in mouse embryonic stem cells,[44] and also in residual cells in
colorectal cancer after chemoradiation.[45] Considering the reported contradictory
functions of SOX2 and different subcellular localization, it would be interesting to
study the role of SOX2 in EAC carcinogenesis in more detail.
A limitation of this study is that some patients with recurrence were treated, following
standard care, with palliative chemotherapy or radiotherapy. This may have influenced
the OS and we therefore consider the DFS as a more reliable outcome measure.
In conclusion, in this study we showed that loss of CD44 and SOX2 expression are
associated with a poor prognosis in a homogenous cohort of EAC patients. The
functional role of these proteins in esophageal carcinogenesis remains to be further
investigated.
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Supplementary figure 1: OS and DFS for ALDH1, Axin2 and BMI1
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Supplementary Table 1: Patient characteristics per group
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ABSTRACT
Introduction: Neoadjuvant chemoradiotherapy (nCRT) improves survival in
esophageal cancer (EC) patients. However, little is known regarding prognostic and
predictive markers in EC patients after nCRT. CD44, SHH and SOX2 have been
implicated in resistance to CRT, possibly through an association with a cancer stem
cell phenotype. The aim of this study was to determine the prognostic and predictive
value of CD44, SHH and SOX2 expression in EC patients treated with combined
surgery and nCRT.
Patients and methods: A total of 101 esophageal cancer patients were included.
Material was present of pre-treatment biopsies (N=71) and post-treatment resection
material in patients that were non-complete responders (nCR) (N=74). Expression
of CD44, SHH and SOX2 was examined using immunohistochemistry (IHC).
Prognostic factors were determined using Cox regression analysis for disease free
survival (DFS) and cause specific survival (CSS) in the complete cohort, the pretreatment biopsies group and post-treatment nCR group.
Results: Low CD44 expression in the nCR group was an independent prognostic
factor for both DFS and CSS (DFS HR 2.81 CI 1.45-5.45 P=0.002 and CSS HR
3.48 CI 1.70-7.16 P=0.002). Low SHH in pretreatment biopsies was an independent
prognostic factor for a poor DFS (HR 2.27 CI 1.05-4.89 P=0.036). Low SOX2
expression in preoperative biopsies was related to systemic recurrence (P=0.029)
and showed a trend towards worse survival (DFS HR 1.99 1.04-4.89 P=0.039 and
CSS HR 2.16 1.08- 4.34 P= 0.030) but this was not significant in a multivariate
analysis. No relation between marker expression and response to nCRT was
observed.
Conclusion: Low CD44 expression in the nCR group and low SHH expression in
pre-treatment biopsies were independent prognostic factors for poor survival. Low
SOX2 expression was correlated with recurrence. No relation was observed between
CD44, SHH and SOX2 and response to nCRT.
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INTRODUCTION
In the past decade neoadjuvant chemoradiotherapy (nCRT) has emerged as a
valuable addition to surgery, increasing median survival from 24.0 to 49.4 months [1].
Whereas approximately 25% of EAC patients will achieve a pathological complete
response (pCR) after nCRT, others respond partially or not at all [1]. Currently, the
differences underlying the response to therapy are poorly understood, and predictive
and prognostic biomarkers are lacking in EC patients treated with CRT.
Cancer stem cells (CSCs) are thought to have stem cell characteristics such as
the ability to self-renew and generate multilineage offspring, and also have been
linked to chemoradiotherapy resistance [2]. The glycoprotein CD44 and the Sex
determining region Y-box 2 (SOX2) transcription factor have both been associated
with CSCs in others solid tumors, including colon cancer and glioblastoma [3, 4].
CD44 expression has also been associated with radiation-resistance in colon,
head and neck and esophageal cancers [5-7]. Previous work from our and other
groups revealed that low CD44 and SOX2 are related with poor prognosis in EC
patients undergoing surgery [8, 9], but it is unknown whether SOX2 expression
has a prognostic or predictive value in relation to CRT. Sonic Hedgehog (SHH) is
a ligand of the Hedgehog (Hh) signaling pathway and increased Hh signaling has
been implicated in the development of both esophageal adenocarcinoma (EAC) and
squamous cell carcinoma (ESCC) [10, 11]. Moreover, Sims-Mourtada et al. found
active Hh signalling in resection material after nCRT and showed that inhibition of Hh
signaling enhanced the cytotoxic effect of radiotherapy in vitro [12].
The aim of this study was to determine the prognostic and predictive value of
response to nCRT of CD44, SHH and SOX2 expression in pre-treatment biopsies
and post-treatment resection material of EC patients treated with combined surgery
and nCRT.

PATIENTS AND METHODS
Patient material

This retrospective study consisted of 101 patients with EC who were treated with
nCRT followed by an esophagectomy with curative intent in our institute between
2006 and 2013. Patients with mortality under 90 days or who were treated with
only surgery were not included. Follow-up was recorded until March 2013, with a
minimum follow-up of one year. The median follow-up was 22.2 (inter-quartile range
12.8-35.5) months. All data were prospectively collected from the patients’ medical
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records.
pCR was defined as the absence of microresidual disease (mRD) in the resection
specimen. mRD was defined as either the presence of vital tumor cells at the primary
tumor site (ypT) and/or in the lymph nodes (ypN) at postoperative pathological
evaluation. Pathological response to therapy was determined on a 1-5 scale
according to the Mandard scoring system [13]. A positive circumferential margin
(CRM) was defined by the presence of tumor cells within 1mm (≤1mm) from the
resection margin. Figure 1 gives a schematic representation of the patient material
included.
Total patients (N=101)

Pre-treatment biopsy present (N=71)

Complete pathological
response (N=14)

No complete pathological response (N=56)#

ypT≥1 N≥1:Tumor in
resection specimen
(N=53)

Pre-treatment biopsy absent (N=30)

Complete pathological
response (N=6)*

ypT≥1 N≥1:Tumor in
resection specimen
(N=21)

ypT0N1: Only tumor in
lymph nodes (N=3)

Positive lymph nodes
(N=23)

Material from
recurrence (N=3)

Material from
recurrence (N=12)

No complete pathological response (N=24)#

ypT0N1: Only tumor in
lymph nodes (N=2)

Positive lymph nodes
(N=8)

Material from
recurrence (N=1)

Material from
recurrence (N=2)

Figure 1 Schematic representation of patient material included. Patient material used in this study
consisted of: 1) diagnostic endoscopic biopsies obtained before therapy; 71 of the 101 samples had
sufficient material to be used for research purposes, 2) resection material of the patients with microscopic
residual disease (N=74) and 3) positive lymph nodes of patients (N=36) with microscopic residual disease
and 4) material of recurrent disease (N=18).
The pre-treatment biopsy group (N=71) and post-treatment non-complete responder (nCR) group
(N=53+21) are highlighted in grey. # One patient with a Mandard 2 score had no vital tumor cells in the
resection specimens. * This patient group had no tumor tissue available and was thus excluded from
further analysis in the marker expression analysis.
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Two groups were analysed for marker expression in relation to survival; the pretreatment biopsy group (N=71) and the post-treatment non-complete response
(nCR) group that had vital tumor cells present in the resection specimen (N=74). Of
the 71 patients in the pre-treatment biopsy group, 53 patients also had vital tumor
cells present in the resection specimen and were included in the nCR group.
The study was conducted according to the guidelines of the Ethical Board of our
institute (www.ccmo.nl). Archival tissue of all patients was handled according to the
Dutch Code for proper use of Human Tissue (www.federa.org).
Neoadjuvant chemoradiotherapy

Neoadjuvant chemoradiotherapy was given according to the CROSS-scheme [1].
Carboplatin (AUC2) and paclitaxel (50mg/m2) were given weekly during radiotherapy
for five weeks. Radiotherapy was given in 23 fractions of 1.8Gy with a total of 41.4Gy.
Three patients with a GEJ tumor received 45Gy.
Immunohistochemistry (IHC)

We used paraffin-embedded tumor specimens retrieved from pathological archives
of hospitals in the Northeast Netherlands. Antigen-retrieval was performed using
citrate (pH 6.0) or EDTA buffer (pH 9.0), followed by blocking of endogenous
peroxidase. The sections were incubated with the primary antibody for 1 hour at
room temperature. Primary antibodies used were: Cytokeratin AE1/AE3 (1:400,
Dako, Heverlee, Belgium), CD44 (clone IM7 recognizing all isoforms of CD44 1:100,
Biolegend, London, UK.), SOX-2 (clone L1D6A2, 1:400; Cell Signaling, Leiden, the
Netherlands) and SHH (ab53281, 1:750, Abcam, Cambridge, UK). Subsequently,
tissue sections were incubated for 30 minutes with HRP-conjugated secondary
and tertiary antibodies (1:50 dilution, all from Dako). Staining was visualized using
3,3’-diaminobenzidine and haematoxylin counterstaining. Positive and negative
controls (immunoglobulin class-matched control sera) were included for each
staining.
Analysis of immunohistochemistry

Slides were digitized using the Digital Slide Scanner NanoZoomer and NDP
software (Hamamatsu, Shizuoka, Japan) and scored using the same monitor
and screen settings. HE and cytokeratin staining was used to identify vital tumor
areas. Protein expression of CD44, SHH and SOX-2 was determined by scoring
localization, intensity and percentage of positive cells. Scoring was performed
by two independent observers (JH, KP) blinded for patient outcome and random
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samples were validated by a blinded expert gastrointestinal pathologist (AK). CD44,
SOX2 and SHH expression was initially scored according to the Immuno-Reactivity
Score (IRS); the percentage of positive cells was scored into six categories: 0) no
staining, 1) 1-5%, 2) 5-25%, 3) 25-50%, 4) 50-75% and 5) 75-100% positive cells.
Intensity was scored as 0) negative, 1) weak, 2) medium and 3) strong. The IRS was
calculated by multiplying the percentage of positive cells times the intensity score,
resulting in a scale from 0 to 15. The IRS was divided into two groups: negative or
low staining (IRS 0-5), and positive or high staining (IRS 6-15). Since almost all
specimens showed SHH expression in 75-100% of the tumor cells, only intensity
for SHH was determined as the consensus of 2 out of 3 observers (JH, KP, AK)
and dichotomized into low (intensity 0-1) and high (intensity 2-3). SOX2 staining
was determined by either nuclear or cytoplasm staining, and groups were divided in
either no staining (negative, IRS=0) or positive staining (positive, IRS>0).
Statistics

CSS was defined as the time between end of treatment i.e. surgery and the
documented day of death or last follow-up alive, with death due to recurrence of
the primary tumor. DFS was defined as the time between date of surgery and date
of recurrence, death, or last follow up alive without a recurrence. Differences in
patient characteristics per marker expression group and co-expression of markers
were calculated using the Fisher’s exact test. Differences in expression of markers
between samples of one patient (pre-treatment biopsy, resection specimen, lymph
node, recurrence) were calculated using a McNemar test. Survival curves were
calculated with the Kaplan-Meier method using the log-rank test. Univariate Coxregression analyses were performed to identify prognostic factors for CSS and DFS.
Factors with multiple categories were made dichotomous by creating two subgroups.
Clinical T- stage and pathological T-stage (cT-stage and pT-stage) were subdivided
into 2 groups: low (cT1-2/pT0-T2) and high (cT3-4/pT3). Clinical and pathological
stage (cN-stage and pN-stage) were divided into negative (cN0/pN0) and positive
nodal involvement (cN≥1/pN≥1). Factors with a P-value <0.200 for either the CSS or
DFS in the univariate analysis were included in a stepwise (backwards conditional
method) multivariate Cox-regression. A P-value <0.05 was considered significant.
Two groups were analyzed in the univariate and multivariate analysis: 1) patients
with pre-treatment biopsy material (N=71), 2) patients with resection material
(N=74). Statistical analysis was performed by using the International Business
Machines Statistical Package for Social Sciences (IBM SPSS, Armonk, New York,
USA) version 22.0.
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RESULTS
Patient and tumor characteristics

In table 1 patient and tumor characteristics are shown for all included patients
(N=101), patients with pre-treatment biopsies available for IHC (N=71) and the posttreatment nCR group (N=74). The median age was 63 years and the majority of
tumors were EAC (83%). In total 20 patients (20%) had a pCR.
Clinicopathological characteristics in relation to marker expression pattern

Supplementary figure 1 shows representative pictures of the immunohistochemical
stainings. Supplementary table 1 shows patient and tumor characteristics in relation
to the expression of CD44, SHH and SOX2. Low CD44 expression in the posttreatment nCR group was related to systemic recurrence (P=0.028) and absent
SOX2 expression in the pre-treatment biopsies group was related to systemic
recurrence (P=0.029). High CD44 expression was relatively more prevalent in ESCC
than in EAC for biopsies and nCR group (P=0.013 and P=0.022 respectively); in fact
all individuals with ESCC had high CD44 expression.
Coexpression and marker expression in the patient-matched samples

Low CD44 expression and absence of SOX2 expression were correlated in both
the pre-treatment biopsies group and the post-treatment nCR group (supplementary
table 2a and 2b, P=0.052 and P=0.008).
Within the post-treatment nCR group, in the subgroup of patients with both biopsies
and resection specimens (N=53), we evaluated the expression of the markers in
lymph nodes (N=23) and recurrence specimens (N=13). The proportion of patients
with absent SOX2 expression increased in the sequence of biopsy, resection
specimen, lymph node and recurrence (25%, 47%, 57%, and 70% respectively).
This increase was significant between biopsies and resection specimens (McNemar
test, P=0.029). The percentages of low expression of CD44 and SHH did not differ
between these four groups of specimens (34%, 39%, 44%, 31% and 21%, 19%,
38%, 17% respectively)
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Clinicopathological prognostic factors for DFS and CSS

Prognostic factors for the whole group of patients (N=101) are described in table 2a.
The number of events was 52 for the DFS and 46 events for the CSS. High cT-stage,
a positive pN-stage (≥1), and Mandard score were independent prognostic factors
for DFS and CSS and age≥65 also for DFS.
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Table 1 Patient and tumor characteristics Tumor regression rates classified
according to the Mandard scoring system. EAC= esophageal adenocarcinoma.
ESCC= esophageal squamous cell carcinoma. pCR= pathological complete
response. CRM= circumferential resection margin, defined by a cut-off ≤1mm.
CRT= chemoradiotherapy. * information missing of 1 patient
Complete group
(N=101)

Pre-treatment
biopsies (N=71)

Post- treatment nCR
group (N=74)

78 (77%)
23 (23%)
46 (46%)

57 (80%)
14 (20%)
35 (50%)

60 (81%)
14 (19%)
37 (50%)

7 (7%)
78 (77%)
16 (16%)

2 (3%)
58 (82%)
11 (15%)

3 (4%)
59 (80%)
12 (16%)

30 (30%)

20 (28%)

19 (26%)

84 (83%)
17 (17%)

61 (86%)
10 (14%)

66 (89%)
8 (11%)

17 (17%)
83 (83%)

11 (15%)
59 (83%)

10 (14%)
63 (85%)

76 (75%)

53 (75%)

55 (74%)

57 (56%)
44 (44%)

41 (58%)
30 (42%)

32 (43%)
42 (57%)

40 (40%)

29 (41%)

35 (47%)

24 (23%)
31 (31%)
28 (28%)
16 (16%)
2 (2%)
20 (20%)
25 (25%)

16 (23%)
23 (32%)
22 (31%)
8 (11%)
2 (3%)
14 (20%)
16 (23%)

Angioinvasion
Perineural
Completed CRT

22 (22%)
18 (18%)
86 (85%)

16 (23%)
11 (15%)
60(85%)

22 (30%)
18 (24%)
65 (88%)

Recurrence
Systemic recurrence
Local recurrence

52 (52%)
43 (43%)
17 (17%)

38 (54%)
29 (41%)
15 (21%)

44 (60%)
35 (47%)
15 (20%)

Sex
Male
Female
Age ≥65
Tumor localisation
Mid
Distal
GEJ
Differentiation grade
High
Histology
EAC
ESCC
cT- stage*
cT1-2
cT3-4
cN-stage
cN≥1
pT-stage
pT0-2
pT3
pN-stage
ypN≥1
Mandard
1
2
3
4
5
pCR
Positive CRM (≤1mm)
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28 (38%)
28 (38%)
16 (21%)
2 (3%)
24 (32%)

Prognostic markers for DFS and CSS

In the group of patients in whom pre-treatment biopsies were available positive pNstage, positive CRM and low SHH expression were independent prognostic factors
for a poor DFS (table 2b and Kaplan Meier curves for DFS in figure 2, Kaplan
Meier curves for CSS in supplementary figure 2 and complete univariate analysis in
supplementary table 3). Low SOX2 expression in pretreatment biopsies showed a
trend for a worse DFS and CSS (DFS HR 1.99 1.04-4.89 P=0.039 and CSS HR 2.16
1.08- 4.34 P= 0.030) but this was not significant in a multivariate analysis. Analyzing
only nuclear (instead of both cytoplasmic and nuclear) SOX2 expression did not alter
the findings of our study (data not shown). In the post-treatment nCR group positive
pN-stage and a positive CRM were independent prognostic factors for a poor DFS
and CSS (table 2c). In the post-treatment nCR group low CD44 expression was also
an independent prognostic factor for a poor DFS and CSS. Low SHH expression in
the post-treatment nCR group showed a trend for a worse DFS (HR 1.93 CI 0.963.88, P=0.063), but this did not reach significance in a multivariate analysis. Nodal
involvement (pN≥1), positive CRM and low CD44 expression remained independent
prognostic factors for DFS and CSS when a subgroup analysis was performed on
patients with Mandard ≥3 or only EAC patients (data not shown).
Predictive value of marker expression for response to neoadjuvant CRT
No predictive value of the tested markers was found for either pCR or response to
nCRT therapy (table 3). In the non-responders the majority of patients had high SHH
expression (9 out of 10), although this was not statistically significantly different from
patients that did respond to nCRT.

DISCUSSION
To our best knowledge this is the first study to determine the expression of CD44,
SHH and SOX2 in both pre- and post-treatment samples of EC patients treated with
nCRT. Although no relation was observed between these markers and response
to nCRT, low expression of CD44, SHH and SOX2 was associated with either
recurrence or a poor survival in EC patients. While CD44 and SOX2 have been
associated with CSCs in other solid tumors [3, 4], we did not find a relation with
response to nCRT in this cohort. Both CD44 and SOX2 have multiple functions, and
perhaps their effect on survival is not mediated through a possible association with
CSCs. However, our study indicates that CD44 and SHH might be of use to stratify
EC patients treated with nCRT and the use of these markers may help identifying
patients eligible for adjuvant therapy.
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0.38
1.34
4.33 1.35-13.90
0.96
2.12
3.14
3.13
2.24
1.88
1.52
2.84
0.85

Histology (ESCC vs.EAC)

Differentiation (high vs. low)

cT (cT3-4 vs. cT1-T2)

cN (cN≥1)

ypT (pT3 vs.T1-2)

ypN (pN≥1)

CRM (pos)

Angioinvasion

Perineural growth

Mandard

pCR

Completed CRT

0.42-1.70

1.20-6.71

1.18-1.96

0.98-3.62

1.18-4.22

1.72-5.69

1.80-5.49

1.22-3.70

0.52-1.77

0.76-2.37

0.15-0.95

1.10-3.44

1.94

Age ≥65

0.22-0.98

0.46

P-value

0.635

0.018

1.27

3.25

1.60

0.001

0.003

1.79

0.058
1.14-1.96

2.55

0.013

1.50

3.26

0.000

2.26

0.001

0.000
1.43-4.42

2.44

0.008
2.51

1.02

0.893

5.30

0.014

0.34
1.12
0.018

0.034

0.314
4.08 1.27-13.13

1.05-3.31

1.80

1.86

0.022
0.039

0.49

HR

0.044

95% CI

0.53-3.01

1.27-8.33

1.22-2.10

0.90-3.54

1.36-4.98

1.76-6.06

1.24-4.11

1.34-4.44

0.52-1.98

1.28-21.87

0.64-2.25

0.12-0.96

0.99-3.28

0.23-1.06

95% CI

HR

HR

P-value

Univariate

Multivariate

Univariate
95% CI

CSS

DFS

Sex (Female vs. male)

N=101

a) Complete group.

0.585

0.014

0.001

0.097

0.006

0.000

0.000

0.003

0.961

0.021

0.559

0.041

0.053

0.070

P-value

1.50

2.27

4.69

HR

1.13-1.99

1.24-4.16

1.13-19.41

95% CI

Multivariate

0.005

0.008

0.033

P-value

Table 2: Univariate and multivariate analysis for disease free survival (DFS) and cause specific survival (CSS).a) Clinicopathological
prognostic factors for all patients included (N=101). b) pre-treatment biopsies c) post-treatment non-complete responder (nCR)
group P-values in bold in the univariate analysis represent P-values<0.200, that were included in the multivariate analysis. P-values
in bold in the multivariate analysis represent significant values for DFS or CSS (P<0.05) after a backward multivariate correction



P-value

0.039

1.99 1.04-3.84

SOX2 (absent vs present)

2.27

2.10

0.117

0.86-3.70

1.79

SHH (low vs high)

1.40

0.576

0.62-2.35

1.21

CD44 (low vs high)

0.215

0.72-2.21

1.75

pCR

0.029

1.04-1.89

1.39

Mandard

1.05-4.89

1.02-4.61

0.036

0.044

0.99-4.46

0.69-2.85

0.72-4.95

1.00-1.90

0.94-4.12

1.26-5.09

2.16 1.08-4.34

1.89

1.37

1.97

2.17

0.019

1.15-4.66

2.31

CRM (pos)

0.012
2.53

1.21-4.74

2.40

0.005

1.32-4.88

2.54

ypN ( ≥pN1)

0.90-3.64

1.81

0.084

0.93-3.34

1.76

ypT (T0-T2/T3)

2.90 0.69-12.20

0.115

0.79-8.44

2.59

cT (T1-T2/T3-4)

0.146

0.13-1.36

0.42
0.15-1.59

Histology ( ESCC vs EAC)

0.14-1.17

0.48

95% CI

0.41

HR

0.065

95% CI

0.13-1.06

HR

P-value

95% CI

0.38

HR

Univariate

Univariate

Multivariate

CSS

DFS

Sex (female>male)

N=71

b) Pre-treatment biopsies
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0.030

0.054

0.356

0.196

0.054

0.073

0.009

0.096

0.146

0.233

0.096

P-value

2.04

2.64

HR

0.96-4.36

1.30-5.34

95% CI

Multivariate

0.064

0.007

P-value

134
3.24

2.56
1.66
1.29
2.41 1.29-4.48
1.93
1.33

ypN ( ≥pN1)

CRM (pos)

Angioinvasion

Mandard

CD44 (low vs high)

SHH (low vs high)

SOX2 (absent vs present)

0.73-2.43

0.96-3.88

0.90-1.83

0.87-3.20

1.37-4.75

1.71-6.14

0.99-17.0

4.11

cT (T1-2/T3-4)

0.87-3.49

1.74

P-value

0.347

0.063
1.35

1.63-6.35
0.85-3.66

0.002
1.76

1.45-5.45

3.21

2.81
0.70-2.58

0.89-1.87

0.92-3.61

1.16-4.31

0.006

2.24

1.39-5.24

1.29

0.003

2.70

0.162

1.40-5.28

0.005

1.82

2.72

0.003

1.36-5.27

0.76-13.1

0.79-2.94

95% CI

0.126

2.67

3.15

0.051
< 0.001

1.53

HR

0.119

95% CI

HR

HR

P-value

Univariate

Multivariate

Univariate
95% CI

CSS

DFS

Differentiation (high vs low)

N=74

c) Post-treatment resection nCR group

0.369

0.128

0.001

0.172

0.087

0.016

0.003

0.115

0.208

P-value

3.48

2.55

2.04

HR

1.70-7.16

1.25-5.20

1.00-4.17

95% CI

Multivariate

0.002

0.034

0.050

P-value



Pre-treatment biopsy group

Post-treatment nCR group

P=0.576

100

P=0.004
P=0.004

100

CD44 low (N=24)

40

40

CD44 low (N=27)

20

20

0

0
0

12

24

36

DFS (months)

48

0

60

P=0.112

100

12

24

36

48

P=0.059

100

80

80

SHH high (N=55)

60

Survival (%)

Survival (%)

CD44 high (N=45)

60

40

SHH high (N=60)

60

SHH

Survival (%)

CD44 high (N=47)
60

CD44
CD44

80

80

40

SHH low (N=15)
SHH low (N=14)

20

20

0

0
0

12

24

36

48

0

60

12

DFS (months)

P=0.035

100

36

48

P=0.344

100

80

Survival (%)

SOX2 present (N=52)

60

40

60

SOX2 present (N=40)

SOX2

80

Survival (%)

24

DFS (months)

40

SOX2 absent (N=34)
SOX2 absent (N=19)

20

20

0

0
0

12

24

36

DFS (months)

48

60

0

12

24

DFS (months)

36

77

48

Figure 2: Disease free survival (DFS) curves for marker groups in the pre-treatment biopsy group and
post-treatment non-complete responder (nCR) group.
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Table 3: Response to neoadjuvant chemoradiotherapy in pre-treatment
biopsies (N=71). The relation between different groups stratified according to
marker expression and the response to neoadjuvant therapy defined by either a
pCR or by the Mandard system was determined using a Fisher exact test (P<0.05
was considered significant). A Mandard score of 2 and 3 was defined as a partial
response and a score of 4-5 as absence of response.
nCR
(N=57)

pCR
(N=14)

Low (N=24)

19

5

High (N=47)
SHH*

38

9

Low (N=15)

12

3

3

11

1

High (N=55)

44

11

13

33

9

CD44

P-value

Mandard 1
(N=16)

Mandard
2-3 (Partial
responder
N=45)

Mandard
4-5
(Nonresponder
N=10)

6

15

3

10

30

7

1.000

0.936

1.000

SOX2

P-value

0.704

0.502

0.501

Neg (N=19)

14

5

5

13

1

Pos (N=52)

43

9

11

32

9

In line with our previous study in which a cohort of surgically treated EAC patients
was examined [9], low CD44 expression was also an independent prognostic factor
for poor survival in the current cohort. Low CD44 has been related to a worse
survival in EAC patients and CD44 expression decreases during the progression
from the precursor Barrett’s esophagus (BE) towards EAC [8, 14]. In contrast with
our findings, another study found that a high percentage of CD44 positive tumor cells
was associated with poor survival in EAC patients undergoing nCRT and surgery,
but this study used only resection material without pre-treatment biopsies and had a
small cohort of patients (N=39) [15]. In contrast to our previous study where CD44
was scored as present/absent, the present study had few samples with absent
CD44 expression and we therefore used a low/high classification. Since low CD44
expression (according to the IRS system) was also an independent prognostic factor
in our previous study, the results of both studies are still comparable.
Previously, we found that low SOX2 expression is related to poor survival in EAC
patients treated with only surgery. In the current study we further confirm this trend in
pre-treatment biopsies. Both a tumor suppressor and tumor promoter role of SOX2
have been described. In vitro studies in gastric and colon cancer cells showed that
overexpression of SOX2 has a tumor suppressor effect by reducing cell proliferation
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[16, 17]. In the current study low SOX2 expression was related to recurrence
and SOX2 expression decreased during disease progression in the sequence
biopsy, resection, lymph node and recurrence. A recent study also reported low
SOX2 expression during progression of BE towards EAC and found this to be an
independent prognostic factor for malignant progression [18]. Taken together, low
SOX2 expression could contribute to the development of EAC and a poor prognosis
of EAC patients.
Low SHH expression in pre-treatment biopsies was associated with poor survival.
Hh signaling increases significantly in both ESCC and EAC development [10, 11].
High SHH expression has been described in post-treatment resection specimens
of EAC treated with nCRT[12]. However, thus far SHH expression as a possible
predictive or prognostic factor in EC was not examined. Our findings are in contrast
with previous in vitro studies reporting that Hh antagonists reduce cell growth and
induced apoptosis in EAC and ESCC cell lines [10, 12, 19]. While low SHH expression
is associated with poor survival outcome, the mechanisms underlying this finding are
currently unknown. Differences between in vitro and patient tissue microenvironment
could possibly explain these contradictory findings, but further research is required.
In conclusion, low CD44 expression is an independent prognostic factor for poor
survival and is an interesting new biomarker for prognostication of EAC patients
after nCRT. Low SHH expression in pre-treatment biopsies of EC patients was also
an independent prognostic factor for poor survival and low SOX2 was related to
recurrence. The potential of these markers to be used for prognosis is of interest and
should be further validated. Our study provides a platform for further mechanistic
studies that may improve our understanding of EC biology and potentially lead to
new therapeutic targets.
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SUPPLEMENTARY MATERIAL
Supplementary table 1: Patient and tumor characteristics
SHH

Sex
Male
Female
Age
<65
≥65
Tumor localisation
Mid
Distal
GEJ
Differentiation grade*
Low
High

Pre-treatment biopsies
(N=70)
Low
High
(N=15)
(N=55)

P-value

12
3

44
11

1.000

11
3

49
11

0.721

10
5

26
29

0.247

3
11

34
26

0.035

2
10
3

0
47
8

0.028

1
11
2

2
48
10

0.703

10
5

40
15

0.435

10
3

43
16

1.000

12
2

54
6

0.641

1
13

9
50

0.675

3
11

16
44

1.000

5
9

27
33

0.566

7
7

32
28

1.000

7
6
7
10
11
10
3

17
16
11
55
33
25
12

0.203
0.330
0.032
0.059
0.137
0.073
0.809

Histology
EAC
11
49
ESCC
4
6
0.205
cT- stage*
cT1-2
2
8
cT3-4
13
46
1.000
cN-stage
N0
3
15
N1
12
40
0.744
pT-stage
pT0-2
7
33
pT3
8
22
0.391
pN-stage
pN0
8
34
pN≥1
7
21
0.567
pCR
3
11
1.000
Positive CRM (≤1mm)
1
15
0.163
Angioinvasion
2
14
0.492
Perineural
0
11
0.105
Completed CRT
12
47
0.691
Recurrence
10
28
0.383
Systemic recurrence
9
20
0.140
Local recurrence
3
12
0.551
1 patient biopsy staining failed * 1 patient missing information
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Post-treatment nCR group
(N=74)
Low
High
P-value
(N=14)
(N=60)

CD44

Pre-treatment biopsies (N=71)
Low
(N=24)

High
(N=47)

P-value

Post-treatment nCR group
(N=72)
Low
High
P-value
(N=27)
(N=45)

Sex
Male
17
40
21
Female
7
7
0.209
6
Age
<65
11
25
11
≥65
13
22
0.621
16
Tumor localisation
Mid
1
1
1
Distal
19
39
1.000
21
GEJ
4
7
5
Differentiation grade*
Low
18
33
17
High
6
14
0.784
10
Histology
EAC
24
37
27
ESCC
0
10
0.013
0
cT- stage*
cT1-2
2
9
1
cT3-4
22
37
0.309
25
cN-stage
N0
7
11
5
N1
17
36
0.774
22
pT-stage
pT0-2
15
26
11
pT3
9
21
0.619
16
pN-stage
pN0
14
28
10
pN≥1
10
19
1.000
17
pCR
5
9
1.000
Positive CRM (≤1mm)
6
10
0.769
7
Angioinvasion
5
11
1.000
10
Perineural
5
6
0.490
5
Completed CRT
21
39
0.739
23
Recurrence
14
24
0.621
20
Systemic recurrence
12
17
0.321
18
Local recurrence
5
10
1.000
6
2 resection specimen stainings failed * 1-2 patients missing information

38
7

0.535

26
19

0.224

2
36
7

0.890

34
9

0.173

37
8

0.022

9
36

0.081

14
31

0.281

19
26

1.000

27
18

0.088

17
12
13
40
23
17
9

0.439
0.431
0.406
0.720
0.082
0.028
1.000
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SOX2

Sex
Male
Female
Age
<65
≥65
Tumor localisation
Mid
Distal
GEJ
Differentiation grade*
Low
High
Histology
EAC
ESCC
cT- stage*
cT1-2
cT3-4
cN-stage
N0
N1
pT-stage
pT0-2
pT3
pN-stage
pN0
pN≥1
pCR
Positive CRM (≤1mm)
Angioinvasion
Perineural
Completed CRT
Recurrence
Systemic recurrence
Local recurrence
* 1 patient missing value
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Pre-treatment biopsies (N=71)

Post-treatment nCR group
(N=74)
Neg
Pos
P-value
(N=34)
(N=40)

Neg
(N=19)

Pos
(N=52)

18
1

39
13

0.093

25
9

35
5

0.147

11
8

25
27

0.594

17
17

20
20

1.000

0
14
5

2
44
6

0
29
5

3
30
7

13
6

38
14

0.769

26
8

27
11

0.789

18
1

43
9

0.270

32
2

34
6

0.275

1
18

10
41

0.267

4
29

6
34

1.000

4
15

14
38

0.762

7
27

12
28

0.429

10
9

31
21

0.601

14
20

18
22

0.816

9
10
5
5
4
1
17
15
12
6

33
19
9
11
12
10
43
23
17
9

0.279
0.502
0.750
1.000
0.267
0.715
0.015
0.029
0.324

16
18

23
17

0.484

8
9
9
28
22
18
8

16
13
9
37
22
17
7

0.145
0.618
0.788
0.286
0.479
0.484
0.572

P-value

0.260

0.361

Supplementary table 2 Coexpression markers
a) Coexpression in pre-treatment biopsies
CD44
Low(N=24)

High(N=47)

SHH *

P-value

SHH
Low
(N=15)

High
(N=55)

P-value

0.760

Low (N=15)

6

9

High (N=55)

18

37

SOX2

0.052

0.325

Neg (N=19)

10

9

6

13

Pos (N=52)

14

38

9

42

SHH
Low
(N=14)

High
(N=60)

b) Coexpression in post-treatment nCR group
CD44**
Low(N=27)

High(N=45)

SHH

P-value

1.000

Low (N=14)

5

9

High (N=60)

22

36

SOX2



P-value

0.008

0.386

Neg (N=34)

18

15

8

26

Pos (N=40)

9

30

6

34

* SHH 1 biopsy staining failed
** CD44 2 resection specimen stainings failed
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0.75-2.89
0.79-8.44

1.47

2.59

0.83

1.76

2.54

2.31

1.98

1.34

1.39

1.75

0.81

1.21

1.79

1.99 1.04-3.84

cN (cN≥1)

ypT (T0-T2/T3)

ypN (pN≥1)

CRM (pos)

Angioinvasion

Perineural growth

Mandard

pCR

Completed CRT

CD44 (low vs high)

SHH (low vs high)

SOX2
(absent
present)

vs

0.13-1.36

0.42

Histology ( ESCC vs
EAC)*
Differentiation (high vs
low)
cT (T1-T2/T3-4)

0.86-3.70

0.62-2.35

0.35-1.83

0.72-2.21

1.04-1.89

0.58-3.05

0.97-4.07

1.15-4.66

1.32-4.88

0.93-3.34

0.41-1.67

0.76-2.87

1.48

Age ( ≥65)

1.31

0.062

0.62-3.14

0.425

2.16 1.08-4.34

1.39

0.039

0.041

2.10 0.99-4.46

1.04-5.87

2.47

0.117

0.69-2.85

0.35-2.40

0.72-4.95

1.40

0.92

1.89

1.00-1.90

0.41-2.48

0.98-4.47

0.94-4.12

1.26-5.09

0.90-3.64

0.46-2.16

0.576

0.606

0.215

1.37

0.178

2.09

1.97

1.00
0.88-1.99

0.519

0.179

0.029

0.58-2.97

0.77-4.12

0.494
1.32

1.78

2.53

0.019

0.117

1.84

0.005
0.86-3.93

1.81

0.364

0.66

0.084
0.27-1.62

1.00

0.154

0.596

0.71-8.59

2.90 0.69-12.20

2.47

0.115

0.71-3.15

0.15-1.59

1.50

0.348

0.66-2.65

0.14-1.17

0.264

0.15-1.97

0.48

0.54

0.146

0.41
1.32

0.226

0.246

0.15-1.57

95% CI

0.48

HR

0.065

0.13-1.06

0.38

Sex (female>male)

P-value

HR

P-value

HR

95% CI

Univariate

Multivariate

Univariate
95% CI

CSS

DFS

Supplementary table 3: Univariate and multivariate analysis for DFS and CSS
a) Pre-treatment biopsies (N=71)

0.030

0.054

0.356

1.35

2.84

0.60

0.196

0.57-3.19

1.14-7.06

0.15-2.35

0.86-2.23

1.61 0.64-4.07

1.88 0.74-4.81

1.73 0.71-4.18

0.64 0.24-1.68

2.35 0.52-10.70

1.38

0.868

95% CI

0.45 0.13-1.61

HR

0.054

0.994

0.057

0.073

0.009

0.096

0.989

0.146

0.288

0.233

0.430

0.096

P-value

Multivariate

0.489

0.025

0.465

0.184

0.312

0.187

0.226

0.361

0.270

0.220

P-value



0.80
3.21

2.19
1.93

0.345
0.006
0.063
0.347

0.30-1.52

2.41 1.29-4.48
0.96-3.88
0.73-2.43

0.68

1.93
1.33

CD44 (low vs high)

SHH (low vs high)

SOX2 (absent vs present)

0.98

Completed CRT

1.29

0.162

0.90-1.83

1.29

Mandard

0.99

0.370

0.70-2.65

1.36

Perineural growth

0.95

0.126

0.87-3.20

1.66

Angioinvasion

2.19

0.003

1.37-4.75

2.56

0.88-4.24

1.11-4.69

0.62-1.57

0.44-2.08

1.03-4.68

1.29-5.51

CRM (pos)

2.70

2.66

< 0.001

1.71-6.14

3.24

ypN (pN ≥1)

1.43

0.209

0.80-2.74

1.48

ypT (T0-T2/T3)

0.461

0.40-1.50

0.78

0.100

0.024

0.948

0.901

0.043

0.008

0.226

cN (cN≥1)

2.60 0.55-12.17

0.051

0.99-17.0

4.11

cT (T1-2/T3-4)

0.178

1.53

0.79-3.57

1.68

0.119

0.87-3.49

1.74

Differentiation (high vs low)

0.68

0.301

0.17-1.74

0.54

1.35

1.76

1.82

2.24

1.08

3.15

1.14

Histology ( ESCC vs EAC)

0.340

0.73-2.46

1.34

Age ( ≥65)

0.81

HR

0.408

P-value

0.32-1.60

95% CI

0.71

HR

P-value

0.70-2.58

0.85-3.66

1.63-6.35

0.31-2.06

0.89-1.87

0.47-2.09

0.92-3.61

1.16-4.31

1.39-5.24

0.73-2.80

0.52-2.25

0.76-13.1

0.79-2.94

0.21-2.21

0.61-2.15

0.35-1.84

95% CI

Univariate

95% CI

Multivariate

CSS

Sex (female>male)

HR

Univariate

DFS

b) Post-treatment resection nCR group (N=74)
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0.369

0.128

0.001

0.642

0.172

0.978

0.087

0.016

0.003

0.301

0.839

0.115

0.208

0.518

0.680

0.612

P-value

1.44

3.24

1.05

1.11

2.12

2.02

1.37

HR

0.62-3.30

1.47-7.11

0.68-1.64

0.45-2.72

0.93-4.82

0.97-4.20

0.29-6.50

95% CI

Multivariate

0.396

0.003

0.821

0.822

0.073

0.059

0.691

P-value

Supplementary figure S1: Representative immunohistochemical
stainings for the markers used.
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Supplementary figure 1: Representative immunohistochemical stainings for the markers used.
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Supplementary figure S4: Cause specific survival (CSS) curves for
marker groups in the pre-treatment biopsy group and post-treatment
non-complete responder (nCR) group.
Pre-treatment biopsy group

Post-treatment nCR group

P=0.354

100

P=0.000

100

80

80

CD44 high (N=45)

40

60

Survival (%)

60

CD44 low (N=24)

CD44

Survival (%)

CD44 high (N=47)
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0

0
0
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0
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80
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Supplementary figure 2: Cause specific survival (CSS) curves for marker groups in the pre-treatment
biopsy group and post-treatment non-complete responder (nCR) group.
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Chapter 8
Summary, discussion and future directions

SUMMARY
The incidence of esophageal cancer (EC) is still increasing and the overall 5-year
survival at the time of diagnosis is 15-20%. In the Netherlands an increase of
esophageal adenocarcinoma (EAC) is seen, while esophageal squamous cell
carcinoma (ESCC) more often occurs in Asian countries. Barrett’s esophagus
(BE) is a known precursor lesion of EAC. BE is a metaplastic condition in which
the normal esophageal squamous epithelium is replaced by a columnar epithelium,
that can progress to dysplasia and eventually in EAC. However only a small
percentage of BE patients progress towards EAC and since we have no markers
that predict progression, patients are offered regular endoscopic surveillance. The
standard treatment for EC patients without distant disease consists of neoadjuvant
chemoradiotherapy (CRT) followed by radical surgery. However, despite many
efforts the 5-year survival with optimal treatment is still around 50%, and therefore
further improvement of EC therapy is urgently needed.
The high recurrence rate in patients undergoing optimal therapy indicates a failure
to eradicate all tumor cells. Even patients with a pathological complete response
(pCR) to neoadjuvant CRT, without detectable vital tumor cells neither in the primary
tumor nor in regional nodes of the resection specimen, can relapse shortly after
treatment. This implies that low numbers of tumor cells already have metastasized
even before treatment at an early stage of disease, illustrating their aggressive
properties. Tumor progression, chemoresistance and the ability to metastasize early
are characteristics that have been attributed to cancer stem cells (CSCs). CSCs are
a subset of cancer cells with stem cell characteristics, such as the potential to selfrenew and multilineage differentiation capacity. CSCs are more tumorigenic than
bulk tumor cells and may sustain current treatment, leading to rapid relapse, as seen
in some EC patients. A subset of CSCs have also been proposed to have features of
epithelial to mesenchymal transition (EMT), that lead to a more mesenchymal state
enabling CSCs to invade and metastasize (1). The elucidation of a possible CSC
subpopulation in esophageal cancer is important as it could provide new directions
for treatment. CSCs were initially discovered in leukemia, and later on also in solid
tumors, including breast and colon cancer. The Wnt pathway is particularly known
to be essential in maintaining both normal stem cell (SC) and CSC properties in
the intestine (2,3). The Wnt pathway and its downstream targets, including the
membrane proteins CD44 and Lgr5, were found to be suitable markers for detecting
and isolating CSCs in colorectal cancer (4,5). In esophageal cancer, studies to
identify CSCs are limited and most studies have been performed in ESCC. In EAC,
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the presence of a CSC subpopulation has not been convincingly demonstrated,
which is related to a current lack of specific CSC markers in esophageal cancer.
In order to improve outcome of EC patients, this thesis describes options to optimize
current treatment modalities and the use of EAC cell lines as a potential model to
study CSCs. Moreover, it provides new insight in prognostic markers for survival and
malignant progression in esophageal cancer.
In chapter 2 and 3 the optimization of current treatment in esophageal cancer was
investigated by determining the optimal definition of a tumor free circumferential
resection margin (CRM) related to outcome and by comparing survival and toxicity
in two definitive CRT regimens.
Involvement of the CRM has previously been associated with a poor prognosis
but the optimal cut-off was not yet defined (6). In chapter 2 the optimal cut-off for
the CRM and its prognostic significance was determined. In this study we defined
the optimal cut-off at a CRM ≤1mm and showed that a tumor positive CRM, is an
independent prognostic factor for recurrence and survival. Moreover, patients with a
positive CRM had a similar prognosis as patients with a positive longitudinal resection
margin (R1-resection). Therefore a positive CRM should be clinically considered as
a R1-resection.
When patients are not eligible for surgery, either due to technical irresectability of the
tumor or because of a relative high comorbidity, definitive chemoradiation (dCRT) is
often the curative treatment of choice. Cisplatinum/5-FU is the current used standard
chemotherapy according to European and American guidelines, but is known to
have a relative high toxicity profile (7,8). Carboplatin/paclitaxel is generally preferred
in case of cardiovascular and/or pulmonary comorbidity because it has fewer side
effects. This regimen is also used as neoadjuvant CRT scheme and was applied in
the CROSS trial. The aim of chapter 3 was to retrospectively analyze the differences
in survival and toxicity between the two above mentioned dCRT regimens in five
centers in the Northeast Netherlands. No differences were found in overall survival
(OS) and disease free survival (DFS) between both regimens. However, toxicity rates
were significantly lower in the carboplatin/paclitaxel group and treatment compliance
was significantly higher compared to the cisplatinum / 5-FU group. This suggests
that carboplatin/paclitaxel could be considered as a good alternative for cisplatinum
/ 5-FU as dCRT in esophageal cancer patients.

7

In chapter 4, 5, 6 and 7 the aim was to gain a better understanding of esophageal
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carcinogenesis by investigating the presence of CSCs in a cell line model, and by
investigating several new possible prognostic markers. The CSC model has been
investigated in various cancers, and might also hold true for esophageal cancer.
In chapter 4 we investigated the potential of CSC enrichment in an in vitro three
dimensional spheroid cell culture model. Previously, these culture conditions have
been reported to induce de-differentiation and facilitate growth of CSCs in other
tumor types (9). The EAC cell line OE19, when cultured as spheroids under serumfree conditions, has enhanced CSC properties as determined by spheroid formation
and chemoresistance assays in vitro and by increased tumor growth in vivo. This
enrichment for CSC characteristics was not seen in another spheroid-cultured EAC
cell line, OE33S, when compared to monolayer OE33 cells. However, following
implantation in NOD/SCID mice mainly spheroid-cultured OE19S, but also spheroidcultured OE33S cells displayed enhanced tumor growth compared to monolayerderived xenografts. We proceeded by studying differences in mRNA expression in
spheroid and monolayer cultured OE19 and OE33 cells, as well as in the derived
tumorgrafts, using an Illumina array. Particularly, two genes were found to be altered in
both OE19 and OE33 models, KLF2 and C-FOS. Furthermore, Gene Set Enrichment
analysis showed downregulation of DNA regulation and cell adhesion pathways.
Monolayer and spheroid-derived xenografts did not show significant differences, in
contrast to the in vitro findings, what may be caused by prolonged exposure to a
similar mouse microenvironment. This study indicates that the OE19 spheroid model
possesses CSC characteristics, such as chemoresistance and enhanced tumor
growth in vivo, and might be used to study CSCs in EAC. Further characterization
of the OE19 spheroid model should include limited dilution transplantation assays in
vivo to investigate its propagation potential.
GATA6 is a transcription factor, important in intestinal development and a suggested
oncogene in esophageal cancer (10,11). GATA6 has also been implicated in Wnt
signalling in pancreas and colon cancer (12,13). In esophageal cancer, GATA6 gene
amplification has been associated with the progression of BE towards EAC and has
been implicated as a prognostic factor for EAC patients (11,14). In chapter 5 GATA6
was analyzed during the sequence of malignant progression from normal squamous
cell epithelium, towards the metaplastic precursor lesion BE and EAC. GATA6 protein
expression was upregulated during the progression from the normal squamous cell
epithelium towards BE, low grade dysplasia (LGD) and finally high grade dysplasia
(HGD) and EAC. No correlation was found between GATA6 expression and survival
of EAC patients. However, the role of GATA6 in malignant transformation of BE
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towards EAC deserves further investigation.
In chapter 6 we hypothesized that if CSCs are responsible as well for tumor relapse,
CSC markers might serve as prognostic markers. Therefore the expression of
several potential CSC markers was examined. Expression of Axin2 and CD44, both
targets of the Wnt pathway, and the expression of other proposed CSC markers;
ALDH1, Bmi-1 and SOX2 were determined in 94 EAC patients, treated with only
surgery alone. Both, loss of CD44 and of SOX2 showed to be a prognostic factor
for a poor survival in EAC patients (HR 1.73 CI 1.00-2.96 P=0.046 and HR 2.06
CI 1.14-3.70 P=0.016). ALDH1 and Axin2 were also inversely correlated with
outcome in a univariate analysis but did not remain significant in a multivariate
analysis. Nowadays patients are treated with neoadjuvant chemotherapy, however,
prognostic and predictive markers for response to therapy are lacking for this group.
Therefore in chapter 7, the expression of CD44, SOX2 and the Hedgehog ligand
Sonic Hedgehog (SHH) was investigated in relation with prognosis and response to
therapy in EC patients treated with neoadjuvant CRT followed by surgery. SHH has
been previously suggested to have a role in radiotherapy resistance in esophageal
cancer (15). While no relation was observed between these markers and response
to neoadjuvant CRT, loss of CD44, SHH and SOX2 was associated with either a poor
survival or with recurrence in EC patients. In our cohort loss of CD44 expression in
post-treatment material of non-complete responders, was an independent prognostic
factor for poor disease free survival (DFS) and cancer specific survival (CSS) (DFS:
HR 2.81 CI 1.45-5.45 P=0.002 and CSS: HR 3.48 CI 1.70-7.16 P=0.002). Loss of
SHH in pre-treatment biopsies was also an independent prognostic factor for poor
survival (HR 2.27 1.05-4.89 P=0.036). Loss of SOX2 in pre-treatment biopsies was
related to recurrence (P=0.029) and showed a trend for a worse survival (DFS: HR
1.99 1.04-4.89 P=0.039 and CSS: HR 2.16 1.08- 4.34 P= 0.030). However, this was
not significant in a multivariate analysis, possibly due to the lower patient number in
this cohort. The potential of these markers to be used for prognosis is of interest and
should be further validated in different cohorts and with functional assays.

DISCUSSION AND FUTURE DIRECTIONS

7

Given the poor prognosis of EC patients, extensive research is required to improve
the survival of patients. Even with current curative intended treatment, consisting of
neoadjuvant CRT with radical surgery, only half of EC patients will survive longer than
5 years. One important approach to improve survival is through better understanding
of EC oncogenesis and disease progression in order to develop novel targeted
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therapies. Besides focussing on new treatment modalities, optimization of current
treatment is also an important approach to improve outcome. For several decades,
surgery alone (through a transthoracic esophagectomy) was the only curative
treatment option, until recent studies including the Dutch CROSS trial showed a
significant survival benefit of neoadjuvant CRT (16). By increasing the 5-year survival
from 40% to around 50%, this approach is nowadays considered standard of care.
Optimizing current CRT regimens for both neoadjuvant and definitive treatment
modalities may lead to better outcome and reduced toxicity for EC patients. This
can be achieved by more accurate radiotherapy and by improving chemotherapy
or adding new targeted therapy. In this thesis a retrospective study of two different
dCRT regimens showed that the carboplatin/paclitaxel scheme has a significantly
lower toxicity with equal survival compared to the current standard cisplatinum/5FU regimen. Although preferable this alternative treatment has to be evaluated in
a randomized clinical trial. However in case of small patient numbers such as in
dCRT in esophageal cancer, retrospective studies also could give sufficient insights
in the tolerability and adequacy of current regimens. Consequently, as carboplatin/
paclitaxel gives a reduction in toxicity without influencing survival outcome this
regimen should be considered as a better alternative.
Stratifying patients in risk groups that might benefit from additional treatment could
also lead to improved survival. However adjuvant therapy after neoadjuvant CRT
is not applied in ongoing clinical trials in EC patients. Patients with pathologically
positive CRM or nodal involvement, as shown in this thesis, have a bad prognosis
and perhaps adjuvant treatment would be beneficial in these high-risk groups.
Characterizing CSCs in esophageal cancer

A better understanding of the CSC model in esophageal oncogenesis and disease
progression may provide new leads for targeted therapy. While several markers
have been reported to associate with esophageal CSCs, a definitive characterization
of CSCs in EC has not yet been clearly established. CD44, CD90 and p75NTR have
been suggested to enrich for CSC-like cells in esophageal cancer (17-19). However,
a broad panel of possible CSC markers, including CD44 and CD24, were tested
by Grotenhuis et al. using primary patient material, but neither of these markers
enriched for cells with enhanced tumorigenicity in vivo (20). Besides the use of
markers, functional assays can also enrich for CSCs. The side-population assay,
based on Hoechst exclusion assay, enriched for EC cells with CSC-characteristics
demonstrated by enhanced tumorigenicity in vivo (21). In this thesis, threedimensional spheroid culturing of the EAC cell line OE19 in serum-deprived medium
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enhanced CSC characteristics. Therefore this model may be useful to further explore
the CSC model in EAC, although further characterization of the OE19 spheroid
model is required, including limited dilution assays in vivo. In addition, we found
upregulation of C-FOS and KLF2 in the spheroid model and RNA interference-based
knockdown of these genes and subsequent testing the effect on spheroid formation
in vitro and tumor forming ability in mice, will establish their possible involvement in
these CSC characteristics. However, we observed that spheroid growth does not
always induce CSC characteristics, because spheroids grown from the OE33 cell
line did not show significant enhancement of such characteristics in vitro. Perhaps
medium-induced reprogramming will not be possible in all cancer cells, or cells may
already have a CSC phenotype that cannot be enhanced further. Therefore caution
should be taken when using spheroid models as CSC models and each spheroid
model should be characterized independently. To further explore the CSC model in
EC, the use of primary tumor cells derived from fresh patient material might provide
a better model system. However, the use of neoadjuvant CRT has strongly reduced
the presence of vital tumor cells in resected specimens, while the number of cells
obtained from pre-treatment biopsies is often limited, complicating the generation
of novel primary cell culture models. An alternative approach to study CSCs in
EAC could involve mouse models that mimic EAC development. In a transgenic
BE mouse model overexpressing interleukin-1-β (IL-1-β) and crossed with a Lgr5Cre-ERT/Rosa-LacZ reporter mouse, Lgr5 positive cells were shown to migrate
from the cardia and were found in the metaplastic Barrett’s epithelium (22). The
combination of lineage tracing of labelled stem or progenitor cells in the normal
squamous epithelium together with an inducer of malignant progression (such as
IL-1-β overexpression), could be another approach to identify potential mechanisms
in CSCs driving EAC development.
Wnt target genes as favourable prognostic factor

Markers and pathways that are involved in CSCs and EMT, such as the Wnt and
Hh pathway, could be potential novel therapeutic targets in several cancer types,
including esophageal cancer. Since activated Wnt signalling has been reported to
play a role in the progression of dysplasia towards EAC (20,23), and is also well
known for regulating CSCs properties in other cancers, particularly colon cancer, we
hypothesized that expression of Wnt target genes such as CD44 and Axin2 might
associate with a worse prognosis in EC patients. However, in this thesis, we observed
in two independent patient cohorts that low expression of CD44 was related with a
worse prognosis. This finding may be explained by several reasons. First, it might
be that these particular Wnt target genes are not associated with CSCs in EAC. As
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mentioned, Grotenhuis et al. did not find a relation between, amongst others, CD44
expression and higher tumor propagating potential in vivo(20). Second, epigenetic
mechanism might play a role in the expression of Wnt-target genes. In colorectal
cancer, high Wnt activity correlates with CSCs in preclinical models, while in patient
material high Wnt target gene expression was correlated with a good survival (24). To
unravel this apparent discrepancy de Sousa et al. found that Wnt target genes that are
part of a CSC gene signature in colorectal cancer cells are silenced by methylation
during disease progression, and this is associated with the acquisition of an overall
more immature stem cell phenotype of the tumor cells(24). Interestingly, use of a
demethylating agent in vitro and in xenografts led to reduced colorectal cancer tumor
growth that could be explained by restored expression of previously methylated Wnt
target genes, particularly those known to have an inhibitory feedback function on
Wnt signalling, such as Axin2 (24). Hypermethylation of Wnt-inhibitory proteins in
esophageal cancer has also been described in several cell lines and in patient material
(25,26). Whether the methylation status of Wnt target genes is also predictive for
survival in EAC remains to be investigated. Other types of epigenetic regulation, in
particular microRNA’s may also be involved in determining Wnt activity. For example,
the transcription factor GATA6 could directly regulate Lgr5, and GATA6 expression
on its turn was epigenetically regulated by microRNA-363 (12). Also microRNA-145
showed to regulate both GATA6 and BMP4 expression in BE (27). Third, the CSC
compartment might be heterogeneous, encompassing different subsets of CSCs
and these subsets could possibly be driven by different pathways. Wnt target genes
might be related to CSCs that initiate tumor growth, whereas other CSCs driven by
different pathways are involved in tumor progression and metastatic disease. In the
esophagus, the Wnt pathway is important both during embryological development
as well in the malignant progression from Barrett’s metaplasia towards dysplasia and
EAC (20,23). While membranous β-catenin is present in both the normal esophageal
squamous epithelium and in Barrett’s metaplasia, activation of the canonical Wnt
pathway as determined by nuclear translocation of β-catenin only occurs during
the malignant transformation of BE towards low-grade dysplasia (LGD) and highgrade dysplasia (HGD), with no further increase of nuclear translocation of β-catenin
in EAC (20,23). A similar peak in expression at HGD was observed for other Wnt
targets such as Cyclin D1 and SOX9 (23). The activation of the Wnt pathway could
partly be explained by downregulation of Wnt antagonist such as the Wnt-inhibitory
protein 1, and via upregulation of Wnt agonists such as the Wnt ligand Wnt2 (25,28).
In contrast to colorectal cancers, where APC mutations are an important cause of
dysregulated Wnt signalling, such mutations are rare in EAC (29,30), suggesting
a different mechanism of activation of Wnt signalling. Similar as in colon cancer,
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in EC the Wnt pathway might play a role in tumor initiation but perhaps another
pathway driving a different subset of CSCs may lead to progression or recurrence,
hence that are not characterized by Wnt signalling and high expression of Wnt target
genes such as CD44. In the migratory CSC (MCSC) concept the heterogeneity
within the tumor is explained by a subset of CSC cells that is able to metastasize
(31). To investigate a possible dual role of the Wnt pathway in EC it would be an
interesting approach to use the Wnt reporter system TCF/LEF promoter coupled
to green fluourescent protein, which was used for identifying Wnt driven CSCs in
colon cancer (32). Such an approach would allow the comparison between Wnt-high
and Wnt-low fractions with regard to tumor propagating potential in vivo as well as
their metastatic capacities. Fourth, cell lineage specific differences may affect the
outcome of activated Wnt signalling through β-catenin. For instance, in melanoma
β-catenin could act as a suppressor of invasion by activation of a melanoma specific
protein (33), and interestingly loss of β-catenin expression being part of a sevenmarker signature was a negative predictor of survival in melanoma patients (34). In
conclusion, the possible favourable prognostic role of Wnt target genes in EC might
be explained by several mechanisms, such as epigenetic modulation of target genes,
CSC heterogeneity within the tumor or cell lineage specific variation in signalling
outcome, which should be further explored.
GATA6 in malignant progression

The role of GATA6 in malignant progression of EAC is of particular interest, since a
recent study showed that GATA6 could directly regulate Wnt signalling by binding
to the Lgr5 promoter and also repress bone morphogenetic protein 4 (BMP4)
expression, thereby regulating the expansion of the stem cell compartment in colon
adenoma’s (35). In this thesis an upregulation of the expression of the transcription
factor GATA6 during malignant progression towards EAC was found. GATA6 is known
to be important for the proliferation and differentiation of intestinal cells in mice (10).
In colon adenoma’s, GATA6 deletion was found to reduce adenoma formation in a
mouse colon adenoma model leading to increased survival of the mice (35). Analyses
of the underlying mechanism revealed that GATA6 competes with the β-catenin/TCF
complex for binding the BMP4 promoter, causing reduced BMP4 expression and
thereby expansion of the tumour stem cell compartment (35). In concordance with
these results, in this thesis GATA6 expression was observed in the bottom of crypts
that expanded in the progression towards dysplasia. Perhaps upregulation of GATA6
could play a role in decreased BMP4 signalling in progression towards dysplasia.
A decrease in BMP4 expression has been observed in EAC compared to BE (36),
but the interaction of BMP4 and GATA6 in malignant progression of BE remains to
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be elucidated. Interestingly in this context, we observed an upregulation of GATA6
in esophagitis in chapter 5. Although speculative, GATA6 could perhaps be induced
in the stem cell compartment of the normal esophageal epithelium by inflammation
and play a role in the development of BE and subsequently lead to enhanced Wntsignalling seen later during malignant progression of BE towards dysplasia.
Therapeutic targeting of Wnt and Hh pathways

Clarifying the role of Wnt in BE and esophageal cancer is also of importance with
respect to the use of Wnt signalling inhibitors as a therapeutic strategy. Several
inhibitors have been developed and tested in preclinical in vitro and in vivo models,
and moreover, are currently tested in clinical trials. Porcupine is an enzyme necessary
for secretion of the Wnt ligands and its inhibitor LGK974 was shown to effectively
target the Wnt pathway and led to reduced tumor volumes of Wnt-driven tumors in
vivo (37). This drug is currently tested in a phase I trial for malignancies depending
on Wnt ligands (38). A second Wnt antagonist that competes with Wnt-ligands for
binding to the Frizzled receptor is OMP-54F28 (FZD8-Fc), currently undergoing
phase 1 testing (39). In a follow-up on the preclinical work with a demethylation
agent in colon cancer by de Sousa et al., a clinical study is currently ongoing in
colon cancer patients that are preoperatively treated with the demethylation agent
decitabine to investigate if Wnt target gene expression is increased in resected
tumors compared to preoperative biopsies (40). Whether these agents may have
efficacy in EC remains to be investigated.
The Hh pathway might also hold promise as a new target for treatment in EC, since
Hh pathway activity has been associated with CSCs EC as was mentioned earlier
above. Inhibition of Hh signalling by cyclopamine, a natural SMO-inhibitor, led to
a reduction of CSCs in several tumor types, such as glioblastoma and pancreatic
cancer (41-43). In the normal esophageal epithelium both absence and presence
of Hh ligands as SHH have been described (44-46). In addition, several studies
describe a clear upregulation of Hh-target gene expression in ESCC and EAC
patients (45,46). In ESCC and EAC cell lines treatment with cyclopamine and the
oral Smo-antagonist, BMS-833923, reduced cell growth and induced apoptosis
(15,45,47). Furthermore, Hh inhibition sensitized for radiotherapy in EAC cells,
suggesting that Hh signalling might have a role in therapy resistance (15). A phase I
trial with BMS-833923 in combination with cisplatinum and capecitabine in inoperable
EAC patients has been performed and publication of the results is awaited (48). In
this thesis the potential of the Hh-ligand SHH as predictive and prognostic marker
in patients treated with neoadjuvant CRT was evaluated. SHH was not a predictive
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marker for neoadjuvant chemoradiotherapy in our cohort, but low SHH expression
did correlate with a worse patient survival. The mechanisms underlying this finding
are currently unclear, however, similar mechanism may be involved as mentioned
earlier for the Wnt pathway, including cell lineage dependent differences in function
and heterogeneity in the CSC population. Better insight in the role of the Hh pathway
in esophageal cancer development and disease progression is therefore required.
Conclusions

Optimization of current treatments has shown to improve prognosis and outcome for
esophageal cancer patients. An accurate defined CRM had a significant impact on
prognosis, while carboplatin/paclitaxel, as dCRT regimen appeared to be a better
tolerated regimen with similar survival outcome compared to cisplatinum/5-FU. In
the future, prognostic factors as loss of CD44 or SOX2 might be of help in stratifying
patients eligible for adjuvant therapy. Moreover, the OE19 spheroid model has some
CSC characteristics and further validation of this model is therefore of interest.
Identification and the role of CSCs in EAC is a promising strategy to further improve
survival in EAC patients. In particular the possible role of the Wnt and Hh pathway in
relation to CSCs in esophageal cancer should be clarified which may lead to novel
therapeutic strategies.
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Chapter 9
Summary in Dutch (Nederlandse samenvatting)

De incidentie van het slokdarmcarcinoom is nog steeds stijgende en de 5-jaars
overleving is momenteel slechts 15-20%. In Nederland heeft het merendeel van de
patiënten het histologische subtype adenocarcinoom (AC), terwijl in Aziatische landen
het plaveiselcelcarcinoom (PCC) vaker voorkomt. Van het slokdarm-adenocarcinoom
is een voorloper stadium bekend, namelijk Barrett’s oesophagus (BO). BO is een
metaplastische aandoening waarbij het normale plaveisel epitheel van de slokdarm
wordt vervangen door een kubisch epitheel dat verder kan ontaarden in dysplasie
en uiteindelijk in kanker. Slokdarmcarcinoom patiënten zonder afstandsmetastasen
komen in aanmerking voor de standaardbehandeling bestaande uit voorbehandeling
met chemoradiatie (CRT) en radicale chirurgie. Echter, met optimale therapie is
de 5-jaarsoverleving momenteel nog maar 50%. Het is daarom noodzakelijk de
behandeling van het slokdarmcarcinoom verder te verbeteren.
Momenteel hebben patiënten die een optimale behandeling ondergaan nog steeds
een hoge kans op een recidief van ± 50% binnen 5 jaar. Er zijn ook patiënten die
een volledige reactie op voorbehandeling met CRT vertonen, waarbij geen vitale
tumorcellen meer aanwezig zijn in de primaire tumor of in de regionale lymfeklieren
in het resectiepreparaat, die naderhand toch een recidief ontwikkelen. Dit geeft
aan dat sommige tumorcellen mogelijk al in een eerder stadium van de ziekte
gemetastaseerd zijn, wat ook het agressieve karakter van deze tumor demonstreert.
Tumorprogressie, chemotherapie resistentie en de mogelijkheid te metastaseren
zijn eigenschappen die toegekend worden aan de zogenaamde kankerstamcellen.
Het is daarom belangrijk om deze kankerstamcel populatie te karakteriseren, omdat
deze mogelijk nieuwe inzichten kan geven om nieuwe therapieën te ontwikkelen.
Kankerstamcellen hebben eigenschappen van stamcellen, waaronder het
zelfvernieuwend vermogen en de mogelijkheid tot differentiatie. Ze vormen vaak een
klein percentage van de tumor die verder uit zogenaamde ‘bulk tumorcellen’ bestaat.
In andere gastro-intestinale tumoren, voornamelijk het colorectale carcinoom, zijn
kankerstamcellen geïdentificeerd die verhoogd tumorvormend vermogen bezitten
vergeleken met bulk tumorcellen en resistent zijn voor chemotherapie. Specifiek
betrokken bij kankerstamcellen is de Wnt-signaal transductie route, welke essentieel
is voor het onderhouden van zowel normale stamcel functie en kankerstamcel
eigenschappen (1,2). Genen die door Wnt gereguleerd worden, zoals CD44 en Lgr5,
blijken geschikte markers om kankerstamcellen in het coloncarcinoom te isoleren
(3,4). Momenteel is in het slokdarmcarcinoom nog geen overtuigend bewijs geleverd
voor de aanwezigheid van een kankerstamcel populatie, mede door het gebrek aan
specifieke kankerstamcel markers in het slokdarmcarcinoom.
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Dit proefschrift beschrijft onderzoek naar de mogelijkheden om onze huidige
therapie te verbeteren en beschrijft een kankerstamcel model in het slokdarm
adenocarcinoom. Verder biedt het nieuwe inzichten in prognostische markers voor
overleving en ziekte progressie.
In hoofdstuk 2 en 3 wordt de optimalisatie van onze huidige therapie van het
slokdarmcarcinoom onderzocht door het bepalen van de definitie van een tumorvrij
circumferentiële resectiemarge (CRM) en door het vergelijken van overleving en
toxiciteit tussen twee dCRT schema’s.
Een positieve CRM is in eerder onderzoek geassocieerd met een slechte prognose
maar een optimale grenswaarde is niet bepaald (5). In hoofdstuk 2 is de optimale
grenswaarde voor de CRM en de bijbehorende prognostische waarde ervan bepaald.
In dit hoofdstuk laten we zien dat een positieve CRM, volgens de Royal College of
Pathologists, een onafhankelijke prognostische factor is voor een recidief en voor
overleving, en de optimale grenswaarde is een CRM≤1mm. Bovendien hadden
patiënten met een positieve CRM een vergelijkbare prognose als patiënten met een
positief longitudinaal resectievlak (R1-resectie). Een positieve CRM zou daarom
beschouwd moeten worden als een R1-resectie.
Als patiënten niet in aanmerking komen voor een operatie, dan wel door technische
irresectabiliteit of door een relatief hoge comorbiditeit, dan is dCRT de aangewezen
behandeling. Cisplatinum/5-FU is de huidige standaard chemotherapie volgens de
Europese en Amerikaanse richtlijnen, echter dit schema heeft een relatief toxische
profiel (6,7). Als er sprake is van cardiovasculaire of pulmonaire comorbiditeit wordt
de voorkeur gegeven aan een schema met carboplatin/paclitaxel, omdat dit minder
bijwerkingen heeft. Dit schema werd ook gebruikt als neaodjuvant CRT schema
in de CROSS trial. Het doel van hoofdstuk 3 was om retrospectief de verschillen
in overleving en toxiciteit tussen beide dCRT schema’s te vergelijken in vijf centra
in Noord-Nederland. Er werden geen verschillen gevonden in de algemene en
ziektevrije overleving tussen beide schema’s. Echter de toxiciteit was significant lager
in de carboplatin/paclitaxel groep en het aantal patiënten dat dit schema afrondde
was significant hoger dan in de cisplatinum/5-FU groep. Deze uitkomsten geven
aan dat carboplatin/paclitaxel overwogen zou kunnen worden als een alternatief
voor cisplatinum/5-FU als dCRT schema in de behandeling van slokdarmkanker
patiënten.
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In hoofdstuk 4, 5, 6 en 7 was het doel om een beter inzicht te verwerven in de
carcinogenese en progressie van het slokdarmcarcinoom door de aanwezigheid van
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kankerstamcellen te bestuderen in een cellijn model en door verschillende nieuwe
prognostische markers te onderzoeken. Het kankerstamcel model is onderzocht in
verschillende solide tumoren en geldt mogelijk ook voor het slokdarmcarcinoom.
Sferoïde kweekcondities, zoals eerder beschreven, kunnen leiden tot dedifferentiatie
en kunnen verrijken voor kankerstamcel eigenschappen(8). In hoofdstuk 4 vonden
we dat de slokdarm-adenocarcinoom cellijn OE19, wanneer gekweekt als een
sferoïde model, kankerstamcel eigenschappen heeft als een verhoogde kolonie
groei, chemoresistentie in vitro en verhoogde tumorgroei in vitro in vergelijking met
serum gekweekte cellen. Dit verschil werd niet geobserveerd in de andere slokdarmadenocarcinoom cellijn. Na injectie in NOD/SCID muizen lieten met name de
sferoïde gegroeide OE19 cellen, maar ook OE33 sferoïden, verhoogde tumorgroei
zien ten opzichte van de tumoren gegroeid uit de serum gekweekte cellen. Om het
onderliggende moleculaire mechanisme te bestuderen zijn de verschillen in mRNA
expressie geanalyseerd tussen sferoïde en serum gekweekte OE19 en OE33 cellen,
evenals verschillen in mRNA expressie tussen de tumoren gegroeid in de muizen,
door gebruik te maken van een Illumina array. Gene Set Enrichment analyse (GSEA)
liet een verlaagde activiteit zien van DNA reparatie en celadhesie signaal transductie
routes. Twee genen werden gevonden die in beide OE19 en OE33 modellen waren
verhoogd, FOS en KLF2. Serum gekweekte en sferoïde muistumoren lieten geen
verschillen zien in genregulatie, in tegenstelling tot de gevonden verschillen in de
cellijnen, mogelijk door langere beïnvloeding door het omliggende muis stroma.
Deze studie laat zien dat het OE19 sferoïde model verhoogde kankerstamcel
eigenschappen heeft en daarom gebruikt zou kunnen worden om kankerstamcellen
in het slokdarmadenocarcinoom te onderzoeken.
GATA6 is een transcriptie factor, belangrijk voor de ontwikkeling van de dunne
darm en een gesuggereerd oncogen (9,10). GATA6 is in het pancreascarcinoom
is gerelateerd aan de Wnt signaaltransductie route(11). In het slokdarmcarcinoom,
is de amplificatie van het GATA6 gene geassocieerd met progressie van BO naar
het adenocarcinoom en een slechtere prognose van het adenocarcinoom(10,12). In
hoofdstuk 5 is de expressie van het GATA6 proteïne onderzocht in de sequentie van
maligne progressie van normaal squamous epitheel naar de premaligne afwijking
BO en vervolgens adenocarcinoom. GATA6 proteïne expressie was verhoogd tijdens
de maligne progressie van plaveisel epitheel naar BO, laaggradige dysplasie en
uiteindelijk hooggradige dysplasie en adenocarcinoom. Geen relatie werd gevonden
tussen GATA-6 proteïne expressie en overleving van adenocarcinoom patiënten.
Echter, GATA6 speelt mogelijk een rol in de maligne transformatie van BE.
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In hoofdstuk 6 is de hypothese getest dat als kankerstamcellen verantwoordelijk
zijn voor een tumorrecidief en kankerstamcel markers mogelijk als prognostische
markers kunnen dienen. De expressie van verscheidene kankerstamcel markers is
geanalyseerd, waaronder expressie van Axin2 en CD44, allebei onderdeel van de
Wnt-pathway, en de expressie van gesuggereerde kankerstamcel markers; ALDH1,
Bmi-1 en SOX2, in 94 adenocarcinoom patiënten die alleen met chirurgie waren
behandeld. Verlies van CD44 en van SOX2 waren beiden een prognostische factor
voor een slechte overleving in het slokdarm- adenocarcinoom (HR 1.73 CI 1.002.96 P=0.046 and HR 2.06 CI 1.14-3.70 P=0.016). ALDH1 en Axin2 waren allebei
ook positief gecorreleerd met overleving in een univariate analyse, maar waren niet
significant in een multivariate analyse. Tegenwoordig worden patiënten behandeld
met neoadjuvante CRT en chirurgie, maar prognostische en predictieve markers voor
response op CRT en overleving, ontbreken nog voor deze populatie. In hoofdstuk
7, is de expressie van CD44, SOX2 en het Hedgehog ligand Sonic Hedgehog
(SHH) onderzocht in relatie met de prognose en de respons op CRT. SHH is eerder
geassocieerd met radiotherapie resistentie in het slokdarmcarcinoom (13). Er werd
geen relatie gevonden tussen deze markers en respons op CRT, maar verlies van
CD44, SHH en SOX2 was geassocieerd met een slechte overleving of tumorrecidief
in slokdarmcarcinoom patiënten. In ons studie cohort was verlies van CD44 een
onafhankelijke prognostische factor voor slechte ziektevrije en kankerspecifieke
overleving in patiënten na therapie met een niet volledige respons op CRT. Verlies
van SHH was een onafhankelijke prognostische factor voor een slechte overleving
in patiënten voor therapie. Verlies van SOX2 was gerelateerd aan tumorrecidief en
er was een trend voor een slechtere overleving in patiënten voor therapie, maar
dit was niet significant in een multivariate analyse, mogelijk door de lage patiënten
aantallen in deze studie. De potentie van deze markers om prognose te voorspellen
is van belang en zou verder onderzocht moeten worden in een ander cohort van
slokdarmcarcinoom patiënten.
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