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Lung cancer 

Lung cancer is one of the most frequent malignant tumors in Europe [1] and the 

United states [2]. It is the leading cause of all cancer related deaths worldwide [3]. 

Each year approximately 1.8 million people are diagnosed with lung cancer and over 

1.6 million people succumb to this disease. Lung cancers arise from the respiratory 

epithelium and on the basis of histological features can be subdivided into two main 

subtypes non-small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC). 

About 80-85% of all lung cancer cases are NSCLC, which is further classified into 

adenocarcinoma (ADC), squamous cell carcinoma (SCC) and large-cell lung cancer 

(LCLC) [4]. The remaining 15-20% of lung cancer are SCLC that display a 

neuroendocrine differentiation [5]. SCLC is clinically the most aggressive type of 

lung cancer and is often centrally located and spreads readily to adjacent lymph 

nodes and is associated with early extrathoracic metastases [6].   

 

The predominant risk factor for lung cancer is smoking [7]. Other risk factors of lung 

cancer are exposure to asbestos, radon, arsenic, chromium, nickel, vinyl chloride, 

and ionizing radiation [8,9]. Most of the lung cancer patients are diagnosed with 

advanced disease where conventional therapies are modestly effective and no 

curative treatments are available as yet. Because of this the overall 5-year survival 

in NSCLC patients is poor, being less than 15% for all disease stages combined [3]. 

SCLC has an even worse prognosis but is usually initially responsive to 

chemotherapy. However, SCLC recurs rapidly and 5-year survival is therefore only 

5% [10]. For the treatment of NSCLC in localized disease surgical resection is 

preferred, however, in advanced stage NSCLC a multimodality approach is 

preferred that might include chemotherapy, radiotherapy, sometimes surgery and 

palliative care.  

 

More recently new classes of drugs have been introduced that specifically target 

certain molecular pathways. For example, small molecules that specifically inhibit 

tyrosine kinase receptor activity of the epidermal growth factor receptors (EGFR), 

such as gefitinib and erlotinib also known as Tyrosine Kinase Inhibitors (TKI) are 

available to treat a subpopulation of NSCLC patients with mutated EGFR gene [11]. 

For SCLC little progress has been made in the treatment of this disease in the past 

several years. The treatment usually includes platinum-based combination 

chemotherapy, combined with hyperfractionated thoracic radiation and prophylactic 

cranial irradiation depending on disease stage, response to therapy and of course 

treatment wish of the patient [12].  
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Most of the lung cancer patients harbor tumor suppressor p53 mutations, hence 

preventing the tumor cell apoptosis (programmed cell death) [13]. Currently 

targeting of the apoptotic pathway is being studied in several preclinical and clinical 

studies in lung cancer that aim to selectively trigger the activation of caspases and 

proteases that form the central executioners of apoptosis [14]. This includes pro-

apoptotic approaches such as the targeting of tumor necrosis factor (TNF)-related 

apoptosis-inducing ligand (TRAIL) receptors that leads to activation of the so-called 

extrinsic or death receptor apoptotic pathway [15]. Another strategy is neutralizing 

anti-apoptotic proteins, such as inhibitor of apoptosis proteins (IAPs) that suppress 

caspase activity or the mitochondrial apoptosis inhibitor BCL-2, that can enhance 

the efficacy of chemo- and radiotherapy [16].   

 

Cancer Stem Cells (CSC) 

Novel discoveries in the field of cancer cell biology have provided exciting new 

insights in the mechanisms that drive tumor initiation and progression such as the 

identification of CSCs and the process of Epithelial to Mesenchymal transition (EMT) 

[17]. Tumor cells are highly heterogeneous in nature and two main models have 

been proposed to explain this heterogeneity [18]. The stochastic clonal selection 

model suggests that mutant tumor cells with growth advantage are selected and 

expand during tumor progression. The cells in the dominant population have a 

similar potential for (re)generating tumor growth. The CSC hypothesis suggests that 

tumor cells are heterogeneous in nature and hierarchically ordered. At the top of the 

hierarchy a small subpopulation of cancer cells exist that have stem cell properties 

such as high self-renewal ability multilineage differentiation, and resistance to 

therapy. These cells are therefore termed CSCs or tumor initiating cells [18]. The 

earliest reports on CSCs came from leukemia in which a rare population 

characterized by high CD34 and low CD38 expression upon transplantation in 

mouse generated leukemia displaying the same disease properties as observed in 

the patient [19]. The first evidence of CSCs in solid tumors was reported by Al Hajj 

et al. in breast cancer [20]. In this study CD44 high and CD24 low breast cancer 

cells were found to enrich for cells with tumor initiating capacity in mouse models. 

Thereafter CSC populations were identified in other solid tumors such as brain, 

colorectal, head and neck, pancreatic, prostate, ovarian, skin squamous cell 

carcinoma (SCC) as well as lung cancer [21]. Histologically lung cancer is divided 

according to the site of its origin. Recently normal stem cells that make the lung 

epithelium at trachea, bronchus and alveoli have been identified [22]. It is 

considered most likely that CSCs arise from normal stem cells that have long life 
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spans and able to accumulate oncogenic mutations over time.  

 

Several methods have been employed to isolate lung CSCs from cell lines and 

primary tumor material. Specific culture conditions can be applied to select for 

stem/progenitor cells such as culturing under non-adherent serum-free conditions in 

tightly defined medium leading to spheroid growth [23,24]. Furthermore, several 

markers or properties specific for CSCs are used to enrich for this cell population. 

For example, the side population (SP) is widely used to isolate the CSC population 

by FACS on the principle that CSCs have the ability to effectively efflux the dye 

Hoechst 33342 due to high expression levels of the ATP binding cassette 

transporter superfamily member-G2 (ABCG2), as was also described for lung 

cancer cell lines and primary tumor material [25]. Other methods such as the 

selection of therapy resistant cell populations [26], cells exhibiting aldehyde 

dehydrogenase activity (ALDH) [27],  or the use of cell surface markers thought to 

be selective for lung CSCs such as CD44, CD133, and CXCR4 are often used to 

enrich for lung CSC populations [26]. In addition, stem cell pluripotency markers 

such as OCT4, SOX2 and NANOG have been used as CSC markers in lung cancer 

[28]. However, there are large discrepancies in CSC marker expressions in lung 

cancer; for example SP cells do not always express other cell surface CSC markers 

and vice versa [26]. Thus, the applicability of CSC markers is often depending on 

the cell culture model used and there is a need to identify more common “bonafide” 

CSC markers in lung cancer for isolation purposes and to study their molecular 

biology for developing novel therapeutic approaches.  

 

Epithelial to Mesenchymal transition (EMT)  

EMT is a complex cellular and molecular program in which epithelial cells lose their 

phenotype by shedding cell-to-cell adhesion molecules, such as desmosomes, tight- 

and gap junctions, lose apical-basal polarity and attain frontal-rear polarity and 

acquire a mesenchymal phenotype that is associated with high motility and invasive 

properties [29]. EMT has been classified in three different categories according to 

the biological context in which they occur [30]. Type 1 EMT is associated with 

embryogenesis and organogenesis, Type 2 EMT is associated with wound healing, 

tissue regeneration and organ fibrosis, whereas Type 3 EMT has been associated 

with neoplastic cells that promote tumor progression [30]. Cells undergoing EMT can 

be identified by loss of epithelial markers such as E-cadherin, EpCAM and 

cytokeratins and gain of mesenchymal markers like Fibronectin, Vimentin and N-

cadherin. In the activation of EMT several nuclear transcription factors, signal 
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transduction pathways and external stimuli including the extracellular matrix (ECM) 

are involved. Examples of nuclear transcription factors are ZEB1, SNAIL, SLUG, 

TWIST, KLF8, and E47. These transcription factors directly or indirectly suppress E-

cadherin expression and are instrumental in EMT induction. The external stimuli that 

regulate EMT are derived from the microenvironment involving the ECM, stromal 

cells and macrophages [31]. Several key triggers for EMT that contribute to 

tumorigenesis have been identified including WNT, NOTCH and TGF-β signaling 

[32]. For example, activation of TGF-β receptor-1 leads to phosphorylation and 

activation of SMAD2 and SMAD3 and subsequently the activation of EMT 

transcription factors and EMT [29]. TGF-β exposed NSCLC A549 cells are a well 

known model to study EMT leading to altered morphology and loss of epithelial 

markers like E-cadherin and EpCAM and gain of mesenchymal markers such as 

Fibronectin and Vimentin and was first described by Kasai and coworkers [33]. In 

addition to TGF-β, several tyrosine kinase receptors such as fibroblast growth factor 

(FGF), insulin growth factor (IGF), epithelial growth factor (EGF) family members 

and platelet derived growth factor (PDGF) receptors play important roles in the 

regulation of EMT [34]. EMT has been extensively studied in preclinical models and 

also has been demonstrated to occur at the tumor/ host tissue interface in patient 

tumor samples [33,35,36]. Markers of EMT have been associated with clinical 

outcome in lung cancer, for example loss of E-cadherin has been correlated with 

worse outcome in NSCLC [37]. EMT also plays a role in acquired resistance 

towards targeted therapies, e.g. NSCLC cell lines with epithelial characteristics were 

significantly more sensitive to gefitinib when compared to mesenchymal NSCLC cell 

lines and, moreover, exogenous expression of E-cadherin sensitized the 

mesenchymal NSCLC cells towards gefitinib treatment [38]. EMT also has been 

associated with acquired resistance to EGFR TKIs in laboratory models in lung 

cancer [39,40]. Interestingly, the induction of EMT has been associated with CSCs, 

which was first discovered in breast cancer [41]. The possible link between CSCs 

and EMT has thus far not been extensively studied in lung cancer.   

 

Circulating Tumor Cells (CTCs) 

Recent evidence suggests that the metastatic spread from the primary tumour site 

may be an early event in cancer progression and is not its late consequence as 

previously thought [42]. Even before the primary tumor is detected cancer cells can 

invade to adjacent tissues from where they can travel to the lymphatic and blood 

circulation. Tumor cells in blood are known as CTCs [43]. A proportion of CTCs are 

able to extravasate and colonize distant sites by forming micrometastasis; some of 
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them remain dormant, however, many ultimately result in metastatic disease. 

Several methods have been developed to detect and isolate CTCs from peripheral 

blood from patients with solid tumors [44]. CTC numbers in blood appeared to be 

variable also depending on the tumor type studied. However, large numbers of 

CTCs have been detected in breast (upto 30,000 CTCs/7.5 ml blood) and SCLC 

(upto 10,000 CTCs/7.5 ml of blood) [45,46]. Most of the CTC detection methods are 

based on enrichment of CTCs from vast numbers of blood cells and additional 

detection with tumor specific marker [47]. The enrichment of tumor cells can be 

achieved by the virtue of physical properties such as size, density and charge or 

specific biological markers expression on CTCs that are absent on blood cells.  

Currently, the CellSearch (Veridex LLC, Raritan, NJ, USA) system is the only FDA 

approved CTC detection method thus far. CTCs are captured by ferromagnetic 

beads coupled with the epithelial cell adhesion molecule (EpCAM) and are 

subsequently analyzed by immunohistochemistry for presence of cytokeratin 

8,18,19 and absence of the leukocyte specific marker CD45 [47]. A major 

disadvantage of this method is that particularly epithelial CTCs are isolated. 

Therefore CTC detection methods that are based on size, density or charge are 

marker independent and are becoming more popular and are used in parallel to 

CellSearch in various studies [44]. Detection of CTCs is relatively simple and 

provides a non-invasive method with great implications for determining the 

prognosis and predicting the response of therapy of patients with solid tumors 

including lung cancer. Overall high CTC counts were correlated with worse outcome 

whereas patients, with lower CTC counts lived longer. For example, in breast cancer 

5 CTCs/7.5 ml of blood was used as a threshold to determine the prognostic value 

which was also used in many subsequent studies [48]. In SCLC presence of ≥ 2 

CTCs/7.5 ml of peripheral venous blood was found in 75% of patients with limited 

and extensive disease and used as a threshold for low or high CTC numbers 

[49,50]. In parallel these studies also showed the value of using CTC detection for 

predicting treatment outcome.   

 

Scope and aim of the thesis  

A better understanding of the proposed roles of CSCs and EMT in lung cancer 

progression and treatment is important for the development of better prognostic 

markers and targeted therapies. Moreover, the detection of CTC levels in lung 

cancer patients may provide a novel and non-invasive diagnostic and prognostic 

method to predict disease outcome and response to therapy, and EMT occurring in 

the tumor may play a role in facilitating intravasation and the occurrence of CTCs in 
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the blood. Research described in this thesis primarily focuses on investigating the 

role of CSCs and EMT on lung cancer progression.   

 

Outline of thesis   

In chapter 2 we studied the possible involvement of CSCs and EMT in resistance to 

therapy and metastatic spread by employing an in vitro model consisting of 3 SCLC 

cell lines, GLC14, GLC16 and GLC19, representing an untreated, treated and 

progressing tumor from one patient during clinical follow-up, respectively. We 

hypothesized that enrichment of CSCs and induction of EMT is associated with 

disease progression and would be reflected in this unique longitudinal SCLC model. 

Therefore the cell lines were evaluated for the expression of several CSC and EMT 

markers. Their invasive and spheroid forming potential was also tested. 

 

In chapter 3 we used the TGF-β-inducible NSCLC A549 EMT model to study the 

possible effects of EMT on chemosensitivity, migration potential, invasive capacity 

and cancer stem cell properties. Also the effect of TGF-β on the expression of 

several CSC markers was studied and in parallel their capacity to grow as spheroids 

was evaluated as a measure of a CSC phenotype. To confirm in vitro findings, an 

orthotopic mouse model was set up to explore the metastatic spread of 

transpleurally injected parental and TGF-β-induced mesenchymal luciferase 

transfected A549 cells by bioluminescent imaging (BLI) and pathological analyses. 

Also an attempt was made to monitor CTC levels in this model.  

 

In chapter 4 we describe a clinical study in which we aimed to investigate the 

prognostic value of CTCs in SCLC patients and whether changes in CTC number 

are predictive for response to chemotherapy. For this multicenter prospective study 

blood samples were obtained from 59 patients with SCLC before, after one cycle, 

and at the end of chemotherapy. CTCs were measured using Veridex CellSearch 

systems. CTC numbers and disease state (limited or extensive disease) was 

compared with therapy response and overall survival in patients. SCLC is a 

neuroendocrine tumor that is characterized by high numbers of CTCs as determined 

by the CellSearch system.  

 

In chapter 5 we used primary diagnostic biopsy material obtained from SCLC 

patients that enrolled in the CTC study described in chapter 4. The aim of this study 

was to investigate the expression of CSC and EMT markers and their association 

with CTC levels and overall survival in these patients. The biopsies available from 
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38 patients were immunohistochemically stained for the CSC markers CD44 and 

SOX2, the epithelial markers E-cadherin, EpCAM and Cytokeratin 8,18,19 and the 

mesenchymal markers c-MET and Vimentin. Individual and combination of CSC and 

EMT markers expression were compared to previously determined CTC levels and 

overall survival of patients.  

 

In chapter 6 we aimed to study CSCs in the esophageal adenocarcinoma (EAC) 

cell lines OE19 and OE33. Cells were grown as adherent monolayers supplemented 

with FCS and as spheroids in serum free Neurobasal media (NBM) supplemented 

with epidermal growth factor (EGF), basic Fibroblast Growth Factor (bFGF), known 

to enrich for stem cell properties. CSC characteristics were studied by determining 

CSC marker expression, spheroid forming capacity and chemosensitivity. Tumor 

forming capacity was determined by subcutaneous injection of monolayer or 

spheroid cultured cells in NOD/SCID mice. Finally, transcriptional profiles of 

monolayer and spheroid cultured OE19 and OE33 cells and their respective 

xenografts were compared using Illumina platform to identify differences in gene 

expression.   

 

In chapter 7 we reviewed current and novel methods of targeting apoptosis 

pathways in lung cancer. This includes targeting tumor necrosis factor (TNF)-related 

apoptosis-inducing ligand (TRAIL) receptors, BCL-2 family members and apoptosis-

inhibitory proteins (IAPs). Preclinical studies are discussed along with results from 

early clinical trials and future perspectives of apoptosis targeted strategies in lung 

cancer are sketched.  

 

In chapter 8 the experimental results of this thesis are summarized, followed by a 

summarizing discussion on CSCs, EMT and CTCs and the clinical implications as 

well as future directions for research.   
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Abstract  

Small cell lung cancer (SCLC) is characterized by a poor prognosis that is related to 

aggressive tumor growth, tendency to rapidly metastasize and acquisition of chemo-

resistance upon treatment. In this study the involvement of Epithelial to 

Mesenchymal transition (EMT) and cancer stem cells (CSCs) in resistance to 

therapy and metastasis was investigated in GLC14, GLC16 and GLC19 SCLC cell 

lines, representing an untreated, treated and progressing tumor from one patient 

during clinical follow-up, respectively. All cell lines expressed the epithelial markers 

EpCAM and E-cadherin and lacked the mesenchymal markers Vimentin and 

Fibronectin. GLC14, derived from a lymph node metastasis, demonstrated highest 

invasive capacity and spheroid forming potential compared to GLC16 and GLC19 

both derived from the primary tumor. Expression of the CSC markers CD44 and 

SOX2 increased sequentially in GL14, GLC16 and GLC19, suggesting enhanced 

CSC properties during disease progression. CD44 sorted cells obtained from all cell 

lines were enriched for SOX2 expression and demonstrated enhanced spheroid 

forming potential.  In conclusion, we provide evidence substantiating the involvement 

of CSCs during SCLC treatment and disease progression, whereas no involvement 

of EMT could be observed.  
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Introduction  

Lung cancer is a devastating disease and the number of deaths by lung cancer 

alone exceeds that of all other types of cancer-related deaths combined [1].  

Histologically lung cancer can be divided in two main types, non-small cell lung 

cancer (NSCLC) and small cell lung cancer (SCLC). SCLC is the most aggressive 

form of lung cancer, accounting for approximately 8-12% of all cases [2].  In most 

cases at the time of presentation in clinic the tumor is already metastasized to 

distant organs making curation virtually impossible. At initiation of therapy SCLC 

usually is sensitive to traditional chemo- and radiotherapy, however, it soon acquires 

resistance leading to 5-year survival rates of less than 10% of all cases [2].   

 

The cancer stem cell (CSC) model proposes that a fraction of cells in the tumor, the 

CSCs, are the main drivers of tumor formation and progression, and are responsible 

for relapse of disease after treatment [3,4]. In lung cancer several markers for CSCs 

have been reported, including CD133, CD44 and aldehyde dehydrogenase (ALDH) 

activity [5,6]. Alterations in signaling pathways such as Notch, Hedgehog and WNT/ 

β-catenin facilitate transformation of normal cells into cancer initiating cells and 

maintain stemness [5].  Additionally, specific transcription factors, such as SOX2, 

OCT4, NANOG and bone morphogenetic proteins (BMPs) were also linked to self-

renewal potential in lung CSCs [5,6].The stromal cell- derived factor-1 (SDF-1),  also 

known as CXCL12 a ligand for the membrane receptor CXCR4, was identified as a 

CSC marker in NSCLC [7].   

 

CSCs have been mostly studied in NSCLC, whereas the presence of CSCs in SCLC 

has been less well explored. CSCs in SCLC were reported to be enriched in the side 

population (SP) [8] and in CD133 positive cells [9,10]. The SP in SCLC displayed 

enhanced expression of SOX2 and NANOG [11]. CD133 as CSC marker in SCLC is 

somewhat controversial since both CD133+ and CD133– cells could form spheres in 

in vitro assays [9]. In another study CD44 and CD90 positive SCLC cells 

demonstrated enhanced CSC properties together with increased expression of the 

mesenchymal marker Vimentin [12].  

 

Epithelial to Mesenchymal transition (EMT) has been identified as a crucial step in 

tumor invasion and metastasis in different types of solid tumors, including lung 

cancer [13]. EMT was originally described as a reversible process occurring in 

embryogenesis, wound healing and tissue repair, facilitating enhanced migratory 

potential of epithelial cells through the acquisition of mesenchymal properties [14].  



502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore

Chapter 2 

	
24 

EMT is characterized by loss of epithelial markers, such as EpCAM and E-cadherin 

and a gain of mesenchymal markers, such as Vimentin and Fibronectin. Lung 

cancer is an epithelial tumor, however, a small fraction of cells may undergo EMT 

leading to expression of mesenchymal markers and attaining a fibroblast-like 

morphology [15]. EMT can be demonstrated most often in the advancing tumor front 

with cells invading the surrounding normal tissue [16]. EMT induction in several in 

vitro tumor models, including lung cancer, was shown to be mediated by EMT 

transcription factors such as ZEB1, SNAIL, SLUG and TWIST and EMT can be 

induced by exposure of cells to specific cytokines like TGF-β [17,18], however 

evidences of EMT occurring in SCLC are scarce.  

 

Here, we investigated a possible involvement of EMT and CSCs during SCLC 

disease progression in a unique longitudinal SCLC cell culture model.  

 

Materials and Methods  
Cell lines and cell culture  

GLC14, GLC16 and GLC19 cells were derived from the same SCLC patient treated 

at the University Medical Center Groningen in 1984-1986 as described previously 

[19] (see also Figure 1A). Briefly, GLC14 was derived from a resected 

supraclavicular right lymph node (LN) metastasis prior to any systemic treatment. 

After treatment with 5 cycles of cyclophosphamide, doxorubicin and etoposide 

(CDE) a complete response was observed. In July 1985 the tumor relapsed locally 

and 4 cycles of CDE treatment were given. A partial response was observed and 

GLC16 was derived from an endobronchial biopsy. Radiotherapy was given to the 

region of the primary tumor to control tumor growth. In February 1986 the tumor 

relapsed and GLC19 was derived from an endobronchial biopsy. The cell lines were 

cultured in RPMI-1640 medium (Life Technologies, Bleiswijk, The Netherlands) with 

10% FCS (Bodinco, Haarlem, The Netherlands) and maintained at 37°C in a 

humidified incubator supplied with 5% CO2. Spheroid cultures were in Neurobasal 

media (NBM) (Life Technologies) supplied with 2% of B27 supplement (Life 

Technologies), 20ng/ml EGF (R&D systems, Abingdon, UK) and 10ng/ml b-FGF 

(Millipore, Amsterdam, The Netherlands). The human NSCLC cell line A549 treated 

with TGF-β (Peprotech, London, UK) was used as a positive control.  

 
MTS Chemosensitivity assays  

Linearity between cell numbers and absorption and growth curves were determined 

first to optimize MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
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sulfophenyl)-2H-tetrazolium) conditions for the cell lines.  For chemosensitivity 

studies GLC14, GLC16 and GLC19 were plated at 12,500, 25,000 and 45,000 cells, 

respectively, per well in triplicate in 96-wells microtiter plates. After 24h cells were 

incubated with adriamycin (Doxorubicin®, Pharmachemie BV, Haarlem, the 

Netherlands), cisplatin (Accord Healthcare BV, Rijsbergen, The Netherlands), 

etoposide (Vepesid®, Teva Pharma BV, Haarlem, The Netherlands) and taxotere 

(Docetaxel®, Sanofi-Aventis, Gouda, The Netherlands) for 96h after which MTS 

(Promega, Leiden, the Netherlands) was added and absorbance was measured at 

490 nm. 

 

Invasion assay 

Transwell chambers with 6.5mm, 8.0µm pore polycarbonate membrane inserts 

(3422, Corning, Amsterdam, The Netherlands) were used. Inserts were coated with 

collagen type 1 (BD Biosciences, Erembodegem, Belgium) at 370 C and after 

removal blocked with 1% BSA in PBS overnight at 370 C. Cells were harvested and 

dissociated in serum-free RPMI-1640 (RPMI-1640 + 0.1% FCS) and 50,000 cells 

were seeded in the upper chamber. RPMI-1640 + 10% FCS was used as 

chemoattractant in the lower chamber. RPMI-1640 + 0.1% FCS was used as a 

negative control. After 6 hours incubation at 370C membranes were fixed in 75% 

methanol/15% acetic acid, and subsequently stained with Coomassie-blue in 45% 

methanol/10% acetic acid for 10 minutes and invasive cells were quantified by 

microscopic counting.  For each condition, cells in at least three independent fields 

were counted and the average was calculated. 

 
Western blotting  

Western blot analysis was performed as described before [20]. The following primary 

antibodies and dilutions were used: mouse monoclonal E-cadherin 1:1000 (clone 

36/E-cadherin, BD Biosciences), rabbit polyclonal N-cadherin 1:500 (Cell Signaling, 

Bioke, Leiden, The Netherlands), mouse monoclonal Fibronectin 1:1000 (clone 

10/Fibronectin, BD Biosciences), mouse monoclonal Vimentin 1:500 (sc-6260, Santa 

Cruz biotechnology, Bioconnect, Huissen, The Netherlands), mouse monoclonal 

SLUG 1:500 (sc-166476, Santa Cruz biotechnology, Bioconnect), goat polyclonal 

ZEB1 1:200 (sc-10572, Santa Cruz biotechnology, Bioconnect), rabbit polyclonal 

TWIST 1:2000 (Abcam, Cambridge, UK), rabbit polyclonal CXCR4 1:1000 (ab2090, 

Abcam), rabbit polyclonal OCT4 1:1000 (ab19857, Abcam), mouse monoclonal 

SOX2 1:1000 (L1D6A2, Cell Signaling, Bioke), mouse monoclonal β-catenin 1:500 

(clone 14/Beta-Catenin, BD Biosciences). Equal loading of protein was confirmed by 



502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore

Chapter 2 

	
26 

β-Actin staining using 1:10000 (clone C4, ICN Pharmaceuticals, Zoetermeer, The 

Netherlands). The membranes were incubated with primary antibodies at 40C 

overnight and next day washed with Tris–buffered Saline with 0.1% Tween-20 and 

incubated with the appropriate horseradish peroxide (HRP)-labelled secondary 

antibodies (all 1:1000, all from DAKO, Glostrup, Denmark) for 1 hour at room 

temperature. Proteins were visualized by chemiluminiscence using BM 

chemiluminiscence detection kit (Roche Applied Science, Almere, The Netherlands).  

 
Flow cytometry and Fluorescent Associated Cell Sorting (FACS)  

Cells were repeatedly pipetted to generate single cell suspensions. Cells were 

washed with FACS buffer (PBS at pH 7.2 with 0.5% BSA and 2mM EDTA) and 

pelleted by centrifugation. Cells were resuspended in 100µl of FACS buffer and the 

indicated antibodies were added and incubated on a rotary shaker in the dark at 40 C 

for 30 minutes. Cells were washed with cold FACS buffer, centrifuged and 

resuspended in FACS buffer for analysis by flow cytometry FACSCalibur, BD 

Biosciences).  The antibodies used were: mouse monoclonal CD326-APC 1:10 

(HEA-125, Miltenyi Biotech, Leiden, The Netherlands), mouse monoclonal CD133-

PE 1:10 (AC-133, Miltenyi Biotech), mouse monoclonal CD24-FITC 1:10 (ML5, BD 

Biosciences) and mouse monoclonal CD44-PE 1:10 (G44-26, BD Biosciences). 

Corresponding isotype-matched antibodies directly labeled with PE, FITC or APC 

and unstained cells were used as negative controls. Data were analyzed with Flow-

Jo software (Tree Star, Ashland, USA).  

 

For CD44 sorting, cells were stained with CD44-PE as described above and treated 

with DAPI (Life Technologies) for 5 minutes prior to sorting. Unstained cells and PE 

isotype-matched antibody were used as a negative control. Viable CD44+ and 

CD44- cells were sorted for determination of SOX2 expression using MoFlo XDP 

(Beckman Coulter Nederland, Woerden, The Netherlands). An additional second 

sorting with CD44+ and CD44- cells was performed to further enrich for high CD44+ 

and high CD44- cells to evaluate spheroid forming potential. 

 

Spheroid forming assay  

To compare spheroid forming potential, cells were harvested and stained with DAPI 

for 5 minutes prior to sorting. Viable cells were sorted using MoFlo XDP (Beckman 

Coulter Nederland) in 96 well plates at 10, 20, 50 and 100 cells per well containing 

100µl NBM with supplements in triplicates. After 7 days additional fresh NBM with 

supplement was added (100µl) and cells were incubated further for two weeks. The 
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number of spheroids was quantified by counting spheroids with approximately 3-

5mm diameter in each well using 10X magnification of light microscope. The 

spheroid forming potential was calculated as the average number of spheroids 

formed per number of seeded cells per well. Similarly spheroid forming potential of 

high CD44+ and high CD44- sorted cells were determined.  

 

Immunohistochemistry and immunofluorescent staining   

Immunocytochemistry was performed as described previously [21]. The following 

primary antibodies were used for staining: mouse monoclonal E-cadherin 1:100 

(24E10, Cell Signaling, Bioke), mouse monoclonal EpCAM 1:500 (VU1D9, Cell 

Signaling, Bioke), mouse monoclonal Cytokeratins 8-18-19, 1:100 (clone 2A4, 

Abcam), mouse monoclonal SOX2 1:600 (L1D6A2, Cell Signaling, Bioke) and rat 

monoclonal CD44 1:100 (IM7, Biolegend, London, UK). For every staining 

corresponding isotype-matched IgG antibody and PBS was used as negative 

controls. Corresponding secondary and tertiary antibodies conjugated to HRP (all 

from DAKO) were used in 1:100 dilutions. Diaminobenzidine (DAB) was used as a 

chromogen and hematoxyline was used for counterstaining. Images were obtained 

with a Leica DM 300 (Leica, Rijswijk, The Netherlands).  

 

For immunofluorescent staining sorted CD44+ and CD44– cells were cytospined on 

glass slides and processed for SOX2 staining (monoclonal antibody, L1D6A2, 1:100, 

Cell Signaling, Bioke). Rabbit anti-mouse Alexa 488 antibodies 1:100 (Life 

Technologies) was used as secondary antibody and nuclei were stained with DAPI 

1:500 (Life Technologies). Images were taken by immunofluorescence microscope 

equipped with Leica Application Suit software (Leica DM 6000B, Leica).  

 

Statistics 
All experiments were performed independently at least three times. Statistical 

analysis was performed for chemosensitivity, invasive capacity, CSC surface marker 

expression and spheroid forming potential using a double sided, paired or unpaired 

Student t-test. A p-value < 0.05 was considered significant.  

 

Results  

Cell lines    
GLC14, GLC16, and GLC19 represent different stages of disease progression 

during treatment [19] (Figure 1A). Of note, GLC14 was derived from a LN biopsy, 

whereas the other cell lines were derived from primary tumor biopsies. Cells grew in 
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clumps upon cell culturing in regular cell culture medium. GLC14 formed more 

regular, densely packed and somewhat bigger clumps, whereas GLC16 and GLC19 

grew in irregular, loosely packed and smaller clumps (Figure 1B). These growth 

properties are similar as described previously [19]. The three cell lines could also be 

maintained in EGF and b-FGF-supplemented serum-free NBM that is known to 

induce spheroid growth and to facilitate growth of stem-like cells in other tumor 

models [22]. Under these conditions GLC14 cells formed tightly packed regular 

spheroids, whereas the other cell lines formed more irregular, less condensed 

spheroids (Figure 1B).  

Figure 1. Generation and morphological characteristics of the GLC cell lines in culture.

(A) Timeline of the establishment of the GLC cell lines derived from one SCLC patient at different stage of 

disease progression. (B) GLC cell lines grown in RPMI-1640 + 10% FCS or serum-free NBM with 

supplements. 

Chemosensitivity and invasive capacity 

Sensitivity of GLC14, GLC16 and GLC19 for adriamycin, cisplatin, etoposide and 

taxotere was tested. Overall no significant differences in sensitivity to the drugs 

could be observed (data not shown).

The invasive capacity was studied using collagen-coated transwells (Figure 2). 

GLC14 displayed significantly the highest level of basal invasive capacity 

(approximately 30 cells per membrane), whereas GLC16 and GLC19 had lower and 

similar levels of invasive capacity (around 3 to 5 cells per membrane). The addition 

B

A
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of 10% FCS as chemoattractant resulted in a significant 2- to 3- fold increase in 

invasive capacity in all three cell lines. 

Figure 2. Invasive capacity of the GLC cell lines. 
Invasive capacity was examined by transwell assays. GLC14 has significantly higher invasive capacity than 

GLC16 (P<0.001) and GLC19 (P<0.001). All three cell lines displayed significantly higher invasive capacity 

when using 10% FCS as chemoattractant when compared to 0,1% FCS; GLC14 (P<0.001), GLC16 (P<0.05) 

and GLC19 (P<0.05). Data represent the mean ± SD of three independent experiments.

EMT characteristics

Western blot analysis showed that all three cell lines expressed the epithelial marker 

E-cadherin; expression was somewhat stronger in GLC16 and GLC19 (Figure 3A). 

High and comparable expression of EpCAM was observed in all three cell lines as 

determined by flow cytometry (Figure 3B). Similar levels of EpCAM and cytokeratins 

8-18-19 could also be demonstrated by immunohistochemistry (Figure 3C). 

Analyses of expression of the mesenchymal markers showed expression of N-

cadherin at moderate levels in all three cell lines, whereas no expression of 

Fibronectin and Vimentin was observed (Figure 3A). As control, these markers were 

clearly expressed in A549 cells treated with TGF-β, a cytokine known to potently 

induce EMT in these cells [23]. Analyses of EMT transcription factors showed high 

levels of SLUG and TWIST and low levels of ZEB1 in all three cell lines (Figure 3D). 

Overall, the cell lines expressed mainly epithelial markers and no clear differences in Overall, the cell lines expressed mainly epithelial markers and no clear differences in Overall, the cell lines expressed mainly epithelial markers and no clear dif

EMT status were observed between the cell lines.  
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Figure 3. EMT properties in the GLC cell lines. 
(A) Protein expression of E-Cadherin, N-Cadherin, Fibronectin and Vimentin was measured by Western 

blotting. All three cell lines expressed E-cadherin with highest expression in GLC16 and GLC19. From the 

mesenchymal markers examined, only N-Cadherin was detected.  A549+TGF-β served as a positive control 

for EMT marker expression. (B) Cell surface expression of EpCAM measured by flow cytometry was 

detected in all cells with no significant differences. Data represent the mean percentage expression ± SD of 

three independent experiments. (C) EpCAM and Cytokeratins 8-18-19 expression determined by 

immunocytochemistry, showing high levels in all three cell lines. (D) Expression of EMT transcription factors 

SLUG, ZEB1 and TWIST examined by Western blotting revealing no clear differences in expression. β-actin 

was used as loading control.

CSC properties 

All three cell lines expressed the CSC markers β-catenin, CXCR4 and OCT4 at 

similar levels and, interestingly, SOX2 expression progressively increased from 

GLC14 to GLC16 and GLC19 cells (Figure 4A). FACS analyses of CSC specific cell 

surface markers, such as CD44, CD133 and CD24, showed no significant 

differences in the levels of CD133 and CD24 expression between the cell lines 

(Figure 4B). However, CD44 expression was significantly enhanced in GLC19 

compared to the low levels in GLC14 and moderate level in GLC16 cells. GLC16 

demonstrated significantly higher CD44 expression than GLC14  (Figure 4B).  

Testing of the spheroid forming potential of the cell lines revealed GLC14 to be most 

potent (~11%) followed by GLC19 (~6%) and GLC16 cells (~3%). Spheroid 

formation was proportional to the number of seeded cells for each cell line (Figure 
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4C). Amongst GLC16 and GLC19, the latter showed significantly higher spheroid 

forming potential. 

Figure 4. CSC characteristics of the GLC cell lines.
(A) β-catenin, CXCR4, OCT4 and SOX2 expression was evaluated by Western blotting. β-actin was used as 

loading control. Increasing levels of SOX2 were seen. (B) Cell surface expression of CD44, CD133 and 

CD24 was measured by flow cytometry. GLC19 showed significantly higher expression of CD44 compared to 

GLC14 (P<0.05) and GLC16 (P<0.05). GLC16 cells had significantly higher expression of CD44 compared to 

GLC14 (P<0.05) Data represents mean percentage expression ± SD of three independent experiments. (C) 

Spheroid forming potential of GLC cell lines. GLC14 cells displayed highest spheroid forming potential when 

compared with GLC16 (P<0.01) and GLC19 (P<0.05). GLC19 showed significantly higher spheroid forming 

potential compared to GLC16 cells (P<0.01). Data represent mean ± SD of three independent experiments. 

Association of CD44 and SOX2 expression with increased spheroid forming 

potential  
The relation between CD44 and SOX2 expression and spheroid forming potential 

was further investigated. Cells positive for CD44 (CD44+) and negative for CD44 

(CD44-) were sorted (Figure 5A) and stained for SOX2 expression. The CD44+ cells 

were mainly associated with SOX2 expression in all cell lines, as shown for GLC16 
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cells (Figure 5B).  Furthermore, sorted CD44+ cells from all three cell lines showed 

enhanced spheroid forming potential compared to CD44- cells. In GLC14 

approximately 8% of CD44+ cells formed spheroids compared to ~4% in CD44-

cells. Similarly in GLC16 approximately 7% CD44+ cells formed spheroids 

compared to ~4% in CD44- cells. In GLC19, approximately 6% of CD44+ cells 

formed spheroids compared to only ~1.5% in CD44- cells. Overall, CD44+ cells have 

a 2- to 4-fold increase in spheroid formation potential compared to CD44- cells 

(Figure 5C). 

Figure 5. Association of CD44 and SOX2 expression, and spheroid forming potential of CD44+ sorted 
GLC cells. 

(A) CD44 + and CD44- cells were sorted using CD44-PE and DAPI to differentiate between viable and dead 

cells. Upper panel: representative picture of gating and sorting of CD44+ and CD44- cells from GLC16 cells. 

Lower panel: an additional second sorting of CD44+ and CD44- cells was performed for spheroid forming 

potential assay. (B) Double fluorescent staining for CD44 and SOX2 by immunofluorescent microscopy. 

CD44+ cells show higher SOX2 expression than CD44-cells (representative pictures of GLC16). (C) 

Spheroid forming potential of sorted CD44+ cells of GLC14, GLC16 and GLC19 showed a significant two- to 

four-fold higher spheroid forming potential when compared to CD44- cells (P<0.01, P<0.05 and P <0.001 

respectively). Data represent average percentage of spheroid forming potential ± SD from three independent 

experiments.
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Discussion  

In the present study a unique model consisting of three consecutive SCLC cell lines 

derived from one patient during treatment and clinical follow-up was used to explore 

the possible involvement of EMT and CSCs in SCLC disease progression. During 

this period the tumor changed from sensitive to clinically completely resistant to 

(chemo)therapy. GLC14, GLC16 and GLC19 were previously shown to match the 

corresponding patient biopsies with respect to their morphological, biochemical and 

immunohistochemical characteristics [19]. However, in agreement with previous 

studies [19,24] overall no significant differences in chemosensitivity were observed 

between the cell lines in vitro. Thus, the cell lines derived from sequential biopsies at 

different stages of disease progression did not reflect the resistance profile seen in 

the clinic.  

 

Interestingly, we found that pre-treatment LN derived-GLC14 cells showed 

significantly higher invasive capacity and enhanced spheroid forming potential, when 

compared to GLC16 and GLC19 derived from primary endobronchial tumor sites at 

later stages of disease. Of the different CSC markers that we examined in the GLC 

cell panel, CD44 and SOX2 showed distinct expression patterns. GLC14 expressed 

the lowest levels of CD44 and SOX2, GLC16 expressed intermediate levels and 

GLC19 expressed highest levels. This could be taken as evidence for the notion that 

according to the CSC model the number of CSCs in the tumor will increase as a 

result of high therapy resistance and failure to eliminate CSCs. However, as 

mentioned earlier, no difference in chemosensitivity between the cell lines was 

observed. This suggests that therapy resistance does not necessarily correlate with 

the presence of CSC properties in cells. In agreement with the CSC hypothesizes 

we observed stronger spheroid forming potential in primary tumor-derived GLC19 vs 

GLC16 cells. Surprisingly, metastatic LN- derived GLC14 cells had the highest 

spheroid forming potential and are likely driven by a different CSC population that is 

not characterized by CD44 and SOX2 expression. This is in accordance with the 

notion that heterogeneity also exists in the CSC compartment and the proposed 

existence of migrating/metastatic CSC that differ from the CSCs in the primary tumor 

[13,25]. Taken together, the increased levels of CD44 and SOX2 expressed in 

GLC19 cells compared to GLC16 may still be indicative for the acquisition of 

enhanced CSC properties during SCLC treatment in the primary tumor. Of note, 

previously SOX2 expression has been correlated with a worse prognosis in SCLC 

patients [26,27].  
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CD44+ sorted cells were associated with high SOX2 expression and enhanced 

spheroid forming potential in all three cell lines. From this we may assume that 

GLC14 cells also contain a CSC population that is associated with CD44 and SOX2 

expression. Indeed, CD44+ sorted cells from all three GLC cell lines had 2- to 4-fold 

enhanced spheroid formation potential when compared to CD44- counterparts. Our 

findings appear reminiscent to an earlier report on NSCLC cells, which showed that 

CD44+ NSCLC cells also are enrichment for SOX2 expression and display 

enhanced spheroid forming potential [28].  

 

No evidence indicating a possible role for EMT in determining the invasive capacity 

of the cells was found in this study. GLC14, GLC16 and GLC19 showed similar 

expression patterns of epithelial and mesenchymal markers. Whereas evidence for 

the occurrence of EMT in association with local invasion and distant metastasis has 

been demonstrated in several tumor types [17,29,30] this has been hardly 

addressed in SCLC. Recently, EMT was reported to be induced in the human SCLC 

cell line NCI-H69 by HGF-mediated c-MET receptor activation, and treatment with 

the c-MET inhibitor crizotinib prevented EMT [31]. In addition, enhanced expression 

of Vimentin and SNAIL correlated with worse prognosis in a cohort of SCLC 

patients. In another study, subpopulations with varying EMT marker expression were 

found in NCI-H69 cells suggesting heterogeneity in the ability of tumor cells to 

undergo EMT [32]. Furthermore, high numbers of circulating tumor cells (CTCs) and 

circulating tumor microemboli (CTM) have been measured in blood of SCLC patients 

[33,34] and analyses revealed cells with heterogeneous expression of EMT markers 

[35]. Further, it should be noted that most of the evidence for EMT in tumors relies 

on in vitro investigations and correlation studies between EMT markers and clinical 

outcome in patients [15].  Unfortunately, biopsy material of which the GLC cell lines 

were derived is not longer available and therefore examination of the EMT status in 

the actual tumor samples is not possible. We found GLC14 cells to have the 

strongest invasive capacity in vitro and this may reflect their metastatic origin and 

associated genetic changes with such a phenotype that is independent of EMT.    

 

Finally, it is likely that primary material derived cells upon culturing on plastic will 

acquire differences or select for a subset of cells and therefore not fully represent 

the original tumor. Therefore the chemosensitivity profiles of the cell lines may not 

mimic the sensitivity seen in the clinic. Discrepancies may also involve the absence 

of stromal cells and microenvironment under cell culture conditions. The 

microenvironment is known to have an impact on drug sensitivity [36]. Additionally, 
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EMT is mainly regulated by signals originating from the extracellular matrix and the 

microenvironment, which also play crucial roles in maintenance of the CSC 

population [37], which would be difficult to mimic in in vitro settings. 

 

In conclusion, LN-derived GLC14 cells where most invasive and exhibited the 

highest spheroid forming potential. GLC16 and GLC19 derived from the primary 

tumor displayed progressive expression of CD44 and SOX2 and spheroid forming 

potential suggesting increased CSC properties of the tumor during progression of 

SCLC.   
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Abstract  

 
TGF-β is a potent inducer of Epithelial to Mesenchymal transition (EMT) in different 

tumor types, including non-small cell lung cancer (NSCLC). The acquisition of 

mesenchymal properties of tumor cells has been associated with an enhanced 

migratory and invasive capacity. In this study we used the TGF-β-inducible NSCLC 

A549 EMT model to study the possible effects of EMT on chemosensitivity, migration 

potential, invasive capacity and cancer stem cell properties. TGF-β-induced EMT in 

A549 cells was confirmed by the loss of epithelial markers EpCAM and E-cadherin 

and the gain of the mesenchymal markers Fibronectin and Vimentin. In cytotoxicity 

assays mesenchymal A549 cells were more resistant to cisplatin and showed 

enhanced migration and invasion potential as assessed by wound healing and 

transwell assays. Furthermore, mesenchymal A549 cells demonstrated increased 

spheroid forming potential in serum-free medium that coincided with enhanced 

expression of the known stem cell markers OCT4 and SOX2. Finally, an orthotopic 

mouse model was set up to explore the metastatic spread of transpleurally injected 

parental and TGF-β-induced mesenchymal luciferase-transfected A549 cells (A549-

luc). Our preliminary comparative experiments detected high levels of metastatic 

spread in A549-luc injected cells that was not enhanced by pretreatment with TGF-β.   

In conclusion, our data indicate that mesenchymal A549 cells are more aggressive 

than their epithelial counterparts as demonstrated by the increased chemoresistance, 

higher migration and invasion potential and enhanced CSC properties in vitro.  
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Introduction 

Lung cancer is the leading cause of cancer related deaths worldwide, being 28% of 

all male and 26% of all female death [1]. According to cancer statistics 2014, the 

estimated new cases of lung cancer in the USA of males and females are 116,000 

and 108,210 respectively, which is second highest after prostate and breast cancer 

[1]. Histologically lung cancer is divided into non-small cell lung cancer (NSCLC) and 

small cell lung cancer (SCLC). NSCLC attributes to 85-90% of lung cancer cases and 

is characterized with a high rate of metastasis and relative resistance to 

chemotherapy and radiotherapy. Surgical resection of the tumor is considered the 

best option for NSCLC treatment, which can ultimately be achieved in approximately 

25% of cases only, due to the usually late clinical presentation of patients [2]. 

Usually, at time of diagnosis the tumor has already metastasized and the efficacy of 

applied chemotherapy is limited leading to 5-year survival rates of less than 5%. 

Recent advances in therapy such as the use of EGFR and ALK inhibitors have 

improved these five-year survival rates by 4-5% [3].  

Epithelial to Mesenchymal transition (EMT) is a physiological process occurring 

during early embryogenesis and wound healing as well as in the metastatic spread of 

malignant cells in order to facilitate cell migration [4]. Hallmarks of EMT are loss of E-

cadherin expression, loss of cell-cell junctions and cytoskeletal reorganization leading 

to the acquisition of a mesenchymal phenotype [5]. In cancer EMT has been 

implicated to facilitate the detachment of tumor cells from the primary site to 

subsequently enter the invasion- metastasis cascade. In this process intravasation of 

tumor cells takes place from primary sites to the blood or lymphatic circulation. At 

distant sites tumor cells can extravagate and colonize tissues resulting in tumor 

micrometastasis that can develop to macroscopic metastatic lesions [6]. Furthermore, 

activation of EMT in cells has been associated with the enrichment of cancer stem 

cell (CSC) properties [7]. Several transcription factors are involved in regulating EMT 

such as SNAIL, SLUG, TWIST and ZEB1 by modulating the expression of specific 

genes including the repression of E-cadherin [4]. EMT transcription factors are also 

controlled by external stimuli coming from the microenvironment such as FGF, IGF, 

EGF and TGF-β [8]. TGF-β regulates several biological processes that are important 

in cancer progression such as proliferation, apoptosis, and angiogenesis and is a 

major extracellular factor regulating EMT in vitro and in vivo [9,10]. 

 

In the NSCLC A549 cells treatment with TGF-β is known to potently induce EMT that 

is characterized by downregulation of epithelial markers such as E-cadherin and 

cytokeratins and upregulation of mesenchymal markers Fibronectin and Vimentin 
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[11]. Induction of EMT has been previously associated with enhanced 

chemoresistance and anti-apoptotic phenotypes in solid tumors [8].  

 

In the present study we used the TGF-β-inducible A549EMT model to explore the 

involvement of EMT in chemosensitivity, migration, invasion and CSC properties. 

Further, we employed a luciferase transfected A549 orthotopic mouse model (A549-

luc) to evaluate tumor growth and metastatic spread of epithelial and mesenchymal 

A549 cells and also attempted to detect circulating tumor cells (CTCs) in the blood of 

these mice using Bioluminescent imaging (BLI).  

 

Material and Methods 

           Cell lines, cell culture and chemicals 
NSCLC A549 cells (American Type of Culture Collection, ATCC, Manassas, USA) 

and A549-luc cells (PerkinElmer, Waltham, USA) were cultured as monolayers in 

RPMI-1640 medium (Life Technologies, Bleiswijk, The Netherlands) supplemented 

with 10% FCS (Bodinco, Haarlem, The Netherlands). Cells were maintained at 37°C 

in a humidified chamber supplied with 5% CO2 and regularly tested for authenticity 

by short tandem repeats (STR) profiling and for mycoplasma infection. A549-luc cells 

were purchased from Caliper Life Sciences (Hopkinton, Ma, USA) and were 

maintained in a similar way. 

 

A549 cells were treated with 10ng/ml of TGF-β for the indicated times (Peprotech, 

London, UK) to induce EMT. For spheroid culturing A549 cells were cultured in 

Neurobasal media (NBM) (Life Technologies, Bleiswijk, The Netherlands) supplied 

with 2% of B27 supplement (Life Technologies, Bleiswijk, The Netherlands), EGF 

20ng/ml (R&D systems, Abingdon, UK) and b–FGF 10ng/ml (Millipore, Amsterdam, 

The Netherlands) in presence and absence of TGF-β. For prolonged culturing media 

was refreshed every 7 days. 

 

When indicated cells were treated with a small molecule inhibitor of the TGF-β 

receptor, A83-01 (Axon Medchem, Groningen, The Netherlands). The inhibitor was 

added at a concentration of 0.5µM 4 hrs prior to the addition of TGF-β. 

 

Western blotting  

Western blot analysis was performed as described before [12]. To study EMT the 

following primary antibodies were used: mouse monoclonal E-cadherin 1:1000 (clone 

36/E-cadherin, BD Biosciences, Breda, The Netherlands), mouse monoclonal 
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Fibronectin 1:1000 (clone 10/Fibronectin, BD Biosciences) and mouse monoclonal 

Vimentin 1:500 (clone sc-6260, Santa Cruz biotechnology, Bioconnect, Huissen, The 

Netherlands). To study CSC marker expression the following primary antibodies were 

used: rabbit polyclonal OCT4 1:1000 (ab19857, Abcam, Cambridge, UK) and mouse 

monoclonal SOX2 1:1000 (clone L1D6A2, Cell Signaling, Bioke, Leiden, The 

Netherlands). Equal loading of protein was confirmed by β-Actin staining using 

1:10000 (clone C4, ICN Pharmaceuticals, Zoetermeer, The Netherlands). The 

membranes were incubated with primary antibodies overnight at 40C and next day 

washed 3x for 5 minutes with Tris-buffered saline with and 0.1 % Tween-20 (TBST, 

pH 8.0) and incubated with the appropriate horseradish peroxidase (HRP)-labeled 

secondary antibody (all 1:1000, all from DAKO, Glostrup, Denmark) for 1 hr at room 

temperature. Proteins were visualized by chemiluminiscence using BM 

chemiluminiscence detection kit (Roche Applied Science, Almere, The Netherlands). 

Experiments were performed at least three times. 

 

Chemosensitivity assays  

For chemosensitivity testing A549 cells were seeded at 5,000 cells in 100µl 

RPMI+10% FCS medium per well in quadruplicate in 96-wells microtiter plates. TGF-

β-treated cells were maintained in 10ng/ml TGF-β. After 24 hrs cells were incubated 

with increasing concentrations of cisplatin (Accord Healthcare BV, Rijsbergen, The 

Netherlands) in a total volume of 200µl for a further 4 days. Next, 20µl of 5 µg/µl MTT 

solution (3-(4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide) (Sigma-

Aldrich, Zwijndrecht, The Netherlands) was added to each well for 225 minutes. 

Plates were centrifuged and media (supernatant) was carefully removed from the 

wells and formazan crystals were dissolved in 200µl of DMSO. The absorbance was 

measured at 520 nm with an iMark Microplate Absorbance Reader (Bio-Rad 

laboratories, Veenendaal, The Netherlands). Controls consisted of medium without 

cells (background) and cells incubated with medium without drugs (growth control). 

At least three independent experiments were performed. 

 

Migration assays 

Cell migration potential was determined by using a wound-healing assay. For this, 

50,000 A549 and A549+ TGF-β cells were seeded in 6-well plates for 72 hrs. Upon 

confluency a scratch was made at the center of the well using a 10µl pipette tip and 

after washing with PBS fresh media was added, with or without 10ng/ml TGF-β. 

Photographs of wound closure were taken at time point 0 hrs, 4 hrs, 8 hrs and 24 hrs 

with a light microscope at 10X magnification (Leica DM 3000 Rijswijk, The 
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Netherlands) and ‘wound closure’ was measured and analyzed by image J software 

(National Institute of Health, NIH, Bethesda USA). Experiments were performed three 

times.  

 

Invasion assays 
Cell invasion capacity was determined using Transwell chambers with 6.5mm, 8.0µm 

pore polycarbonate membrane inserts (3422, Corning, Amsterdam, The 

Netherlands). Inserts were coated with 30µg/ml of collagen type-1 (BD Biosciences) 

in PBS for 1 hr at 370 C. Collagen was removed and inserts were blocked with 1% 

BSA in PBS overnight at 370 C. A549 and A549+ TGF-β cells were trypsinized, and 

resuspended in low serum RPMI 1640 (RPMI-1640+ 0.1% FCS) and 50,000 of both 

types of cells were seeded in the upper chamber of the transwell. In the lower 

chamber RPMI-1640 supplied with 10% FCS was used as a chemoattractant. RPMI-

1640+ 0.1% FCS was used as a negative control. After 6 hrs of incubation at 370 C, 

membranes were fixed in 75% methanol/15% acetic acid, and subsequently stained 

with coomassie-blue in 45% methanol/10% acetic acid for 10 minutes and invasive 

cells were quantified by microscopic counting.  For each condition, cells in at least 

three independent fields were counted and the average was calculated. Experiments 

were performed for at least three times (and average of all experiments were plotted 

as mean+/- SD). 

 
Flow cytometry  

Cells were harvested and washed with FACS buffer (PBS at pH 7.2 with 0.5% BSA 

and 2mM EDTA) and pelleted by centrifugation. After resuspending cells in 100µl of 

FACS buffer, cells were stained with mouse monoclonal CD326 (EpCAM)-APC 1:10 

(clone HEA-125, Miltenyi Biotech, Leiden, The Netherlands) and incubated on a 

rotary shaker in the dark for 30 minutes at 40 C. Corresponding isotype-matched 

antibodies directly labeled with APC and unstained cells were used as negative 

controls. After incubation cells were washed with cold FACS buffer, centrifuged and 

resuspended in FACS buffer for analysis by flow cytometry (BD FACSCalibur, BD 

Biosciences). Data were quantified and analyzed with WinList (Verity Software 

House, Topsham, USA). 

 

Cell sorting and spheroid formation assay  
A549 cells were grown in NBM with or without 10ng/ml TGF-β for five days and 

subsequently centrifuged, trypsinized, washed with PBS and resuspended in NBM. 

Cells were treated with DAPI (Life Technologies Bleiswijk, The Netherlands) for 5 
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minutes and processed for cell sorting using the MoFlo XDP (Beckman Coulter, 

Woerden, The Netherlands). Defined numbers of cells  (10, 20, 50 and 100) were 

seeded in 96 well plates in triplicates with 100µl of either supplemented NBM or 

NBM+ 10ng/ml TGF-β. Plates were incubated for 7 days, and after adding 100µl 

additional fresh NBM or NBM+ TGF-β plates were incubated for a further 7 days. The 

number of spheroids identified as floating aggregates with approximately 3-5mm 

diameter in size was counted from each well using 10X magnification of light 

microscope.  The spheroid forming potential was calculated as the average number 

of spheroids formed per number of seeded cells per well. Experiments were 

performed at least three times and average of all experiments were plotted as mean 

+/- SD). 

 

A549-luc orthotopic mouse model 

Studies in mice were approved by the institutional ethics committee for animal 

research of the University of Groningen and executed in accordance with the 

regulations of Dutch law on animal welfare. NOD-SCID IL2-γ mice (6-8 weeks) bred 

at the central animal facility of the institute were used. Animals were fed at libitum 

and kept under sterile conditions in ventilated cages. Animals were divided in two 

groups; the first group was injected with 0.5*106 epithelial A549-luc (n=4) and the 

second group with 0.5*106 mesenchymal A549-luc+ TGF-β cells (n=4). Cells were 

transpleurally injected in the lungs as described previously [13]. Briefly, animals were 

anaesthetized, rested on their right lateral decubitus, shaved at left scapula to make 

visible their chest skin. A small 2-cm long skin incision was made below the left 

scapula, a chest muscle was removed and costal layer and ribs were located. Tumor 

cells in a 1:1 solution containing of culture medium and matrigel (BD Biosciences) in 

a final volume of 20µl were directly injected through the intercostal space into the 

lung at a depth of 3mm. Skin was sutured and animals were recovered and placed in 

separate cages for the first week, followed by pair-wise housing. Tumor development 

and metastatic spread was determined once a week by BLI using Xenogen platform 

(PerkinElmer, Waltham, USA). For this mice were intraperitonially injected with 100ul; 

150mg/kg D-luciferine K+ salt bioluminescence substrate (PerkinElmer, Waltham, 

USA) and the BLI signal was measured after 5 minutes.  

 

For CTC detection, approximately 100µl of blood was collected in heparin containing 

vials by cheek puncture once weekly, starting two weeks after tumor cell injections. 

For quantification of CTC levels, BLI with increasing amounts of A549-luc cells were 

performed. Increasing amounts of previously generated PC-3 luc cells were used as 
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a positive control [14]. All animals were sacrificed at 7th weeks after orthotopic 

injections, when one animal from the A549-luc group showed difficulty in breathing 

and sudden loss of weight. All animals were subjected to a final BLI and peripheral 

blood (approximately 500µl) was collected through tail vein puncture for final CTC 

count. Animals were dissected and both lungs were recovered for BLI to measure 

primary tumor load and loco-regional invasion. For detection of distant metastatic 

spread liver, testis, kidneys, heart, brain, skin and ribs were recovered and their BLI 

signals were measured.  

 

Statistics 

All experiments were performed at least three times independently. Statistical 

analysis was performed for chemosensitivity, migration potential, invasive capacity, 

spheroid forming potential and for animal experiment to quantify primary and whole 

body tumor load by BLI using a double-sided, paired Student t-test. A p-value < 0.05 

was considered significant.  

 

Results 

TGF-β-induced EMT in A549 cells 
 A549 cells were treated with 10ng/ml of TGF-β and after 72 hrs cells showed a 

stretched fibroblast-like phenotype and grew more dispersed than the untreated cells 

that formed cobblestone-like tightly packed confluent monolayers (Figure 1A). The 

growth rate of TGF-β treated cells was somewhat reduced after 2-3 days compared 

to untreated A549 cells and returned to normal at later time points (Supplementary 

figure 1). The mesenchymal-like phenotype of TGF-β-treated cells was further 

confirmed by determining the expression of different epithelial and mesenchymal 

markers. Flow cytometry analysis showed high expression of the cell surface 

epithelial marker EpCAM (CD326) in A549 cells that was strongly reduced in A549+ 

TGF-β cells (Figure 1B). In addition, we also examined the effect of long term TGF-β 

exposure by maintaining these A549 EMT cells under a 5ng/ml TGF-β concentration 

for at least three passages and observed the same fibroblast-like morphology (not 

shown). However, culturing of these cells in the absence of TGF- β resulted in a 

gradual reversion (within next two passages) to an epithelial morphology, showing 

similar levels of EpCAM expression as parental A549 cells (not shown), indicating 

reversibility of EMT upon TGF-β removal. In western blot analysis A549 cells treated 

with TGF-β showed a time dependent decrease in expression of epithelial E-cadherin 

and increase in expression of the mesenchymal markers Fibronectin and Vimentin 

(Figure 1C). An almost complete loss of E-cadherin expression in A549 cells was 



502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore

Chapter 3

47

observed after 72 hrs of TGF-β treatment while Fibronectin and Vimentin expression 

was high indicative of a mesenchymal phenotype. This exposure time was used in 

the further experiments to obtain mesenchymal A549+ TGF-β cells.  Furthermore, 

pretreatment of A549 cells with the small molecule inhibiter A83-01, a potent blocker 

of the TGF-β type I receptors ALK4, ALK5, and ALK7 effectively prevented TGF-β-

induced EMT as indicated by the marker expression profile [15] (Figure 1D).

Figure 1: TGF-β induces EMT in A549 cells. 
(A) Morphological differences between A549 and A549+ TGF-β treated cells the later showing a more 

elongated, spindle shaped and dispersed phenotype. (B) Cell surface expression of EpCAM as measured by 

flow cytometry in A549 and in A549+ TGF-β treated cells. A549 cells showed high expression of EpCAM 

compared to A549+ TGF-β treated cells. (C) Protein expression of E-cadherin, Fibronectin and Vimentin was 

determined by western blotting. A549+ TGF-β treated cells showed a time dependent downregulation of E-

cadherin and upregulation of Fibronectin and Vimentin. (D) Protein expression of E-cadherin, Fibronectin and 

Vimentin in A549 cells and treatment with TGF-β in presence or absence of the inhibitor A83-01. Treatment of 

A83-01 abrogated the TGF-β induced EMT in A549 cells. 

Mesenchymal A549 cells have enhanced chemoresistance, migration potential 

and invasion capacity

In order to examine possible differences in chemosensitivity we tested cisplatin 

sensitivity in A549 and A549+ TGF-β cells using the MTT assay. A549+ TGF-β cells 

were significantly more resistant (p=0.01) when compared to A549 cells (Figure 2A). 

A B

C D
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Next, the migration potential of A549 and A549+ TGF-β cells was examined by use of 

the wound-healing assay. Wound closure was determined at different time points (0, 

4, 8 and 24 hrs) and A549+ TGF-β cells showed significant enhanced migration 

potential when compared to A549 cells at all time points (Figure 2B). Quantification of 

the results showed that A549+ TGF-β cells had an approximately two-fold higher 

migratory capacity when compared to A549 cells at 4 (p=0.05) and 8 hrs (p=0.007).  

At 24 hrs the scratch was almost closed in A549+ TGF-β cells, whereas in the 

untreated A549 cells the scratch was still visible (Figure 2B, C). The invasive capacity 

of A549 and A549+ TGF-β was tested using collagen coated transwell chambers. 

A549+ TGF-β cells displayed enhanced invasive capacity when compared to A549 

cells (Figure 2D, E). The basal level of invasion (0.1%FCS) of A549+ TGF-β cells 

was approximately 4-fold higher than of parental A549 cells (p<0.001) and the 

invasive capacity was further enhanced in the presence of 10% FCS as 

chemoattractant (Figure 2D, E).  

 

TGF-β induced EMT enhanced CSC properties in A549 cells  

Next we addressed whether mesenchymal A549 cells may have altered CSC 

properties when compared to epithelial counterparts. For testing this we employed 

the spheroid formation assay by culturing the cells under serum-free supplemented 

NBM that previously in other studies was found to select for less differentiated cells 

having stem cell-like features [16]. Upon culturing cells in supplemented NBM for 14 

days we noted that TGF-β exposed A549 cells had a higher spheroid forming 

capacity than their untreated epithelial counterpart that mostly formed adherent 

colonies and only few spheroid-like aggregates (Figure 3A). The spheroid forming 

potential of A549 and A549+ TGF-β cells was further determined by seeding different 

numbers of cells (10, 20, 50 and 100 cells). Cells grown in the presence of NBM+ 

TGF-β had a spheroid forming potential ranging approximately from 6-10% compared 

to around 3% in the A549 cells grown in the absence of TGF-β (Figure 3B). Spheroid 

forming potentials were significantly different for A549 and A549+ TGF-β cells at all 

cell densities (p=0.003, 0.008, 0.02 and p<0.001, for 10, 20, 50 and 100 cells per 

well, respectively). Furthermore, we also tested the expression of the CSC markers 

OCT4 and SOX2 under these two culture conditions by western blotting. A549 cells 

grown in supplemented NBM+ TGF-β showed clearly higher expression of OCT4 and 

SOX2 compared to the cells grown only in NBM (Figure 3C).  

 

Tumor growth and metastatic spread of A549-luc and A549-luc+ TGF-β cells in 

an orthotopic mouse model 
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We proceeded by exploring whether the differences in invasive potential and CSC 

properties observed in vitro between A549 and A549+ TGF-β would also be relevant 

for tumor formation and metastatic spread in an in vivo setting. Therefore, a pilot 

experiment was performed employing an orthotopic mouse model in which growth

Figure 2: Cisplatin sensitivity, migration and invasion capacity in A549 and A549+ TGF-β cells.
(A) Cisplatin sensitivity was measured by MTT assays showing significant higher resistance of A549+ TGF-β

cells.  (B) Migration potential of A549 and A549+ TGF-β cells was determined by wound healing assay. 

A549+ TGF-β cells showed enhanced wound closure activity as compared to A549 cells. (C) Quantified data 

of migration potential (D) Invasion capacity of A549 and A549+ TGF-β by transwell assays showed that 

A549+ TGF-β cells had higher invasive capacity then A549 cells. Representative pictures are shown. (E) 

Quantified data of invasion capacity. All the experiments were performed for at least three times and average 

of all experiments were plotted as mean+/- SD. 

B C

D E

A
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and metastatic spread of transpleural injected A549-luc cells could be studied, as 

previously described by Mordant et al [13]. First, following treatment of A549-luc cells 

with TGF-β for 72 hrs downregulation of E-cadherin and upregulation of Fibronectin 

and Vimentin were observed confirming similar EMT induction as earlier 

demonstrated in parental A549 cells (Figure 4A). Then A549-luc or TGF-β-treated 

A549-luc cells were transpleurally injected into the left lung of the NOD-SCID IL2-γ

mice. Removal of the skin of the left flank of an animal and subsequent transpleural 

injection between the upper 2e and 3e ribs is shown in Figure 4B. One mouse in the 

untreated A549-luc group died within 2 weeks after injection, likely due to the surgical 

procedure.

Figure 3: TGF-β –treated A549 cells display enhanced CSC properties. 

(A) Cell morphology of A549 cells grown in the absence or presence of TGF-β in NBM, indicated that TGF-β

treatment greatly stimulated the spheroid growth of A549 cells.  (B) Limiting dilution assays showing 

significantly enhanced spheroid forming potential of TGF-β exposed A549 cells.  The mean +/- SD of three 

independent experiments is indicated. (C) Protein expression of OCT4 and SOX2 was increased in A549 cells 

grown in NBM+ TGF-β medium compared to cells grown in the absence of TGF-β. 

All animals were monitored by BLI at different times post-injection and tumor growth 

in the left lung was detected in all animals (Figure 4C). In the animals a gradual 

increase in BLI signals upto week 6 post-injection was detected. At week 6, dorsal 

imaging showed metastatic spread to the right lung and in the thoracic cavity in all 4 

animals of the A549-luc+ TGF-β group in addition to primary tumor growth in the left 

A

B C
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lungs (Figure 4D). However, one mouse in the A549-luc group showed extensive 

tumor growth and distant metastasis in the left femoral bone that was not seen in the 

other two animals. In one animal from the A549-luc+ TGF-β group also metastasis to 

the left femoral bone was detected (Figure 4C, D). 

 

Quantification of the BLI signal of the primary tumor and whole body tumor load in 

this pilot experiment was not possible due to the large variation in signal in 

combination with the small numbers of animals. Pathological examination of the 

animals confirmed massive tumor growth at the primary site and in the right lung. 

Metastatic lesions in the liver were also found in all animals. A representative 

photographic image and the corresponding BLI levels of the left lung (primary), right 

lung (loco-regional invasion) and liver (distant metastasis) are depicted from an 

A549-luc mouse (Figure 5A). Distant metastatic sites such as in kidneys, brain and 

adrenal glands were found by BLI in the resected organs (Figure 5B). Taken 

together, the A549-luc model allows the study of metastatic spread. In this pilot 

experiment no differences in tumor growth and spread could be detected between 

the A549-luc and A549-luc+ TGF-β injected animals. 

 

An attempt was made to monitor the number of CTCs in the animals. Peripheral 

blood was collected biweekly starting from 2nd week post-injected animals for BLI 

measurements to detect the possible presence of CTCs. In vitro BLI measurements 

on different numbers of A549-luc cells showed the ability to detect around 50 tumor 

cells in suspension. However, we did not detect BLI signals in any of the blood 

samples of the animals, even not in a larger volume of peripheral blood 

(approximately 500µl) collected when animals were sacrificed (see supplementary 

Figure 2).  

 

Discussion 

In this study we employed the TGF-β inducible A549-EMT model to explore the effect 

of EMT on different tumorigenic properties such as chemosensitivity, migration 

potential, invasive capacity and CSC properties. After confirming TGF-β-induced 

EMT in A549 cells by showing morphological changes and loss of epithelial and gain 

of mesenchymal markers, we found that mesenchymal A549 cells have enhanced 

resistance for cisplatin a drug that is frequently used to treat NSCLC. Although TGF-

β treatment induced a growth delay after 2-3 days, which may contribute to reduced 

sensitivity for cisplatin, at earlier and later time points cell growth was similar to 

untreated A549 cells. Cisplatin resistance may thus be associated with a 
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mesenchymal phenotype. Evidence for therapy resistance in cells undergoing EMT 

was recently provided by other researchers showing that modulation of the 

expression of specific mircoRNAs, including miRNA17 and miRNA10a, which both 

regulate TGF-β signaling can reverse cisplatin resistance in generated resistant A549

Figure 4: Metastatic spread and effect of TGF-β in the A549-luc orthotopic mouse model. 
(A) TGF-β effectively induced EMT in A549-luc cells as demonstrated by western blotting. E-cadherin 

expression decreased and Fibronectin and Vimentin expression was enhanced by TGF-β exposure (72 hrs). 

(B) Illustration of surgical procedure to expose the left site ribs (black arrow) and transpleural injection (white 

arrow) of the A549-luc cells. For details see methods section. (C) Tumor growth and metastatic spread was

visualized by BLI. Animals injected with A549-luc and A549-luc+ TGF-β cells both showed time-dependent 

increases in BLI. One animal in the A549 control group succumbed in the experiment. (D) A ventral view of 

the animal at week-6 post injection.

B
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Figure 5: Analysis of tumor growth and metastatic spread of A549-luc and A549-luc+ TGF-β cells. 

(A) Pathological analyses of tumor growth at the left lung (primary tumor) and metastatic lesions found in the 

adjacent lung and liver. Representative images obtained by BLI are shown.  (B) Metastatic lesions were also 

detected in the left and right kidney (LK and RK), the brain and in the adrenal glands (AG) of some animals as 

displayed by BLI from a representative animal from A549-luc group. 

cells [17,18]. Furthermore, knock down of the EMT transcription factors SNAIL or 

TWIST was earlier demonstrated to sensitize A549 cells to cisplatin treatment [19,20]

and EMT in A549 cells also correlated with increased resistance to the EGFR 

inhibitors geftinib and erlotinib [21]. 

TGF-β-induced EMT was found to enhance both the migration and invasion capacity 

of A549 cells in agreement with previous studies [11,22]. Increased migration and

invasion potential upon EMT induction also has been reported in earlier studies. For 

example, EMT induced by ionizing radiation, involving activation of TGF-β signaling, 

displayed enhanced migration and invasion potential in lung cancer cell lines, 

including A549 [23]. 

A
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In the current study we also attempted to evaluate the effect of EMT on tumor growth 

and metastatic spread in a mouse model. We therefore made use of an orthotopic 

A549-luc mouse model that was described earlier [13]. The authors showed that 

transpleural injection of A549-luc cells formed primary lung tumors that subsequently 

lead to mostly local metastatic lesions, which could be detected by BLI. We 

hypothesized that the enhanced migration and invasion capacity observed in vitro 

would translate in stronger metastatic spread in TGF-β-treated A549-luc cells when 

compared with untreated counterparts. Our pilot experiment showed that metastatic 

spread could be studied in this model. However, no differences in primary tumor 

growth and metastatic spread of epithelial and mesenchymal A549-luc cells was 

seen, mainly as a result of already extensive metastatic spread seen with the injected 

untreated A549-luc cells, which was much more extensive than previously reported 

[13]. Reduced numbers of injected A549 cells in combination with shorter tumor 

progression times will likely give a better window for studying differences in 

metastatic potential. Furthermore, we pre-treated the A549-luc cells with TGF-β for 3 

days prior to injection, which may not lead to a persistent EMT phenotype of these 

cells in mice. In fact, in vitro we already noted that removal of TGF-β reversed the 

mesenchymal characteristics of A549 EMT cells indicating that continuous exposure 

to TGF-β is required to preserve the mesenchymal phenotype. Knock down of for 

example E-cadherin could be considered to induce a more permanent EMT in A549 

cells, which was previously demonstrated to be an effective strategy in breast cancer 

cells [24].        

 

Mordant et al also described the detection of CTCs in total blood obtained by venous 

blood puncture of these mice by using the CellSearch system allowing detection of 

EpCAM+, CD45-, cytokeratin positive tumor cells [13]. CTC counts ranged between 2 

- 21 in 5 out of 6 animals. We anticipated that the higher invasive capacity of A549-

luc EMT cells would translate in higher levels of CTCs. Moreover, detection of CTCs 

by BLI would allow detection that is irrespective of their epithelial or mesenchymal 

phenotype, which is a point of concern with the CellSearch system. However, our 

attempts to detect CTCs by means of BLI longitudinally in smaller blood samples 

obtained by cheek punctures or in total blood after venous tail puncture upon 

sacrificing the animals were unfortunately not successful. Under in vitro conditions we 

could detect around 50 A549-luc cells with the BLI system indicating that this method 

is likely not sensitive enough.    
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In other tumor types such as breast cancer a link between EMT and CSC has been 

established [7]. In particular, spheroid forming potential has been referred to as self- 

renewing capacity which is a feature of CSC [25]. Here, we found that TGF-β-

induced EMT in A549 cells strongly enhanced spheroid-forming capacity when 

compared to untreated A549 cells that showed poor spheroid formation. TGF-β 

treatment thus appeared to enhance this in vitro CSC property in A549 cells. We also 

observed elevated expression of CSC markers such as OCT4 and SOX2 in TGF-β 

treated A549 cells. These findings are in agreement with a recent study showing 

enhanced CSC properties, such as elevated expression of OCT4, NANOG, SOX2 

and CD133, increased spheroid formation and tumorigenic capacity in a mouse 

model of TGF-β treated LC31 lung cancer cells [26]. The same group also showed in 

the A549 model that TGF-β could induce EMT in both the CD133 positive CSC and 

CD133 negative non-CSC fractions that was associated with enhanced motility, 

however, not in the non-CSC (CD133-) fraction [27]. Overall, these and our findings 

are in support of EMT induction leading to enhanced CSC properties in A549 cells.  

 

In conclusion, there is accumulating evidence for the involvement of EMT in drug 

resistance, invasion and CSC properties in NSCLC. This suggests that the targeting 

of EMT regulatory pathways may provide a promising novel approach for new 

therapy.    
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Supplementary figures  

 

 
Supplementary figure 1.  
MTT assay depicting growth of A549 and A549+ TGF-β (72 hrs) cells, showing a growth delay in A549+ TGF-

β cells after 2 and 3 days of TGF-β treatment.  

 

 

 
 
Supplementary figure 2.  

Bioluminescent imaging on different numbers of seeded A549-luc cells for generating a standard reference 

curve. A minimum of around 50 A549-luc cells suspended in RPMI+10%FCS media could be detected. 

Previously generated PC-3-luc [14] cells were included as a positive control and wells only containing 

RPMI+10% FCS as negative controls.  
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Abstract 

 
Background: Initial response of small-cell lung cancer (SCLC) to chemotherapy is 

high, and recurrences occur frequently, leading to early death. This study 

investigated the prognostic value of circulating tumor cells (CTCs) in patients with 

SCLC and whether changes in CTCs can predict response to chemotherapy. 

Patients and methods: In this multicenter prospective study, blood samples for 

CTC analysis were obtained from 59 patients with SCLC before, after one cycle, and 

at the end of chemotherapy. CTCs were measured using CellSearch® systems. 

Results: At baseline, lower numbers of CTCs were observed for 21 patients with 

limited SCLC (median = 6, range 0–220) compared with 38 patients with extensive 

stage (median = 63, range 0–14 040). Lack of measurable CTCs (27% of patients) 

was associated with prolonged survival (HR 3.4; P ≤ 0.001). CTCs decreased after 

one cycle of chemotherapy; this decrease was not associated with tumor response 

after four cycles of chemotherapy. CTC count after the first cycle of chemotherapy 

was the strongest predictor for overall survival (HR 5.7; 95% CI 1.7–18.9; P = 

0.004). 

Conclusion: Absolute CTCs after one cycle of chemotherapy in patients with SCLC 

is the strongest predictor for response on chemotherapy and survival. Patients with 

low initial CTC numbers lived longer than those with higher CTCs. 
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Introduction 

Small-cell lung cancer (SCLC) is a disease with high propensity for hematogenously 

spread metastases, often already present in early-stage disease. Classically, SCLC 

is divided into limited disease stage (LD, localized disease) and extensive disease 

stage (ED, metastasized disease). Mortality of SCLC remains high; even in patients 

with LD, 5-year survival is only ∼10% [1] (maximum 26%) [2]. This is due to 

metastases in many organs and perhaps to circulating tumor cells (CTCs) that 

originate from detachment of the primary tumor mass and migration of tumor cells to 

secondary sites via the lymphatic and blood system. The presence of CTCs has 

been demonstrated in the blood of patients with various solid tumors [3]. Their 

presence has been associated with poor outcome in metastatic breast, colorectal, 

prostate, gastric, and non-SCLC [4–8]. In SCLC, the presence of ≥2 CTCs/7.5 ml of 

peripheral venous blood was found in 75% of patients with both LD and ED [9,10]. A 

problem in the analysis of CTCs may be the low number of CTCs encountered in 

whole blood, potentially affecting the reproducibility of counting these tumor cells. An 

additional aim of this study was to assess the repeatability of two independent 

measurements at each time point.  

 

The presence of CTCs may rather be a reflection of the metastatic potential of the 

tumor and therefore may correlate better with survival than the bulk of disease as 

reflected by tumor imaged with computed tomography (CT) [11,12]. In this study, the 

predictive value of CTCs for progression-free survival (PFS) and overall survival 

(OS) was studied. Furthermore, we hypothesize that the resistant CTCs present 

after one cycle of chemotherapy are those that determine the fate of SCLC patients 

in terms of OS. 

 

Patients and methods 

Study design 
This is a prospective study from four medical centers in consecutive patients with 

SCLC. Patients were evaluated with laboratory tests, CT of the chest and upper 

abdomen and when indicated with magnetic resonance imaging of the brain and 

radionuclide bone scan or positron emission tomography (PET) with [18F] 2-fluoro-2-

deoxy-D-glucose (FDG). Patients were staged according to the new Tumor, Node, 

Metastasis classification (TNM 7th edition), and for comparison with older studies, 

they were reclassified them into LD and ED [13]. 

 

CTs were made after two and four cycles of chemotherapy for tumor response 
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assessments and thereafter imaging was carried out every 12 weeks. Tumor size 

and response to therapy were independently reevaluated according to RECIST 

version 1.1 [14]. If a patient progressed before a second CT scan had been made, 

this patient was denoted as progressive. PFS was determined from the start of 

chemotherapy until tumor progression or loss of follow-up. OS was measured from 

the start of the first chemotherapy until death or loss of follow-up. The study was 

approved by all medical ethical committees. 

 

Patients 

Inclusion criteria were cytological or histological confirmation of SCLC, >18 years of 

age, performance score (PS) ≤3 and able to receive first-line chemotherapy. All 

patients were treated with four cycles of platinum-based doublets followed by 

prophylactic cranial irradiation. Those with cT1-4N0-3M0 (LD stage) received 

concomitant thoracic radiotherapy during their second and third chemotherapy 

cycles. 

 

CTC enumeration 

Two 10-ml Cellsave (Veridex, Raritan) preservative tubes were drawn before the 

initiation of therapy, before cycle 2, and after cycle 4. Blood tubes were stored at 

room temperature and centrally processed within 96 h of collection. Two 7.5 ml of 

aliquots were processed on the CellTracks® Autoprep, using the CellSearch® 

epithelial cell kit (Veridex) for CTC enrichment and staining. Image acquisition and 

CTC enumeration was carried out on the Celltracks™ analyzer II as described 

previously [3]. CTC counting was carried out without knowledge about clinical 

characteristics, and CTCs were blinded to the treating physician and independently 

merged with clinical data. 

 

Statistical analysis 

Test characteristics (sensitivity and specificity) of the highest quartile (215 cells/7.5 

ml), median (16 cells/7.5 ml), cutoffs at 5 cells/7.5 ml and lowest quartile (2 cells/7.5 

ml) CTCs were determined with ROC curves based on median PFS and OS. 

Repeatability of CTC counts between the two different 7.5-ml blood tubes was 

expressed as intraclass correlation coefficient [Ri= between-subject variance/ (within 

+ between-subject variance)] and as coefficient of repeatability (CR = 2 SD of the 

mean difference of repeated measurements) [15,16]. Differences between groups 

were tested using Fisher’s exact test when data were binary, or with the 

independent-samples Mann Whitney U test in the case of continuous variables. 
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Correlations between tumor response and CTC at different time points were tested 

with non-parametric Spearman’s rho bivariate correlation with a two-tailed test for 

significance. Kaplan–Meier estimates of survival were based on the number of 

CTCs at baseline, after one cycle, and at the end of treatment. Survival curves were 

compared using the log-rank test (Mantel–Cox). Cox proportional hazards 

regression analysis was used to estimate multivariate hazard ratios for PFS and OS 

for the following covariates: age, disease stage, ECOG PS, tumor response, and 

CTCs before therapy, after the first and last cycle of chemotherapy. For CTC before 

therapy, tumor response was kept out of the model. By stepwise elimination of 

covariates with P > 0.05, the best model was identified. Statistical analysis was 

carried out using SPSS (release 18.0.3, IBM, NY). P-values of ≤0.05 were 

considered significant. 

 

Results 

Patient characteristics 
Fifty-nine patients from four hospitals were included in this study. The median age of 

the patients was 64 (range 47–84) years, 35 patients were male, 3 had recurrent 

disease; 21 patients had cT1a-4N0-3M0 disease (LD) and 38 had cT1a- 4N0-3M1 

disease (ED) upon diagnosis. The median follow-up was 280 days (range 5–1424); 

12 patients died within 9 weeks. All patients had a CT scan of the chest and upper 

abdomen before treatment, and 49 patients had an evaluation CT scan after 

completing therapy. The reason for not having serial imaging studies available for 

review was death before the first follow-up imaging (10 patients). Patient 

characteristics are listed in Table 1. Significant differences between LD and ED 

patients were observed for TNM stage, response to chemotherapy, total number of 

CTCs at baseline, tumor response after four cycles and OS. No significant 

differences in CTCs were observed after one and after four cycles of chemotherapy. 

 

CTC test characteristics 

The repeatability of CTC measurements at the three time points was high with an 

intraclass correlation coefficient Ri =0.997 and a high CR (r2 = 0.990) 

(supplementary figure S1). With ROC analysis (AUC = 0.73; P = 0.003), the highest 

specificity (93%) for OS was observed at 215 CTC in 7.5 ml of blood (the highest 

quartile), but with poor sensitivity (60%). At 16 CTCs (the median quartile), 

specificity decreased to 65% and sensitivity improved to 67%; at 5 CTCs, specificity 

was 41% and sensitivity was 80%. At the lowest quartile, i.e. 2 CTCs, specificity was 

41% and sensitivity was 87%. In this study, 2 CTCs in 7.5 ml of blood could be 
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detected reliably at the lowest level with highest sensitivity; therefore, this cut-off 

was chosen for further analysis. 

 

Table 1. Clinical characteristics of 59 patients with small-cell lung cancer. 
Characteristic All patients LD  ED P-value 

Age yrs (min-max) 64 (47-84) 67 (47-84) 62 (47-81) 0.39# 
Male/Female 35/ 24  12/9 23/15 1.0* 
ECOG performance status,  
n (%)    0.09# 

    0 27 (46) 12 (57) 15 (40)  
    1 22 (37) 8 (38) 14 (37)  
    2 4 (7) 0 (0) 4 (10)  
    3 6 (10) 1 (5) 5 (13)  
Stage, n (%)  21 (36) 38 (64)  
Stage TNM 7th edition, n (%)     
     2a 2 (3) 2 (10)   
     3a 12 (20) 12 (57)   
     3b 7 (12) 7 (33)   
     4 38 (65)  38 (100)  
Primary diseasea, n (%) 56 (95) 21 (100) 35 (92) 0.55* 
Response to chemotherapy,  
n (%)    0.009# 

     Complete response 11 (19) 7 (33) 4 (11)  
     Partial response 30 (51) 11 (52) 19 (50)  
     Stable disease 7 (12) 2 (10) 5 (13)  
     Disease progression 11 (19) 1 (5) 10 (26)  
Response CT after 4 cyclesb,  
n (%) 47 (80) 20 (95) 27 (71) 0.04* 

CTCs      
 Baseline n  (median; min-max) 59 (16; 0-14040) 21 (6; 0-220) 38 (63; 0-14040) ≤0.001# 
 After 1 cycleb n (median; min-
max) 37 (0; 0-1681) 18 (0; 0-6) 19 (1; 0-1681) 0.10# 

 After 4 cyclesb N (median; min-
max) 34 (1; 0-117) 16 (0; 0-3) 18 (1; 0-117) 0.11# 

Percentage remaining CTC at 
visit 2c, n  
median (min-max) 

37 (0; 0-300) 18 (0; 0-300) 19 (0; 0-52) 0.46# 

Percentage change in tumor 
volume according to RECISTd, 
n, median (min-max) 

49 (61; -58-100) 20 (67; 23-100) 29 (58; -58-86) 0.05# 

Overall survival days n, 
(median; min-max) 59 (280; 5-1424) 21 (356; 9-1424) 38 (213; 5-818) 0.001# 

 
CTC, circulating tumor cell; ED, extensive disease stage; LD, limited disease stage; CT, computed 
tomography; TMN, Tumor, Node, Metastasis classification: min, minimum: max, maximum 
aPrimary disease: small-cell lung cancer not treated for the disease with chemotherapy before (e.g. first-line 
treatment). 
bCycle: cycle of chemotherapy, one cycle corresponds with 3 weeks. 
cPercentage remaining CTC = (CTC visit 2/CTC baseline) × 100. 
dTwo CT scans after two cycles included. 
*P-value Fisher's exact test. 
#P-value Mann–Whitney U test. 
 

CTC and patient characteristics 
Out of 59 patients, 43 (73%) had two or more CTCs in 7.5 ml of blood at baseline 

(range 0–14 040). Of the remaining 16 patients, 9 had 0 CTCs (7 LD, 2 ED) and 7 

patients had 1 CTC in 7.5 ml of blood (3 LD, 4 ED). Of 38 patients with ED, 32 

(84%) had ≥2 CTCs in 7.5 ml of blood (range 0–14 040). This contrasted with 

patients with LD, where 11 of 21 patients (52%) had ≥2 CTCs in 7.5 ml of blood 

(range 0–220). Changes in CTCs for all 44 patients for whom a post-treatment blood 

sample was obtained are shown in Figure 1. CTCs dropped dramatically following 
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the first cycle of chemotherapy in most patients. Twelve patients died within 9 

weeks; these patients had high CTCs at baseline. The decrease in CTCs from 

baseline to those after one cycle of chemotherapy and the absolute CTCs after one 

cycle of chemotherapy did not correlate with tumor response (respectively rs = 0.18, 

P = 0.24 and rs = − 0.27, P = 0.08, for both n = 44). 

 

Prognostic significance of CTCs at baseline 

The median survival for patients with CTCs > 215 (highest quartile) was 157 days 

compared with 729 days for patients with CTCs < 2 (lowest quartile) (log-rank test, P 

≤ 0.001). After disease stage, the strongest prognostic factor for survival was CTC < 

2 at baseline [HR 3.0 (95% CI 1.4–6.6) for PFS and 3.1 (95% CI 1.3–7.1) for OS; 

supplementary figure S2].  

 

 
Figure 1. Change in the number of circulating tumor cells (CTCs) per 7.5 ml of blood at baseline, 

after one cycle of chemotherapy and after four cycles of chemotherapy in small-cell lung cancer 
patients.  
The long thick dash denotes the median CTC number; in 17 patients (39%), CTCs dropped to zero cells; in 9 

patients (20%), CTCs remained at zero cells. In one patient (2%), CTCs increased from 0.5 to 1.5 cells. After 

four cycles of chemotherapy, 18 patients showed a decrease (n = 6), or remained at zero cells (n = 12), 

whereas 9 patients showed an increase compared with the CTC values after one chemotherapy cycle (data 

not shown). 

 

Univariate survival analyses and multivariate cox proportional hazards 
regression analyses 

CTC analysis after one cycle of chemotherapy at a median of 3 weeks (range 2–5 
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weeks) from baseline was available for 37 patients. Of these patients, those with 

CTC < 2 (n = 29) at the second time point lived longer, both measured by PFS (10.7 

versus 2.9 months; P ≤ 0.001) and OS (12.3 versus 8.1 months; P ≤ 0.001). A third 

blood sample after the completion of therapy was obtained in 34 patients at a 

median of 14 weeks (range 10–19 weeks). Patients with CTC < 2 (n = 27) after four 

cycles of chemotherapy lived longer as measured by PFS (7.9 versus 3.9 months; P 

= 0.007) and OS (12.3 versus 8.1 months; P = 0.05).  

 

In the univariate analyses, age, tumor stage, tumor response, and all CTC cut-off 

levels at baseline and after one and four cycles of chemotherapy were significant 

predictors of both PFS and OS: sex and PS were not (supplementary Tables S1). In 

multivariate Cox proportional hazards regression analysis, adjusting for the 

prognostic covariates, CTCs remained an independent prognostic factor for PFS 

and OS at all time points. As a predictor, the CTCs < 2 after the first cycle was the 

only parameter for OS that remained as an independent significant marker in the 

model, taking into account disease stage, tumor response, PS, sex, and age (Table 

2). The decrease in tumor volume as measured by CT after two and four cycles of 

chemotherapy was not significant in the step-down logistic model (supplementary 

figure S3). 

 

Discussion 
In this multicenter study, CTCs were present in 73% of patients with SCLC (both ED 

and LD) as shown previously [9,10]. The absolute numbers of CTCs after one cycle 

of chemotherapy was the strongest predictive factor for survival in a multivariate Cox 

regression analysis. Remarkably, CTC count was not associated with tumor 

response. Therefore, CTCs appear to reflect a more active tumor compartment than 

the bulky tumor estimated by imaging. This implies that disseminated tumor cells in 

blood are more important for predicting the fate of these patients than the volume of 

the remaining bulk of the tumor mass following treatment.  

 

This is the first study to demonstrate that CTCs in SCLC are a better predictor of 

survival than both disease stage and tumor response determined by CT imaging. In 

line with our study, a previous study demonstrated that low CTC numbers after 

chemotherapy in SCLC is associated with a prolonged survival with an HR of 2.76. 

In the study by Naito et al. [10], no differences between radiologic responses and 

post-treatment CTC levels could be demonstrated. 
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Our study differed in the timing of CTC measurement [after one cycle (in this study) 

versus after treatment], in the number of progressive disease patients (1versus 12 

patients) and stable disease (7 versus 5 patients) after therapy, and the number of 

LD being 21 versus 27 and ED being 38 versus 24 patients, and finally a lower cut-

of number was chosen in the current study (2 versus 8 CTC/7.5 ml of blood) 

compared with the study by Naito et al. [10]. All of these may explain this difference 

in results. The unusually small difference in survival times for LD and ED (12.6 

versus 10.1 month) in this study will have influenced our regression model, thereby 

rendering disease stage a less strong predictor than CTCs. 

 

Table 2. Uni- and multivariate analyses of predictive factors for overall 

survival in patients with small-cell lung cancer. 
 
  Univariatea  Multivariateb 

Variables  Median OS  p-
value 

 HR 95% CI  p-value 

Age (median 64 years)   10.1 12.6  0.05  1.3 0.5-3.4  0.54 

Sex (male vs female)  11.0 12.3  0.36  1.3 0.5-3.3  0.66 

Performance score (2.3 vs 
0.1) 

 3.7 11.8  0.19  5.0 1.2-20.7  0.03 

Tumor stage (ED vs LD)  10.1 12.6  0.03  1.6 0.6-4.2  0.34 

Tumor response  5.2 12.2  0.00
3 

 1.8 0.5-6.8  0.37 

CTC baseline cut- off 2 cells  10.9 24.0  0.03  1.9 0.7-5.3  0.23 

CTC after one chemo- cycle 
cut- off 2 cells 

 8.1 12.3  ≤0.001  3.5 0.8-15.3  0.09 

 
Same model as above for various CTCs in stepdown Cox regression analysis 

          

Performance score (2.3 vs 0.1)  3.7 11.8  0.19  4.6 1.2-18.0  0.03 

Tumor stage (ED vs LD)c  10.1 12.6  0.03  1.5 0.6-3.9  0.39 

CTC baseline cut- off 2 cells  10.9 24.0  0.03  2.3 0.8-6.3  0.11 
CTC after one chemo- cycle 
CTC cut- off 2 cells  8.1 12.3  ≤0.001  5.7d 1.7-19.0  0.004 

 
LD, limited disease stage; ED, extensive disease stage; CTC, circulating tumor cell; OS, overall survival. 
aKaplan–Meier estimate. 
bCox regression analysis. 
cDisease stage not significant in the model; when left out of the model, 
CTC became significant (data not shown). 
dTumor response not in the final model (not significant); both disease stage and PS not significant in the final 
model—CTC as the only remaining parameter after one cycle of chemotherapy, HR 7.9 (95% CI 2.6 to 24.2, 
P ≤ 0.001). 
 

For CTC enumeration, we used the CellSearch system that has been extensively 

validated in patients with metastatic carcinomas [3–5,8]. The system enriches cells 

from 7.5 ml of blood expressing the epithelial cell adhesion membrane (EpCAM) 

antigen and identifies CTCs as nucleated cells expressing cytokeratin 8/18 or 19 

and lacking the leukocyte antigen CD45. Several reports suggest that CTCs can be 
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effectively detected with this test system, also in SCLC [9,17,18]. In neuroendocrine 

tumors, EPCAM expression has been detected [19]. In addition, metastases in 

SCLC patients were found to express EPCAM [18]. 

 

In the current study, we also addressed the issue of repeatability of measuring 

CTCs in SCLC, which is important when measuring low numbers of CTCs. As 

demonstrated by the Bland–Altman plot, repeatability was also robust with an 

excellent intraclass correlation coefficient (Ri = 0.997). These results imply that the 

determination of CTCs at very low numbers is a reliable, minimally invasive method, 

and may be useful for monitoring SCLC patients. The sensitivity for OS of the 

highest quartile of CTCs (≥215 cells/7.5 ml of blood) is 60% in this study, but 

increases to 87% in the lowest quartile (<2 cells/7.5 ml of blood). Thus it may be 

justified to use a threshold for unfavorable CTC counts in SCLC of ≥2 CTC/7.5 ml, 

which is lower than the ≥3 CTC/7.5 ml used for colorectal cancer and ≥5 CTC/7.5 ml 

for breast and prostate cancer [3–5,8]. The robustness remains when considering 

the extreme low- CTC background in patients with benign disease and healthy 

controls [3–5,8]. 

 

The median survival for all LD-stage patients (12 months) is rather short in our 

population due to comorbidities. Staging procedures were according national 

guidelines and included CT scans, FDG-PET, and sometimes bone scans. In 

selected studies, the median OS for LD in SCLC is reported to be around 20 months 

[20]. After chemotherapy, the phenotype of SCLC is often changed into a more 

complex, secondary chemo-resistant type [21]. In SCLC patients, even very 

aggressive treatment regimens do not have a significant effect on tumor relapse 

[22]. Apparently, the tumor is able to transform into a state, whereby regular 

chemotherapy is ineffective. Changes in histology may reflect a differentiation 

toward a more chemo-resistant profile [21,23]. In metastatic breast cancer, CTCs 

have been shown to be a biomarker reflecting the intrinsic biology of the tumor [12]. 

In SCLC, the CTCs present at baseline may thus not all represent the most 

malignant subpopulation as suggested before [24]. Instead, the CTCs surviving the 

first cycle of chemotherapy may be regarded as a marker of chemotherapy 

resistance. This is consistent with our results showing that baseline CTC counts 

were not correlated with tumor response, and that tumor response was a worse 

predictor of prognosis than the CTCs after the first cycle of chemotherapy. 
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SCLC is often regarded as a systemic disease, and survival even in patients with LD 

is poor [21]. Even the recently introduced TNM system for SCLC shows variation in 

survival point estimates, leading to a rather poor discrimination in 5-year survival, 

ranging from 38% for cT1N0M0 to 1% for M1b disease [25]. Prognostic models for 

SCLC using PS and laboratory tests provide a similar estimation of survival as the 

combination of PS and disease stage assessed by imaging tests [26]. There is a 

need for easy available (blood) tests for better prognostic and predictive systems in 

cancer in general, but especially in SCLC [27]. In breast cancer, CTCs after 1 month 

of treatment have been shown to be a better predictor of OS than radiologic follow-

up by CT at 12 weeks [11]. In advanced gastric cancer, CTCs after the first cycle of 

chemotherapy were the strongest predictor of OS as well [6]. Therefore, assessment 

of CTCs is an early reproducible indication of disease status. 

 

In conclusion, CTCs are a highly reproducible predictive end point for survival and 

may determine therapeutic tumor changes better than imaging. CTCs should be 

validated in large studies. 
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Supplementary figures and tables 

Supplementary figure 1 (S1).
Bland Altman plot to compare differences between duplicate blood samples each taken before, during and 

after chemotherapy in SCLC patients, showing high reproducibility of measuring CTCs in whole blood 

(n=120 in duplicates)

Supplementary figure 2 (S2). 

Prognostic value of CTC at baseline (a) vs prognostic value of disease stage (b)
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Supplementary figure 3 (S3). 

Predictive value of CTC after one course of chemotherapy (a) vs predictive value of actual tumor response 

determined by CT after therapy



502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore

Chapter 4 

	
74 

Supplementary table 1 (S1). Uni- and multivariate analysis of predictive factors 

for progression-free survival in patients with SCLC. 
 

  Univariate*   Multivariate# 

Variables  Median PFS  P  HR  95% 
CI 

 P 

Age   5.7 11.0  0.02  1.9  0.8-
4.6 

 0.17 

Sex (male vs female)  7.6 7.8  0.36  1.0  0.4-
2.4 

 0.99 

Performance score 
(2,3 vs 0,1) 

 3.4 7.9  0.51  2.5  0.7-
9.4 

 0.17 

Tumor stage (ED vs 
LD) 

 5.7 11.0  ≤0.001  3.9  1.6-
9.2 

 0.002 

Tumor response  3.2 10.7  ≤0.001  4.9  1.3-
18.2 

 0.02 

CTC baseline cut off 2 
cells 

 7.1 11.5  0.01  1.5  0.6-
4.1 

 0.38 

CTC after one chemo 
cycle cut off 2 cells 

 2.9 10.7  ≤0.001  6.6  1.6-
27.8 

 0.01 

 
Same model as above for various CTCs in stepdown Cox regression analysis 

 
  Median PFS  P  HR  95% 

CI 
 P 

Performance score (2,3 vs 
0,1) 

 3.4 7.9  0.51  2.5  0.7-
8.9 

 0.16 

Tumor stage (ED vs LD)  5.7 11.0  ≤0.001  3.7  1.6-
8.5 

 0.002 

Tumor response  3.2 10.7  ≤0.001  5.3  1.5-
18.8 

 0.009 

CTC after one chemo 
cycle CTC cut off 2 cells 

 2.9 10.7  ≤0.001  8.7  2.2-
34.5 

 ≤0.001 

 

* Kaplan-Meier; # Cox regression 
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Abstract 

 
Introduction: Small cell lung cancer (SCLC) has a poor prognosis, even in localized 

(limited) disease; 5-year survival is only around 20%. Elevated levels of circulating 

tumor cells (CTCs) have been associated with a worse prognosis and markers of 

cancer stem cells (CSCs) and Epithelial to Mesenchymal transition (EMT) have 

been associated with increased chemo-resistance and metastatic spread in SCLC. 

Hypothesis: We hypothesized that markers of CSC and EMT in tumor biopsies 

collected at time of diagnosis are associated with CTCs and overall survival (OS) in 

patients with SCLC. 

Methods: Biopsies of 38 SCLC patients were used for marker evaluation by 

immunohistochemistry. Markers for CSCs were CD44 and SOX2; markers for EMT 

were E-cadherin, EpCAM, cytokeratin 8,18,19 (CK), Vimentin and c-MET. Staining 

was scored as low (weak) or high (strong) positive using intensity (SOX2, EpCAM, 

CK, c-MET) or by Immuno-Reactive Score (CD44, E-cadherin, Vimentin) expressed 

as low or high expression. Individual and combinations of CSC and EMT markers 

expression were compared to CTCs and OS. 

Results: High expression of c-MET (c-METH) and low expression level of E-

cadherin (E-cadL) showed a trend towards better prognosis (p=0.07 and p=0.09 

respectively). Combining c-METH and E-cadL resulted in significant better survival 

(p=0.007). The tested markers were not associated with CTCs, although there was 

a trend for c-METHE-cadL (p=0.09) with low CTCs. The CSC markers SOX2 and 

CD44 were not associated with OS in this patient cohort. 

Conclusion: SCLC with a mesenchymal-like phenotype (c-METHE-cadL) is 

associated with longer survival and showed a trend towards lower CTCs. 
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Introduction 

Small cell lung cancer (SCLC) accounts for 8-12% of all lung cancer cases 

worldwide1. Upon treatment, initially a tumor response to chemotherapy is observed 

in most of the patients. However, resistance to treatment emerges inevitably, usually 

within several months to one year, after therapy especially in extensive disease (ED) 

cases. Standard SCLC treatment includes platinum based chemotherapy, and only 

for localized disease (LD) concurrent hyperfractionated thoracic radiotherapy is 

applied. Prophylactic cranial irradiation is indicated for all patients that show a 

response to primary treatment2,3.The median survival of SCLC LD is 18 months and 

with ED it is only 9 months. Untreated the median survival after diagnosis is 2-4 

months4,5. To improve the clinical outcome of patients more insights into the 

mechanisms underlying disease progression and search for novel molecular targets 

are warranted. 

 

Recent research has identified a role of cancer stem cells (CSC), Epithelial to 

Mesenchymal transition (EMT) and circulating tumor cells (CTCs) in the progression 

of solid tumors including lung cancer6-8. The CSC theory predicts the presence of a 

unique tumor cell population that has the ability of self- renewal and differentiation 

and drives tumor growth9. CSCs have also been linked to resistance to therapy and 

are essential for metastatic spread of disease10. Several markers used for 

identification of CSC have been identified in lung cancer including SCLC, in vitro 

and in vivo studies and patient derived primary tumor material. These include 

expression of cell surface markers such as CD44, transcription factors like SOX2 or 

functional properties such as a high level of Hoechst exclusion in side population 

(SP) cells11. CD44 is a multifunctional class-1 transmembrane glycoprotein that is 

used to identify the CSC population in various solid tumor types, such as breast 

cancer12. CD44 high expressing lung cancer cells, including SCLC, were found to 

possess CSC properties that was further confined to the CD44high/CD90+ 

population13. CD44 was shown to play an important role in cell adhesion, motility, 

proliferation and differentiation14. The transcription factor SOX2 is essential in 

maintaining pluripotency of embryonic stem cells15. SOX2 has been functionally 

linked to carcinogenesis, especially in mechanisms involving invasion and 

metastasis in solid cancers16. The oncogenic potential of overexpression of SOX2 

has been demonstrated in various solid tumors, including NSCLC and SCLC17, 

although SOX2 gene amplification and overexpression are more frequently seen in 

SCLC18,19. 
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EMT is increasingly recognized to be important in tumor formation and progression 

and has been particularly linked with the invasive and metastatic properties of tumor 

cells20. Hallmarks of EMT are loss of epithelial markers such as E-cadherin, EpCAM 

and Cytokeratins and gain of mesenchymal markers like Vimentin as well as 

overexpression of c-MET7,21,22. The expression of EMT markers has been 

associated with overall survival and other clinical-pathological characteristics in lung 

cancer23. E-cadherin is a type-1 transmembrane protein that is crucial for forming 

adherent junctions between cells24. Reduced expression of this protein has been 

associated with a worse prognosis in NSCLC25. EpCAM is a transmembrane 

glycoprotein commonly expressed by the epithelium26. EpCAM expression has a 

paradoxical role in carcinogenesis; it can abrogate as well as promote the 

occurrence of metastasis. EpCAM is overexpressed in several carcinomas and may 

be a potential therapeutic target in cancer27. Cytokeratins are intermediate filaments 

expressed by epithelial cells; their expression is tissue specific in normal organs as 

well as tumors arising from them. Cytokeratin expression, such as cytokeratins 

8,18,19, is evident in lung cancer including SCLC28,29. Vimentin, a component of the 

actin cytoskeleton, is expressed in mesenchymal cells. Expression of this marker 

was found to be an independent prognostic marker for worse survival in NSCLC30. 

EMT can be induced by several growth factors such as hepatocyte growth factor 

(HGF), the natural ligand of c-MET31. Exogenous treatment with HGF induced EMT 

by activating c-MET dependent pathways in SCLC cell culture models32. 

Furthermore, amplification and oncogenic mutations in c-MET leading to 

overexpression and activation of the receptor have been linked with EMT 

activation22. Amplification of c-MET has been demonstrated in acquired resistance 

to gefitinib in lung cancer cell lines33.  

 

In SCLC large numbers of CTCs have been demonstrated in the blood of both 

patients with LD and ED34,35. Recent reports in breast and lung cancer suggest that 

CTCs in clusters could be responsible for development of distant metastases36-38. 

There are several methods to enumerate CTCs, either by antibody based capture 

assays, physical characteristics, or by a nucleic acid based assays6. In a previous 

study 34 we used the CellSearch system to identify EpCAM+, cytokeratin+, DAPI+ 

and CD45- CTCs. We showed that CTCs have both a prognostic and predictive 

value in patients with SCLC34. 

 

In the present study we used biopsy material of 38 patients of the above-mentioned 

patient cohort for immunohistochemical analyses. We hypothesized that both CSC 
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and EMT marker expression in the primary tumor biopsies of these patients were 

associated with baseline CTC count and the prognosis. 

 

Materials and Methods 

Patient material 
Biopsies were selected from the 59 patients who participated in a previously 

published SCLC-CTC study34. Sufficient tumor material was available from 38 

patients and was used in this retrospective study. 

 

Immunohistochemistry 

Formalin fixed SCLC tissue biopsies (n=36) or cytology cellblocks (n=2) were used 

for immunohistochemical staining. After deparaffinization of the tissue sections 

antigen retrieval was performed using heated citrate buffer (pH= 6) for 15 minutes 

followed by blocking endogenous peroxidase activity. Sections were incubated with 

primary antibodies for 1 hour at room temperature. Primary antibodies used were: 

rat monoclonal CD44 1:100 (clone IM7, Biolegend, ITK Diagnostics, Uithoorn, The 

Netherlands), mouse monoclonal SOX2 1:600 (clone L1D6A2, Cell Signaling, Bioke, 

Leiden, The Netherlands), mouse monoclonal E-cadherin 1:100 (clone 36/E-

cadherin, BD Biosciences, Breda, The Netherlands), mouse monoclonal Cytokeratin 

8, 18, 19 (CK) 1:100 (clone 2A4, Abcam, Cambridge, UK), mouse monoclonal 

EpCAM 1:500 (clone VU1D9, Cell Signaling, Bioke, Leiden, The Netherlands), 

mouse monoclonal Vimentin 1:100 (clone sc-6260, Santa Cruz biotechnology, 

Bioconnect, Huissen, The Netherlands), and rabbit monoclonal c-MET 1:200 (clone 

EP1454Y, Abcam, Cambridge, UK). Subsequently tissue sections were incubated 

with horseradish peroxidase (HRP)-conjugated secondary and tertiary antibodies 

(1:100 dilution; all from DAKO, Glostrup, Denmark). Staining was visualized using 

3,3’diaminobenzidine (DAB) and haematoxylin for counterstaining. Positive and 

negative controls (including immunoglobulin class-matched control sera) were 

included for each staining. Images were obtained using a light microscope attached 

to a digital camera (Leica DM 3000, Leica, Rijswijk, The Netherlands). 

 

Analysis of immunohistochemistry 

After the immunohistochemical staining, slides were scanned digitally using the 

NanoZoomer (Hamamatsu, Shizuoka, Japan) and scored by accompanied NDP 

software. The stained slides were scored by two independent observers; having no 

information about clinical outcome of the patients (MP, CM). As an extra internal 

control, random samples of different stained slides were checked by a blinded 
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expert lung pathologist (WT). All samples were scored on the basis of the following 

three criteria: A) localization of staining (nuclear/ cytoplasm/ membrane/ mixed), B) 

percentage of positive cells divided into 6 categories 0= no staining, 1= 1-5%, 2= 5-

25%, 3= 25-50%, 4= 50-75% and 5= 75-100%, C) intensity scored as 0= negative, 

1= low/weak positive, 2=normal positive, 3= high/strong positive. SOX2, EpCAM, 

CK, and c-MET showed a homogeneous staining and therefore scoring of these 

markers was based on staining intensity. Patients with intensity score 0 and 1 were 

regarded as negative/low (weak) positive staining and those with intensity score 2 

and 3 were scored as high/strong positive staining. Protein expression of CD44, E-

cadherin and Vimentin was more heterogeneous and therefore based on an 

Immuno-Reactive Score (IRS). The IRS was defined by multiplying percentage of 

positive cells (category) with intensity score (category). This created a scale with a 

range of minimal score 0 and highest score 15, which was further divided into two 

subgroups. IRS score in the range of 0-5 was regarded as negative/low positive 

expression and IRS score of 6-15 was considered as high/strong positive 

expression. 

 

Statistics 
Overall Survival (OS) was measured in months from the day on which the biopsy 

was taken until the death of patient or loss to follow-up. For CSC and EMT markers, 

individual staining scores and combination of epithelial and mesenchymal markers 

(E-cadherin and c-MET) were compared regarding OS. To estimate the differences 

in OS COX regression analyses were performed yielding hazard ratios (HRs) and 

(95% CI). To describe the median OS in months and 95% confidence intervals (95% 

CI), Kaplan Meier survival tables were constructed and log rank tests were 

performed. Differences in the association between EMT/CSC markers and baseline 

CTC count were determined using Fisher exact tests for association. All tests were 

two sided and p-values <0.05 were considered significant. Analyses were performed 

using the statistical software SPSS 22.0 (IBM SPSS statistics 22, Armonk, New 

York, USA). 
 

Results 

Patient and clinicopathological characteristics 

Table 1 shows the clinical characteristics of the included 38 patients. The median 

age of the patients was 65 years (Inter Quartile Range 25%-75% [IQR] 60-71), 20 

patients were male, 12 patients had LD and 26 had ED upon diagnosis. The ECOG 

PS was 0 (n=18), 1 (n=14), 2 (n=3) and 3 (n=3) at the start of treatment. The median 
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baseline CTC count was 19 (IQR 2-295) and median OS was 10 months (IQR 5-17) 

(Table 1). 

 

Table 1. Patient and clinicopathological characteristics (n=38) 
Characteristic   

Age years; median (IQR*) 65 (60-71) 

Male; n (%) 20 (53%) 

ECOG PS**; n (%) 

0 

1 

2 

3 

 

18 (47%) 

14 (37%) 

  3  (8%) 

  3  (8%) 

LD/ED***; n (%) 12 / 26 (32% / 68%) 

Circulating tumor cells (Baseline) ; median (IQR*) 19 (2-295) 

Overall survival (months) ; median (IQR*) 10 (5-17) 

 
* IQR= Inter Quartile Range 25%-75% 
** ECOG PS= Eastern Cooperative Oncology Group Performance Status  
***LD= Limited disease, ED= Extensive disease 
 

Protein expression of markers 

Table 2 shows the number of patients with low or high levels of the individual 

markers and the combined expression of EMT markers with OS in association with 

their HR, 95% CI and significance values. For the CSC marker CD44, only 3 (8%) of 

the samples showed a high protein expression and 35 (92%) of the samples showed 

a low protein expression. For SOX2, 17 (45%) of the samples showed high SOX2 

intensity and 21 (55%) showed a low staining intensity. For the EMT markers, high 

E-cadherin expression was detected in 14 (37%) patients and low expression in 24 

(63%) patients. For EpCAM, 20 (53%) patients showed a high intensity and 18 

(47%) patients had low EpCAM staining intensity. For CK high staining intensity was 

observed in 11 (29%) patients whereas most of the patients 27 (71%) showed low 

intensity staining. Vimentin expression was high in only 1 (3%) patient, the rest of 

the patients samples (37 (97%) showed a low Vimentin expression. For c-MET, 

equal numbers of patients i.e. 19 (50%) showed high and low intensity staining. 

Figure 1 shows representative images of low and high staining levels for all seven 

markers tested. 

 

Prognostic value of the tested markers 

The CSC markers SOX2 and CD44 showed no significant differences in OS in this 

patient cohort (Table 3). Patients with low E-cadherin expression (E-cadL) had a 

median OS of 12 months (95% CI 6-18) compared to only 9 months (95% CI 7-11) 
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for the patient with high E-cadherin (E-cadH) expression (p=0.09; Table 3, Figure 

2A). Further, high intensity c-MET staining (c-METH) showed a trend (p=0.06) 

towards a better prognosis in these patients (Table 3, Figure 2B). Patients with c-

METH had a median OS of 13 months (95% CI 7-19) compared to only 10 months 

(95% CI 7-13) in the patients with c-METL. When combining c-METH and E-cadL, a 

significant association with a better prognosis was observed (HR 0.30, 95% CI 0.13-

0.72, p = 0.007; Table 2, Figure 2C). The c-METHE-cadL patients had a median OS 

of 24 months (95% CI 0-50) compared to 9 months (95% CI 6-12) in the other 

patients. In agreement with our earlier study in the larger patient cohort34, the 

patients with high CTC numbers had a significant worse prognosis (HR 3.43, 95% 

CI 1.46-8.03, p= 0.005; Table 2, Figure 2D) with a median OS of 9 months (95% CI 

7-11) compared to the patients with low CTC (CTC<2) count having median OS of  

 

Table 2. Marker intensity or expression and overall survival: Cox regression 
analysis  

   
*   Reference category   
  ** LD= Limited disease, ED= Extensive disease 

 n HR 95% CI P value 

CD44 expression 
Low 
High 

 
35 
3 

 
1.81 
1* 

 
0.43-7.60 

 

 
0.42 
 

SOX2 intensity  
Low 
High 

 
21 
17 

 
1.79 
1 

 
0.88-3.66 
 

 
0.11 
 

E-cadherin expression  
Low 
High 

 
24 
14 

 
0.54 
1 

 
0.26-1.10 
 

 
0.09 
 

EpCAM intensity 
Low 
High 

 
18 
20 

 
0.83 
1 

 
0.42-1.64 
 

 
0.59 
 

CK intensity  
Low 
High 

 
27 
11 

 
1.10 
1 

 
0.53-2.31 
 

 
0.80 
 

Vimentin expression 
Low 
High 

 
37 
1 

 
1.54 
1 

 
0.21-11.39 
 

 
0.67 
 

c-MET intensity  
Low 
High 

 
19 
19 

 
1.92 
1 

 
0.95-3.85 
 

 
0.07 
 

c-MET and E-cad  
other 

c-METH E-cadL  

 
27 
11 

 
1 
0.30 

 
 
0.13-0.72 

 
 
0.007 

CTC  
Low 
High 

 
9 
29 

 
1 
3.43 

 
 
1.46-8.03 

 
 
0.005 

LD vs ED ** 
LD 
ED 

 
12 
26 

 
1 
2.67 

 
 
1.19-5.99 

 
 
0.02 
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26 months (95% CI 20-32; Table 3). The CTC level was the strongest predictor in 

this cohort, even surpassing disease stage ED vs LD (HR 2.67 95% CI 1.19-5.99, p 

=0.02; Table 2) with a median OS of 8 months (95% CI 6-10) for ED and a median 

OS of 14 months (95% CI 11-17; Table 3) for LD. Adding immunohistochemistry 

markers to CTC numbers did not change the hazard ratios significantly (data not 

shown). 

 

Table 3. Marker expression in relation to overall survival; median overall 
survival in months and 95% CI as based on Kaplan Meier survival analyses 

 
* Low marker expression 
** High marker expression 
*** P values related to the log rank test 
**** LD= Limited disease, ED= Extensive disease 
 

 
Association of EMT markers with baseline CTC count 

No significant associations were found between the expression of the tested CSC 

and EMT markers and the baseline CTC counts in this population, although there 

was a trend for c-METHE-cadL (p=0.09) with low CTCs (Table 4). 

 

 

 Low* High** P value*** 

CD44 expression 11 (9-13)  20 (0-52) 0.42 

SOX2 intensity 10 (8-12) 15 (11-19) 0.10 

E-cadherin expression 12 (6-18) 9 (7-11) 0.09 

EpCAM intensity 10 (4-16) 11 (9-13) 0.62 

CK intensity 11 (9-13) 13 (1-25) 0.84 

Vimentin expression 11 (9-13) 24 (-) 0.68 

c-MET intensity 10 (7-13) 13 (7-19) 0.06 

    

 other c-METH E-cadL  

c-MET and E-cad  9 (6-12) 24 (0-50) 0.004 

    

 CTC<2 CTC≥2  

CTC 26 (20-32) 9 (7-11) 0.003 

    

 LD ED  

LD versus ED**** 14 (11-17) 8 (6-10) 0.01 
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Figure 1.  
Pictures of representative immunohistochemical stainings of negative/low versus high expression and 

intensity patterns of CD44, SOX2, E-cadherin, EpCAM, Cytokeratin 8,18,19, Vimentin and c-MET 

 

Discussion 
In this study we explored the possible relationship between CSC and EMT markers 

in relation to CTCs and OS of SCLC patients. We hypothesized that the presence of 

CSC markers and mesenchymal markers in the tumor would be associated with 

higher CTC counts and lower OS, since both CSC and EMT have been associated 

with tumor aggressiveness and metastatic spread. However, the presence of the 
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CSC markers SOX2 and CD44 in SCLC tumors and CTCs were not related nor 

were they associated with OS. Of the EMT markers tested EpCAM, CK and 

Vimentin expression also did not show a correlation with CTCs and were also not 

associated with survival. Somewhat surprisingly though, we found that tumors 

displaying combined c-METHE-cadL, markers assumed to be indicative for the 

presence of mesenchymal-like cells, correlated significantly with better prognosis 

and showed trend towards lower baseline CTCs.

Figure 2.
Kaplan-Meier survival curves comparing survival outcome of the (A) low and high levels of E-cadherin 

expression (B) low and high levels of c-MET intensity (C) survival outcome of combination of high c-MET 

intensity and low E-cadherin expression (c-METHE-cadL) (D) survival outcome of low (CTC<2) and high 

(CTC ≥2) baseline CTC count.

A B

C D
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In the current study, we did not see any significant differences in clinical outcome in 

the patients based upon SOX2 and CD44 expression. Our findings add up to 

contradictory reports on the clinical significance of SOX2 and CD44 expression in 

SCLC. On the one hand, SOX2 is often amplified in SCLC and overexpression has 

been correlated with worse clinical outcomes18,39. On the other hand, SOX2 specific 

antibodies have been detected in SCLC patient’s sera but their presence did not 

correlate with prognosis40. Loss of CD44 has been correlated with poor prognosis in 

SCLC41. 

 

Table 4. Association between EMT/CSC markers and baseline CTC count 

(n=38 patients) 
 
          * P values related to 2-sided Fishers exact test 

          
         ** LD= Limited disease, ED= Extensive disease 
 

More recently, differential CD44 expression was demonstrated in distinct lung 

cancer subtypes, showing high expression in squamous cell carcinoma to be 

significantly correlated with high grade tumors and a worse prognosis, whereas 

overall CD44 expression in SCLC was lower than in NSCLC42. Of note, whether 

 CTC<2 CTC≥2 P value* 

CD44 expression  
Low 
High 

 
8 
1 

 
27 
2 

 
 
1.0 

SOX2 intensity  
Low 
High 

 
4 
5 

 
17 
12 

 
 
0.70 

E-cadherin expression  
Low 
High 

 
7 
2 

 
17 
12 

 
 
0.44 

EpCAM intensity 
Low 
High 

 
4 
5 

 
14 
15 

 
 
1.0 

CK intensity  
Low 
High 

 
6 
3 

 
21 
8 

 
 
1.0 

Vimentin expression 
Low 
High 

 
8 
1 

 
29 
0 

 
 
0.24 

c-MET intensity  
Low 
High 

 
2 
7 

 
17 
12 

 
 
0.12 

c-MET and E-cad  
other 
c-METH E-cadL  

 
4 
5 

 
23 
6 

 
 
0.09 

LD versus ED ** 
LD 
ED 

 
4 
5 

 
8 
21 

 
 
0.42 
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SOX2 and/or CD44 expressing SCLC cells are specifically staining the CSC fraction 

remains an issue of debate. Expression of these proteins may be temporally lost 

without loss of CSC properties and moreover other CSC markers have been 

suggested for SCLC, such as CD133 and therefore, different CSC populations are 

likely to exist within this tumor type43. 

 

There is accumulating evidence suggesting that EMT plays a crucial role in invasion 

and distant metastasis23. Overall, a differentiated epithelial phenotype of tumors is 

considered to be a favorable property since differentiated epithelial cells form strong 

adherent and interconnected cell layers that limit metastatic spread of tumor cells. In 

SCLC, for example, elevated E-cadherin expression was associated with better 

prognosis44. In line with this, the expression of the EMT-inducing transcription factor 

SNAIL was linked to a worse outcome in SCLC45. Similarly, c-MET overexpression 

has been correlated with poor prognosis in SCLC patients46. In contrast with these 

findings, in our present study overexpression of c-MET (c-METH) and low 

expression of E-cadherin (E-cadL) each separately showed a trend towards a better 

outcome in the SCLC patient cohort. Moreover, these two markers combined (c-

METHE-cadL) were associated with a significantly better OS. Whereas (in NSCLC) 

c-METHE-cadL can be assumed to detect predominantly mesenchymal-like cells, our 

findings are difficult to reconcile with earlier reported findings in NSCLC that link 

such ”mesenchymal” signature with a worse prognosis. In line, it should be noted 

that the other epithelial and mesenchymal markers that we examined, EpCAM, 

Cytokeratins and Vimentin, did not show correlations with prognosis. Furthermore, 

whereas c-MET overexpression caused by gene amplification or mutations have 

been linked with a mesenchymal phenotype22. In our SCLC cohort no morphological 

mesenchymal change was observed and the underlying cause and consequence of 

differential c-MET expression are therefore unexplained. In addition, although 

epithelial markers can be detected in SCLC it has a neuroendocrine origin. In a 

recent report the presence of both neuroendocrine and epithelial markers were 

detected in SCLC, and a neuroendocrine phenotype correlated with liver metastases 

and poor survival of patients47. Thus, in addition to EMT-like events in this tumor 

type, also neuroendocrine properties correlate with prognoses and may be relevant 

to explain the role of the changes in E-cadherin and c-MET in SCLC.  

 

The CellSearch platform was used to count CTCs, which makes use of EpCAM to 

capture CTCs thereby capturing mostly epithelial CTCs. We did not find a 

correlation with EpCAM levels in the tumor samples and CTCs detected by this 
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method, perhaps illustrating plasticity of tumor cells leading to losses and gains of 

epithelial and mesenchymal features. Alternative methods, such as isolation by size 

of epithelial tumor cells (ISET), do not have a bias for selection of cells expressing 

epithelial markers only and allows the detection of both epithelial- and 

mesenchymal-like circulating tumor cells 48. A recent study reported that both ISET 

and CellSearch showed comparable CTC detection in 55% patients in breast 

cancer, 60% patients in prostate cancer, however, comparable CTC detection was 

found in only 20% of NSCLC patients49. In NSCLC, CTCs enriched by the ISET 

method showed a mixed expression of the epithelial/mesenchymal markers CK and 

vimentin50. Also, Hou et al demonstrated a heterogeneous expression of epithelial 

and mesenchymal markers in CTCs derived from both NSCLC and SCLC patients 

by ISET37. Dual staining of these CTCs for Vimentin and E-cadherin showed that all 

Vimentin positive CTCs were negative for E-cadherin and vice a versa37. Thus, 

epithelial-like and mesenchymal-like CTCs appear to exist and it would be 

interesting to count CTCs with varying differentiation in SCLC patients and explore 

the expression of c-MET and E-cadherin. 

 

In conclusion, our study suggests that in SCLC a mesenchymal-like signature of 

high expression of c-MET coupled with low E-cadherin expression in the primary 

tumor is associated with lower (epithelial) CTC counts by CellSearch and a better 

prognosis. This is different from NSCLC, possibly explained by the neuro-endocrine 

origin of SCLC. 
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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 and 

paclitaxel. 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. 

 

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 
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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 

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 supplements, 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 BioOne (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 polyclonal 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), 
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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-anti-rat) and the antibody against KI-

67 (clone MIB) was 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) 

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 was 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 FACS-

analysis (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., 
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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%.  

 

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 HRP-conjugated secondary anti-rabbit or anti-mouse antibodies 

(1:50 dilution). Proteins were visualized using chemiluminiscence. β-actin 

expression was used as loading control.  

 

Chemosensitivity  

Chemosensitivity of OE33 monolayer and spheroid cells were tested by the (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 

MTS assay. Before assays were performed linearity between cell amounts and 

absorbance 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 were 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 
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(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 

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. 
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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 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, SD, 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 
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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 reverse 

transcribed 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 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. 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.  

 

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 epithelial-to-

mesenchymal transition (EMT) marker SLUG was tested, since EMT also has been 

associated with CSCs (22). OE19S cells showed enhanced expression of Cyclin D1 
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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 significantly different from OE33 cells with 

approximately 35-40% (around 7/20 and 4/10) spheroid formation capacity.  

 

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-/CD24- 

populations. 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 were tested by the MTS 

assay. As the MTS-assay was not suitable for OE19 due to low metabolic activity of 

this cell line, 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 significant differences in chemosensitivity for cisplatin and paclitaxel could be 

observed between OE33 and OE33S (Figure 2b and 2d). 
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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 numbers of spheroids per 

well are indicated from three experiments (significant P<0.05). 

 

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*105 injected cells) are shown in Figure 3a. These 

examples illustrate significantly enhanced tumor growth of OE19S vs. OE19-derived 

xenografts, with an average tumor volume of 2560mm3 versus 660mm3 at week 3 

post-injection (P=0.006), and 1365 mm3 versus 720 mm3 (P=0.047) at week 8 post-

injection in OE33S- and OE33-derived 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). The 
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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. 

 
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) OE19/OE19S with cisplatin, b) OE33/OE33S with cisplatin,  c) OE19/OE19S  

with paclitaxel and d) OE33/OE33S with paclitaxel. Data represent the mean ± SD of at least three 

independent experiments, * P-value<0.05, two-sided t-test 

 

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 xenografts derived from OE19/OE19S (6*105 

injected cells) and OE33/OE33S (3*105) 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 models.  438 genes were altered in expression between 

monolayer and spheroid- -cultured OE19 cells (fold change (FC) ranging from 1.03-  
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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.  

d 
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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 OE33S- derived xenografts and there was no 

overlap in alterations in the gene expression between cell lines and xenografts. 

  

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, 4c). 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.  

 

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).  
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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 2FC 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 were determined from three independent samples and calculated 

using the delta Ct-method. ΔΔCt=Δ mean monolayer cell line - Δ mean spheroid cell line, FC array is 

microarray fold change. c) Relative expression of KLF2, c-FOS and CEACAM6 (calculated from the mean 

ΔΔCt (2-ΔΔCt). 

 

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, 

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- 
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Table 1. Top 10 most differentially downregulated and upregulated genes, and 

3 genes altered between both models 
 OE19S vs OE19    OE33S vs 

OE33  
 

            p-value        FC              p-value        FC 
CEACAM5             <0.01 ↑11,211  LOC100132564 <0.01 ↑9,517 

MMP1 <0.01 ↑6,875  RN5S9 <0.01 ↑4,522 

ECM1 <0.01 ↑6,406  SPRR3 <0.01 ↑4,181 

MDK <0.01 ↑5,174 GAS6 <0.01 ↑3,641 

KRT6A <0.01 ↑4,946 SNORA12 <0.01 ↑3,618 

KLF2* <0.01 ↑4,851 RN7SK <0.01 ↑3,454 

ECM1 <0.01 ↑4,701 TXNIP <0.01 ↑3,374 

KRT16 <0.01 ↑4,472 GAS6 <0.01 ↑3,171 

SDCBP2 <0.01 ↑4,175 FGFR3 <0.01 ↑3,159 

CCK <0.01 ↑4,122 SCARNA13 <0.01 ↑3,049 

      
FOS * (18) <0.01 ↑2.979 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 

 
 
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 SC-like properties in EAC.  
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Table 2 Gene Set Enrichment analysis for KEGG 
 
GSEA OE19S vs OE19   OE33S vs OE33   

 FDR P-value NES FDR P-value NES 

KEGG       

DNA replication 0.020↓ 0.004 -18.5    

Pyrimidine 
metabolism 

0.095↓ 0.021 -16.2    

Focal adhesion    0.056↓ 0.002 -19.2 

ECM Receptor 
adhesion 

   0.065↓ 0.004 -1.85 

TGFβ    0.115↓ 0.009 -17.24 

FDR<0.150 and p-value<0.01.  
 

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 (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 
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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. 

 

In conclusion, the OE19 spheroid model could 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 figure. 

 
 
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 highest or 

lowest 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.  

 

 
 

 

 
 



502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore

Chapter 7 

 115 

Chapter 7 

 
Targeting apoptosis pathways in lung 
cancer 

 

Cancer Letters 2013 May, 28; 332(2): 359-68. 

 
Milind M. Pore1, T. Jeroen N. Hiltermann2, Frank A.E. Kruyt1 

 
1Department of Medical Oncology and 2Department of Pulmonology, University of 

Groningen, University Medical Center Groningen, Groningen, The Netherlands  

  



502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore502135-L-sub01-bw-Pore

Chapter 7 

	
116 

Abstract 

 
Lung cancer is a devastating disease with a poor prognosis. Non-small cell lung 

cancer (NSCLC) and small-cell lung cancer (SCLC) represent different forms of lung 

cancer that are associated with distinct genetic causes and display different 

responses to therapy in the clinic. Whereas SCLC is often sensitive to 

chemotherapy at start of treatment NSCLC are less chemo-sensitive. In NSCLC 

different histological subtypes are distinguished and increasing efforts are made to 

identify subtypes that respond to specific therapies, such as those harbouring 

epidermal growth factor receptor (EGFR) mutations that have benefit from treatment 

with EGFR inhibitors. Targeting of the apoptotic machinery represents another 

approach that aims to selectively kill cancer cells while sparing normal ones. Here 

we describe different ways that are currently explored to induce apoptosis in lung 

cancer cells, specifically pathways controlled by TNF-related apoptosis-inducing 

ligand (TRAIL), BCL-2 family members and apoptosis-inhibitory proteins (IAPs). 

Preclinical studies are discussed and for some agents results from early clinical 

studies and future perspectives are considered.  
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List of abbreviations 

 
ALK: Anaplastic Lymphoma Kinase  

BAX: B-cell lymphoma associated X protein 

BAK: B-cell lymphoma antagonist/killer 1  

BCL-2: B-cell lymphoma 2  

BCL-XL: B-cell lymphoma-extra large 

BH3- B-cell lymphoma-2 homology 3 

BID:  BCL-2 interacting domain 

BIM: B-cell lymphoma 2 interacting mediator protein 

BIR: Baculovirus Apoptosis Inhibitory Protein Repeat  

BRAF: B-Raf proto-oncogene serine/threonine-protein kinase 

cFLIP:  Cellular flice-like inhibitory protein  

DcR: Decoy Receptor 

DISC: Death Inducing Signaling Complex 

DLT:  Dose Limiting Toxicity  

DR: Death Receptor 

EGFR:  Epidermal Growth Factor Receptor  

EML: Echinoderm Microtubule-associated like protein 

ERBB2: Erythroblastic Leukemia Viral Oncogene homolog 2 

ERK: Extracellular signal Regulated Kinase 

FADD: Fas-associated protein with Death Domain 

HDAC:  Histone Deacetylases  

IAP:  Apoptosis Inhibitory Protein 

KRAS: Kirsten rat sarcoma viral oncogene 

MCL-1: myeloid cell leukemia factor 1 

MEK: Mitogen activated ERK activating Kinase 

MET: Mesenchymal epithelial transition factor 

MOMP: Mitochondrial Outer Membrane Permeabilization 

NSCLC:  Non small cell Lung Cancer  

OPG:  Osteoprotegerin  

PARK2: Parkinson disease 2   

PIK3CA: Phosphoinositide-3-kinase, catalytic, alpha polypeptide 

PUMA: p53 Upregulated Modulator of Apoptosis 

rhTRAIL: Recombinant human soluble TRAIL  

SCLC:  Small cell Lung Cancer  

SMAC:  Second Mitochondria-derived Activator of Caspases 

STK11: Serine/threonine kinase 11  

TNF: Tumor Necrosis Factor 

TRAIL:  TNF Related Apoptosis-inducing Ligand  

TRAIL-R: TRAIL Receptor  

VEGF: Vascular Endothelial Growth Factor 

XIAP:  X-linked Apoptosis Inhibitory Protein 
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1. Lung Cancer  

Lung cancer is the leading cause of cancer related deaths worldwide. It has been 

estimated that more than 1 million people die with it annually and approximately 1.4 

million are diagnosed per year, 12% of which are new cases [1]. Lung cancers are 

divided into small cell lung cancer (SCLC), which comprises of 15-20% of total lung 

cancer cases and remaining 80-85% are attributed to the non-small cell lung 

cancers (NSCLC). On the basis of histological characteristics NSCLC is further 

divided into adenocarcinoma, squamous cell carcinoma and large cell lung cancer 

[2]. Smoking is the main causative agent in all types of lung cancers; it is strongest 

associated with squamous cell carcinoma and SCLC. The main histology in never 

smokers is adenocarcinoma. Although several attempts have been made to develop 

effective treatment strategies to combat lung cancer, still overall 5 years prognosis is 

less than 15% in NSCLC and for SCLC it is even lower [3]. SCLC’s are 

neuroendocrine tumors and they differ from NSCLC in several aspects like biology, 

prognosis and response to therapy. SCLC is one of the most aggressive tumor 

types in man. At presentation patients most often have metastasized disease. 

SCLC’s are initially sensitive to the chemotherapy, but even in limited disease with 

concurrent chemoradiotherapy and prophylactic cranial irradiation to prevent brain 

metastasis the 5- year survival is less than 15%. In most cases of lung cancer no 

symptoms or only a few are reported, and therefore most patients with lung cancer 

have advanced disease on diagnosis. The median survival in this group without 

therapy is 4 month [4].  

 

New therapies are greatly needed for improving lung cancer treatment. Genetic 

analyses of NSCLC has identified both genetic and somatic mutations in EGFR and 

p53 genes, and somatic mutations in KRAS, BRAF, ERBB2, MET, STK11, PIK3CA 

and PARK2 genes. These mutations in genes have led to new strategies, aiming at 

these targets, such as for example mutated version of EGFR [5,6]. In this review we 

describe the progress made in the field of apoptosis targeted therapy for lung 

cancer. 

 

2. Apoptotic cell death  

Apoptosis or programmed cell death is a physiological process that provides an 

effective, non inflammatory way to remove redundant or damaged cells from tissues 

thereby securing tissue homeostasis [7]. Inhibition of apoptosis is considered as an 

essential step in tumourigenesis and is one of the hallmarks of cancer, allowing the 

survival of cells that accumulate oncogenic events that otherwise would have been 
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removed by apoptosis [8]. A multitude of signals activated by variable triggers, such 

as growth factors, cell-cell interactions, changing nutrient conditions, hypoxic 

conditions, and cytotoxic damage affect the status of the apoptotic machinery [7]. 

The caspases, specific cysteine proteases, are instrumental in the initiation and 

execution of apoptosis. Two main caspase activation pathways have been identified 

the intrinsic or mitochondrial pathway and the extrinsic or death receptor pathway. 

The intrinsic pathway is triggered upon disruption of mitochondria, for example as a 

result of DNA damage inflicted by cytotoxic agents, resulting in the release of 

cytochrome c into the cytoplasm [9].  Cytochrome c and dATP are required for the 

assembly of the apoptosome consisting of Apaf-1 and procaspase-9 and the 

subsequent cleavage and activation of caspase-9. Mitochondrial disruption is 

regulated by the BCL-2 family proteins [10,11], comprising of antiapoptotic 

members, such as BCL-2, BCL-XL, and MCL-1, and proapoptotic members, such as 

BAX and BAK. Together with BH3-only proteins, including BID, PUMA, and NOXA, 

which appear to be sensors for particular types of stress, interactions amongst the 

BCL-2 family members determine whether apoptotic thresholds are exceeded [12]. 

BAX and BAK then translocate from the cytoplasm to the mitochondrial membrane 

where they make pore-like structures resulting in mitochondrial outer membrane 

permeabilization (MOMP) and subsequently the release of cytochrome c, second 

mitochondria-derived activator of caspases (SMAC) and caspase activation. 

 

The extrinsic or death receptor pathway is triggered via specific cell membrane 

receptors, such as Fas/CD95 TRAIL receptors, which after ligand binding can recruit 

FADD (Fas-associated protein with death domain) and procaspase-8 causing 

caspase-8 activation in a complex named the death-inducing signaling complex 

(DISC) [13]. Active initiator caspases-8 and -9 on their turn cleave and activate the 

effector caspases-3, -6, and -7 that result in the proteolytic disassembly of cells. 

Cellular flice-like inhibitory protein (cFLIP), a non-functional procaspase-8 

homologue, can compete with procaspase 8 for FADD binding leading to 

suppression of apoptosis.  The full activation of extrinsic apoptosis often requires the 

cross activation of intrinsic apoptosis that is mediated by caspase-8-dependent 

cleavage of BID and subsequent mitochondrial disruption [14]. The inhibitor of 

apoptosis protein (IAPs) family comprises proteins that can bind and inactivate 

caspases via one or more baculovirus IAP repeat (BIR) domains [15].   For example, 

X-linked IAP (XIAP) is known to inhibit caspases-3 and -9 and its antiapoptotic 

activity is neutralized by the release of SMAC following MOMP [16].  
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3. Apoptosis as target for therapy 

Standard cancer therapies such as chemotherapy and radiation eradicate tumor 

cells at least in part by indirectly activating the apoptotic machinery [17]. In this 

process the tumor suppressor p53 is an important effector that predominantly 

induces transcription-dependent mechanisms of apoptosis by upregulating 

proapoptotic genes such as PUMA, BAX and death receptors and subsequent 

activation of intrinsic and/ or extrinsic apoptosis [18]. It is observed that around 50% 

of all types of lung cancers are associated with mutated p53 [19]. In NSCLC and 

SCLC defects in the p53 gene are observed generally caused by complete loss of 

one allele and point mutation in the other allele. Interestingly, G --> T transversion is 

frequently observed that have been associated with the mutagenic activity of 

polycyclic aromatic hydrocarbons from cigarette smoke [19]. Non-functional p53 

leads to less efficient apoptosis activation by conventional treatments. Therefore, 

the possibility to develop agents that directly target apoptotic mechanisms has 

generated a lot of excitement and could lead to more effective therapies with less 

toxic side effects. Currently, different apoptosis targeted therapies are being 

evaluated in preclinical and clinical studies in different tumor types. One may 

distinguish proapoptotic and apoptosis sensitizing strategies. Proapoptotic 

approaches aim to selectively trigger apoptosis in tumor cells such as for example 

by targeting tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) 

receptors. Sensitizing strategies, for example by neutralizing antiapoptotic proteins 

like the inhibitor of apoptosis protein (IAPs) or BCL-2, lower the threshold for 

apoptosis that in some cases is sufficient to cause apoptosis but mostly sensitize 

tumor cells for eradication by other apoptotic triggers such as chemo- and 

radiotherapy.  Below we describe the current status on the use of apoptosis 

modulating approaches in lung cancer. First, examples of different apoptosis 

targeted strategies in laboratory models are presented, followed by an overview of 

completed and ongoing clinical trials.  

 

4. TRAIL receptor targeted therapy 
Targeting of the TRAIL receptor signaling pathway is an attractive approach since it 

provides a direct apoptosis trigger that selectively kills tumor cells without harming 

normal cells [20]. Two membrane receptors mediate apoptosis, designated TRAIL-

R1 (DR4) and TRAIL-R2 (DR5), whereas TRAIL-R3 (DcR1), -R4 (DcR2) and 

circulating osteoprotegerin (OPG) are nonfunctional decoy receptors that are able to 

sequester TRAIL causing suppression of apoptosis [21].  The mechanisms 

underlying the selective sensitivity of tumor cells to TRAIL are not completely 
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understood, but may be related to high TRAIL receptor expression levels in tumor 

cells, increased expression of decoy TRAIL receptors in normal cells, and likely also 

involve oncogene-dependent activation of the TRAIL apoptotic pathway in tumor 

cells [22].  Moreover, TRAIL-induced apoptosis is independent of p53 gene status 

implicating efficacy in tumors with nonfunctional p53. A number of TRAIL receptor 

targeting agents have been developed, including preparations of recombinant 

human soluble TRAIL (rhTRAIL) and derived variants, and agonistic monoclonal 

antibodies [23]. An advantage of agonistic monoclonal antibodies is their long half-

life (18-21 days) compared with rhTRAIL (20-30 minutes). In addition, high affinity 

and selective binding of either TRAIL-R1 or TRAIL-R2 by monoclonal antibodies and 

the reduced sequestering by decoy receptors may lead to increased antitumor 

effects.  

 

SCLC appears not to be a suitable tumor type for TRAIL-based therapy because it 

frequently lacks CASP8 expression amongst other DISC compounds in contrast to 

NSCLC [24].  DNA methylation of genes, including CASP8, appears to be a major 

cause of its absence [25] and the demethylation agent 5-aza-2-deoxycytidine 

together with INFg was shown to partially revert TRAIL resistance [26].  Moreover, 

TRAIL exposure was found to even promote cell survival and proliferation in SCLC 

cells involving TRAIL-R2-dependent ERK1/2 activation [27]. Combined treatment 

with IFN-g could alter the methylation status of CASP8 and restore its expression 

resulting in partially restored caspase activation. An alternative approach for altering 

the epigenetic status of tumor cells in order to sensitize for TRAIL is provided by 

histone deacetylases (HDAC) inhibitors. HDACIs are known to de-repress apoptotic 

pathways for example by elevating death receptor levels, stimulation of DISC 

formation and down-regulation of apoptosis inhibitors [28]. In NSCLC cells both the 

HDACIs valproic acid and trichostatin A could increase TRAIL induced caspase 

activation [29, 30]. HDACI activity in SCLC remains to be examined. Recently, in a 

number of TRAIL-resistant SCLC cell lines that do express caspase-8 apoptosis 

activation could be established by combined treatment with doxorubicin or 

etoposide. This was associated with elevated TRAIL-R2 expression and decreased 

cFLIP and it was suggested that in a subset of caspase-8 expressing SCLC tumors 

such a treatment may have benefit [31].    

 

In contrary, NSCLC appears to be an interesting tumor type for TRAIL therapy for 

the following reasons: i. the p53 pathway is inactive in a large portion of NSCLC 

patients as mentioned earlier; ii. DNA damage-induced mitochondrial-dependent 
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caspase-9 activation may be disrupted in NSCLC [32] whereas the caspase-8-BID-

mitochondrial pathway is intact [33]; iii. Both TRAIL-R1 and –R2 are expressed in 

the large majority of tested NSCLC samples [34]. In preclinical NSCLC models the 

efficacy of TRAIL based therapy alone appeared to be limited. The largest 

proportion of NSCLC cell lines show moderate sensitivity or high resistance towards 

different TRAIL receptor targeting agents that could be enhanced or restored by 

combined treatment with various standard or experimental agents, which was 

extensively reviewed recently [35]. Intrinsic TRAIL resistance in NSCLC involves 

blocks at different levels in the pathway, such as high levels of decoy receptors, 

limitations in DISC formation due to cFLIP- or PED-mediated inhibition, and high 

expression of anti-apoptotic BCL-2 proteins. Combined therapy with standard 

chemo- and radio therapy can overcome these blocks generally involving p53-

dependent or independent effects, including the upregulation of TRAIL receptors 

and enhancement of mitochondria dependent apoptosis by affecting BCL-2 family 

protein expression [35]. Furthermore, the availability of other targeted agents allows 

the rationalized testing of combinations. For example, the apoptosis suppressing 

activity of NF-kB by transcriptional activation of cFLIP, BCL-XL and IAP proteins can 

be blocked by preventing the proteasomal degradation of IkB and may therefore 

potentiate TRAIL-induced apoptosis. Indeed, the proteasome inhibitor bortezomib 

enhanced TRAIL-induced apoptosis in NSCLC cells, although inhibition of NF-kB 

appeared partially instrumental for sensitization and upregulation of TRAIL receptors 

and proapoptotic BCL-2 proteins were also involved [36,37]. 

 

5. BCL-2 targeted therapy 
BCL-2 is frequently overexpressed in tumors and in lung cancer a meta-analysis has 

reported 76% and 35% in SCLC and NSCLC, respectively, of patients samples 

positive for BCL-2 [38]. Overexpression of antiapoptotic BCL-2 family members is 

known to cause apoptosis and therapy resistance in a wide range of tumors and the 

development of therapies that target these apoptosis modulators appears to be a 

promising approach [39,40]. Two main strategies to target BCL-2 and related family 

members are currently exploited, in which one aims to inhibit the expression of 

these proteins and the other to interfere with BH-3 domain-mediated protein 

interactions. Based on initial observations that anti-sense oligonucleotides that 

inhibit BCL-2 and BCL-XL expression could induce apoptosis in lung cancer cell 

lines [41,42,43], an 18-mer phosphorotioate antisense oligonucleotide directed 

against BCL-2 (Genasense, Oblimersen, G3139, Genta Inc.Berkeley Heights, NJ) 

has been explored as a therapeutic approach in NSCLC and SCLC. In preclinical 
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models, in particular SCLC cells appeared to be sensitive for down-regulation of 

BCL-2 [41], although combined use with the chemotherapeutic agents etoposide, 

doxorubicin or cisplatin displayed strong synergistic activity [44]. In cell culture 

models also NSCLC cells showed sensitivity for antisense mediated BCL-2 inhibition 

[42,43], and in xenograft mouse models the combined use with the antimitotic drug 

vinorelbine further enhanced antitumor activity [45].  

 

Gossypol, one of the first known BH3 mimetics, is a natural polyphenol derived from 

cotton plants that was found to bind the BH3 pocket of BCL-2, BCL-XL and MLC-1 

to cause inhibition of their activities [46]. Molecular modeling and structure-based 

analyses has led to the development of an improved variant, named apogossypol, 

which also inhibits BLF-1 [47].  Further improvements have been recently reported 

leading to derivatives with EC50 concentrations in the nanomolar range in NSCLC 

cells [48]. Also a racemic mixture of gossypol has been produced, named AT-101 

(Ascenta Therapeutics, Michigan), which has demonstrated potent anti-tumor 

activity in B-cell lymphoma when combined with chemotherapy [49]. Clinical studies 

have been rapidly initiated with AT-101 in lung cancer patients (see below) and only 

recently it was tested in preclinical studies causing apoptosis activation and 

sensitization for radiotherapy in NSCLC cell lines [50]. 

 

Non-peptide small molecule inhibitors of BCL-2 and BCL-XL have been developed 

based on the resolved structure of BCL-2 and BCL-XL/ BAK peptide complexes [51] 

and these BH3 mimetics are showing promising anti-tumor effects in lung cancer 

cells. ABT-737 (Abbott Oncology, IL, USA), a high affinity inhibitor of BCL-2, BCL-XL 

and BCL-W, displayed potent antitumor activity as single agent in SCLC cell culture 

and mice models and also enhanced chemotherapy-induced cell death in other 

tumor types including NSCLC [52].  In a SCLC xenograft mice model ABT-737 

demonstrated potent single agent anti-tumor activity that was associated with 

elevated caspase-3 activation and Cytokeratin 18 levels in plasma [53]. In another 

study, the presence and level of BCL-2 as well as levels of proapoptotic BAX and 

BIM were shown to determine sensitivity to ABT-737 [54].  Importantly, resistance to 

ABT-737 in SCLC was found to correlate strongly with MCL-1 expression [55,56].   

Also NOXA was identified as a critical factor for ABT-737 sensitivity [57]. NOXA 

binds predominantly MCL-1 causing the release of proapoptotic BAX or BAK that 

trigger MOMP and low levels of NOXA in SCLC cells were associated with ABT-737 

resistance.  
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In NSCLC cell lines ABT-737 resistance also could be related to MCL-1 expression 

levels and vector-dependent overexpression of NOXA sensitized cells for ABT-737 

as well as combined treatment with chemotherapeutic agents [58].  In the same 

study MCL-1 expression was determined in tumor samples from 84 chemo-naive 

NSCLC patients and in 56% of the cases MCL-1 expression was detected 

suggestive of relevance as resistance factor in the clinical setting. Interestingly, in 

NSCLC synergistic interactions have been reported between ABT-737 and the 

EGFR inhibitor gefitinib, which has activity in a subpopulation of patients with 

mutated EGFR [59].  Gefitinib was found to induce a rapid increase in BIM that was 

mediated by MEK–ERK1/2 (mitogen-activated protein kinase kinase–extracellular) 

signalling. Elevated BIM was essential for gefitinib-dependent cell killing that could 

be further enhanced by neutralizing BCL-2 with ABT-737. Also synergistic 

interactions between TRAIL and ABT-737 have been reported in cell lines 

representing different tumor types, including A549 NSCLC cells [60]. Sensitisation 

by ABT-737 involved an enhancing effect on TRAIL-dependent mitochondrial 

apoptosis but also upregulation of TRAIL-R2 via a NF-kB-dependent mechanism 

was observed. An oral derivative of ABT-737, named ABT-263, has been generated 

with improved pharmokinetic and pharmacodynamic properties [61]. Potent dose-

dependent antitumor activity has been reported in SCLC cell culture and xenograft 

mice models [62].  

  

Another promising small molecule BH3 mimetic is GX15-070 (Obatoclax, GeminX 

Inc., Malvern, PA, USA) that inhibits BCL2/BCL-XL and MCL-1 [63]. Its ability to 

inhibit MCL-1 provides an alternative for MCL-1-based mechanism of resistance 

encountered with ABT-737 [64].  In NSCLC cell lines GX15-070 demonstrated cell 

killing potential that was strongly enhanced by chemotherapeutic agents such as 

cisplatin, gemcitabine or paclitaxel and also enhanced cytotoxic effects of gefitinib in 

EGFR mutant NSCLC cells [63]. 

 

6. Targeting the IAP family  

The IAP family comprises a group of eight structurally related proteins that share the 

presence of one or three zinc-binding motifs named the baculovirus IAP repeat 

(BIR) domain [65]. They constitute a functionally heterogeneous family and two 

members of the family, XIAP and survivin, are particularly involved in the inhibition 

of apoptosis. XIAP has three BIR domains that can interact and interfere with 

caspases-9, -3, and -7 activity.  The BIR3 domain is involved in caspase-9 inhibition 

and the BIR2 domain in caspase-3 and -7 inhibition [65]. Upon cellular commitment 
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to undergo apoptosis XIAP is relieved from caspases by release of antagonistic 

SMAC from mitochondria [16]. XIAP is expressed in NSCLC and SCLC cells and its 

abundant presence in clinical samples derived from NSCLC may be associated with 

treatment resistance [66,67]. Small molecules that interfere with the apoptotic 

inhibitory activity of XIAP and antisense oligonucleotide-based approaches that 

down-regulate the expression of XIAP are currently being explored as therapies. For 

example, a SMAC mimetic (compound 3) has been developed that sensitizes tumor 

cells to treatment with chemotherapeutic agents or TRAIL [68]. In NSCLC cells this 

compound also enhanced cisplatin-induced apoptosis involving increased caspase-

3 activation [69]. More recently, a XIAP antagonistic phenylurea-based compound 

showed weak cytotoxic activity when administered alone and strongly enhanced 

apoptosis in combination with chemotherapeutic agents in NSCLC cell lines [70]. 

Antisense oligonucleotide mediated inhibition of XIAP displayed potent 

radiosensitizing properties in H460 NSCLC cell culture and xenograft mice models 

[71]. Another antisense oligonucleotide, named AEG35156 (Aegera Therapeutics, 

Montreal, Canada) exhibited strong antitumor activity in xenograft mice models of 

prostate, pancreatic and NSCLC cancer when combined with chemotherapy 

(cisplatin, docetaxel) and was able to synergistically enhance TRAIL-induced 

apoptosis in NSCLC cells in vitro [72]. AEG35156 is the only anti-XIAP agent to 

have advanced into clinical testing to date (see below).   

 

Survivin has an important role in regulating cell survival and cell division [73]. 

Survivin can inhibit apoptosis by BIR-dependent binding and inhibition of caspases 3 

and 7 and through direct interactions with SMAC. In addition, survivin can interact 

with microtubules and a role for survivin as a chromosomal passenger protein that 

regulates mitotic progression has been established [73]. Survivin is hardly 

detectable in most normal adult tissues whereas high levels of survivin are present 

in tumor cells and its expression has been found to be an indicator of poor patient 

prognosis, including in NSCLC in which also nuclear localization appeared to have 

prognostic value [74,75]. However, contradicting reports have been published on 

nuclear survivin as a prognostic predictor for survival and further studies are 

warranted [75-77]. Together these properties have suggested that targeting survivin 

may be a promising therapeutic approach, and in different tumor types evidence for 

this has been obtained [73].  In NSCLC cells antisense-mediated downregulation of 

survivin was found to potently sensitize for radiotherapy [71,78]. A small molecule 

inhibitor that suppresses activity of the survivin promoter, named YM155 (Astellas 

Pharma, Japan), has been developed showing potent antitumor activity in a p53-
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independent fashion [79].  Furthermore, YM155 sensitized NSCLC cell lines and 

xenografts in nude mice for radiotherapy [80]. In SCLC Survivin-directed therapy 

has hardly been examined but some evidence for Survivin being a regulator of 

cisplatin-mediated cytotoxicity has been reported [81]. 

 

7. Apoptosis targeting strategies in clinical studies  

Based on the promising preclinical results a number of therapeutic strategies that 

target the extrinsic or intrinsic pathway of apoptosis are being explored in early 

clinical studies in lung cancer. Agents that are most likely to produce approved 

products in the near future are TRAIL receptor targeted agents in NSCLC, 

antagonising inhibitors of XIAP or Survivin and inhibition of the BCL-2 family of 

proteins both in NSCLC and SCLC (see Figure 1). A summary of ongoing and 

completed clinical studies with these agents is provided below and in Table 1. 

 
Figure 1. Schematic representation of apoptotic targeted agents that have or are being tested in lung 
cancer.  
Pro-apoptotic TRAIL receptor targeting agents can trigger apoptosis selectively in cancer cells. Inactivation 

of anti-apoptotic proteins belonging to the BCL-2 or IAP family spontaneously cause apoptosis or result in 

apoptosis sensitization in tumor cells. In SCLC DISC formation is frequently impaired making it less suitable 

for single agent treatment with TRAIL receptor agonists. Combined treatments with standard therapy or 

other targeted agents are most effective (see text for more details).      
 

7.1 TRAIL receptor targeting agents 
Both agonistic antibodies against TRAIL-R1 (anti-DR4) or TRAIL-R2 (anti-DR5) and 

recombinant Apo2L/TRAIL agents are being studied in phase I and phase II setting. 
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Recently, an open label phase Ib study of rhTRAIL (AMG951 also known as 

dulanermin) in combination with paclitaxel, carboplatin and bevacizumab has been 

published as first line treatment in patients with advanced NSCLC, with acceptable 

toxicity and the suggestion of an additive effect (response rate 58%) [82]. This drug 

is now being tested in a randomized phase II trial in NSCLC, which started in 2007 

and is ongoing. 

 

Four studies have been published on the TRAIL-R1 agonist mapatumumab. Three 

of these were phase I studies in solid tumors with either mapatumumab alone [83, 

84] or in combination with cisplatin and gemcitabin [85] or paclitaxel and carboplatin 

[86]. All of these studies demonstrated acceptable toxicity either alone or in 

combination with cytotoxic drugs. The most striking side effects related to the 

combination of cytotoxic drugs and mapatamumab appear to be peripheral sensory 

neuropathy, diarrhea and anorexia.  A randomized phase II study on mapatamumab 

and paclitaxel and carboplatin started in 2007 and is ongoing. A monotherapy phase 

II study of mapatumumab was performed in relapsed NSCLC [84]. No objective 

single agent activity of mapamatumab was demonstrated but the drug was safe and 

well tolerated. 

 

Several TRAIL-R2 agonists are being studied [87-92] of which three have been 

published as phase I trails in solid tumors as monotherapy [88-90]. Dose limiting 

toxicity (DLTs) were elevations of serum amylase, transaminases and bilirubin (liver 

toxicity), but lexatumumab can be safely administered every 14 days at 10 mg/kg. 

Three randomized phase II trials in patients with advanced NSCLC are ongoing, a 

trial with CS-1008, paclitaxel and carboplatin started in 2007, a trial with AMG-655 

and paclitaxel and carboplatin started in 2008, and finally a trial with PRO95780, 

paclitaxel, carboplatin and bevacizumab started in 2009 (Table 1, clinicaltrials.gov). 

 

 

7.2. XIAP and Survivin 
A number of studies have evaluated Survivin and XIAP as targets for therapy. Two 

phase I trials have been performed in solid tumors with YM155, a small molecule 

inhibitor of Survivin. The first study found a maximal tolerated dose (MTD) of 4.8 

mg/m2 by 168 hour continuous i.v. infusion (CIVI) [93]. The second study found a 

MTD at 8.0 mg/m2 by 168-hour, CIVI every 3 weeks. In both studies DLT was based 

on elevations in blood creatinine (kidney toxicity).  
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Table 1. Overview completed or ongoing clinical studies with apoptosis 

targeting agents in lung cancer. 
Targeting 

drug 
Combination 

drugs 
Phas

e Patients Remarks Ref 

TRAIL receptor targeting drug 
Dulanermin 
(rh 
Apo2L/TRAIL
) 

Paclitaxel, 
Carboplatin, 
Bevacizumab 

Ib n=24 NSCLC IIIb/IV or 
recurrent no DLT [82] 

AMG 951 
Paclitaxel, 
Carboplatin, 
Bevacizumab 

II n=200 NSCLC IIIb/IV started 2007 ongoing, not 
recruiting § 

Mapatumum
ab (TRAIL-
R1) 

- I Advanced solid tumors (5/49 
NSCLC) no DLT [83] 

Mapatumum
ab - II n=32 NSCLC IIIb/IV or 

recurrent no DLT, no clinical effect [84] 

Mapatumum
ab 

Cisplatin, 
Gemcitabine I Advanced solid tumors (3/49 

NSCLC) MTD not reached [85] 

Mapatumum
ab 

Paclitaxel, 
Carboplatin I Advanced solid tumors (6/27 

NSCLC) MTD not reached [81] 

Mapatumum
ab 

Paclitaxel, 
Carboplatin II n=105 NSCLC IIIb/IV started 2007 ongoing, not 

recruiting § 

AMG 655 
(TRAIL-R2) 

Paclitaxel, 
Carboplatin Ib/II n=172 NSCLC IIIb/IV or 

recurrent 
started 2008 ongoing, not 
recruiting [87]§ 

AMG 655 AMG 479 (IGF-
1R antagonist) Ib/II n=108 advanced solid 

tumors 
started 2009 ongoing, 
recruiting § 

PRO95780 - I Advanced solid tumors (3/50 
NSCLC) MTD not reached [88] 

PRO95780 
Paclitaxel, 
Carboplatin, 
Bevacizumab 

II n=120 NSCLC IIIb/IV or 
recurrent 

started 2007 ongoing, not 
recruiting § 

Lexatumuma
b - I Advanced solid tumors (0/37 

NSCLC) 10 mg/kg iv/3 wks MTD [89] 

Lexatumuma
b - I Advanced solid tumors (8/31 

NSCLC) 10 mg/kg iv/2 wks MTD [90] 

CS-1008 - I n=40 Solid tumors/lymphoma 2006-2007 completed, not 
published § 

CS-1008 Paclitaxel, 
Carboplatin II n=100 NSCLC IIIb/IV started 2009 ongoing, 

recruiting § 

LBY135 - I n=56 advanced solid tumors discontinued(11) [91] 
HGS-TR2J - I Advanced solid tumors Discontinued [92] 
IAP-targeting drugs  
YM-155 
(survivin 
supressor) 

- I n=6 Solid tumors/lymphoma started 2009 ongoing, 
recruiting § 

YM-155 - I Advanced solid tumors 
(2/41NSCLC) 

4,8 mg/m2/d 168 h iv/3wks, 
MTD [93] 

YM-155 - I Advanced solid tumors (7/33 
NSCLC) 

8,0 mg/m2/d 168h iv/3wks, 
MTD [94] 

YM-155 - II n=37 NSCLC IIIb/IV 
PFS 1,7 (1,3-2,8) ; OS 6,6 
(4-12,2) months 
1 year survival 35,1% 

[95] 

AEG35156 
(XIAP-
antisense) 

- I Advanced solid tumors (2/38 
NSCLC) 

125mg/m2/d 7d iv/3wks, 
MTD; 
213 mg/m2/d 3d iv/3wks 

[96] 

AEG35156 Docetaxel I n=30 advanced solid tumors started 2006 ongoing, not 
recruiting § 

AEG35156 Paclitaxel, 
Carboplatin I/II n=54 NSCLC IIIb/IV terminated, unacceptable 

neurotoxicity § 

TL32711 
(SMAC 
mimetic) 

- I n=56 advanced solid 
tumor/lymphoma 

started 2009 ongoing, 
recruiting § 

BCL-2 targeting drugs 

Oblimersem Docetaxel I/II Advanced solid tumors (2/22 
NSCLC; 1/22 SCLC) MTD 9 mg/kg/d d1-5/4wks [97] 

Oblimersem Paclitaxel, 
Carboplatin I Advanced solid tumors (3/46 

NSCLC) MTD not reached [98] 
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Oblimersem - I n=30 advanced solid tumors started 2007 ongoing, not 
recruiting § 

Oblimersem Carboplatin, 
Etoposide II n=56 SCLC ED 7 mg/kg/d day1-8 iv/3wks 

no added effect [99] 

Oblimersem Docetaxel II/III n=280 NSCLC recurrent  
IIIB/IV 

started 2002 ongoing, not 
recruiting § 

Oblimersem Paclitaxel I/II n=19-33 recurrent SCLC started 2000 ongoing, not 
recruiting § 

Obatoclax 
(BCL-2 family 
inhibitor) 

Carboplatin, 
Etoposide I/II n=188 SCLC ED started 2008 ongoing, not 

recruiting [100]§ 

Obatoclax Topotecan I/II n=59 recurrent SCLC or solid 
tumors 

started 2007 ongoing, 
recruiting [101]§ 

Obatoclax Docetaxel I/II n=42 NSCLC previous 
platinum chemo Rx 

started 2006 ongoing, not 
recruiting § 

AT-101 (oral 
pan BCL-2 
inhibitor) 

Topotecan I/II phase I n=11, phase II n=25 
recurrent SCLC 

40mg AT-101 
recommended dose [102]§ 

AT-101 Docetaxel II n=106 recurrent  NSCLC OS  7.3 vs 5.6 months 
p=0.05. [103]§ 

AT-101 Erlotinib (EGFR) I n=15 recurrent  NSCLC not yet open for recruitment § 

AT-101 Erlotinib II 
n=38 NSCLC harboring 
EGFR mutation IIIb/IV or 
recurrent 

started 2009 suspended § 

Gossypol Cisplatin, 
Etoposide I SCLC or solid tumors started 2007 ongoing, 

recruiting § 

      

Gossypol - II n=46 SCLC recurrent ED started 2008 ongoing, not 
recruiting § 

ABT-263 
(oral Bad-like 
BH3 mimetic) 

Erlotinib/ 
Irinotecan I n=60 advanced solid tumors started 2009 ongoing, 

recruiting § 

ABT-263 - I n=48 advanced solid tumors started 2009 ongoing, 
recruiting § 

ABT-263 Docetaxel I n=25 advanced solid tumors started 2009 ongoing, 
recruiting § 

ABT-263 Gemcitabine I n=25 advanced solid tumors started 2009 ongoing, 
recruiting § 

ABT-263 Paclitaxel, 
Carboplatin I n=25 advanced solid tumors started 2009 ongoing, 

recruiting § 

ABT-263 Cisplatin, 
Etoposide I n=35 SCLC ED or recurrent started 2009 ongoing, 

recruiting § 

ABT-263 - I/IIa 
n=90 SCLC ED or recurrent 
or other non haematological 
malignancies 

started 2007 ongoing, not 
recruiting § 

 
A nonrandomised phase II trial in 37 patients with recurrent NSCLC treated with 

4,8mg/m2/d by 168-h CIVI was well tolerated and suggested a modest single agent 

activity for YM155.  

 

One phase I trial have been performed with the antisense to X-linked inhibitor of 

apoptosis (XIAP) protein AEG35156 [96]. DLT compromised elevated hepatic 

enzymes, hypophosphatemia and thrombocytopenia. A phase I/II study in patients 

with recurrent NSCLC of AEG3516 in combination with paclitaxel and carboplatin 

was terminated prematurely due to unacceptable neurotoxicity (clinicaltrials.gov). A 

phase I trial with the SMAC mimetic TL32711 recently started in adults with 

refractory solid tumors (Table 1, clinicaltrials.gov). 
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7.3. Targeting BCL-2 family proteins  

For the BCL-2 targeting agents thus far only trials with the BCL-2 antisense agent 

oblimersem have been published. In the first phase I trial in solid tumors oblimersem 

combined with docetaxel was well tolerated [97]. Next the combination of oblimersen 

with paclitaxel and carboplatin appeared to be safe as well [98]. However, the 

results of a randomized phase II trial combining oblimersem with carboplatin and 

etoposide in SCLC were negative [99]. The authors concluded that additional 

evaluation of this agent in SCLC is not warranted. A randomized phase III study in 

recurrent NSCLC started in 2002 to determine the effectiveness of docetaxel with or 

without oblimersem and is still ongoing (Table 1, clinicaltrial.gov).  

 

The first results on obatoclax, a small molecule antagonist of the BCL-2 prosurvival 

proteins, in combination with carboplatin and etoposide in SCLC ED [100] seem to 

be promising and a randomized phase II study is ongoing. In addition, obatoclax is 

being tested in a phase II trial with topotecan in SCLC [101].  AT-101, an oral pan 

BCL-2 family protein inhibitor has been tested in a small phase I/II study where it 

was safely combined with topotecan in relapsed SCLC; however, the response rates 

observed did not meet the criteria for additional enrolment [102].  A randomized 

phase II trial in 106 patients with recurrent NSCLC showed favorable overall survival 

for AT-101 when combined with docetaxel as compared to placebo [103].  Several 

phase I and II trials of combination therapies with AT-101 are ongoing (see table 1). 

Finally the oral BH3 mimetic (ABT-263) is being tested as monotherapy as well as 

combination therapy in both SCLC and solid tumors. The first results on these phase 

I studies are awaited.    

 

8. Conclusions and future perspectives 

Apoptosis targeting agents have shown promising antitumor activity in preclinical 

lung cancer models. Some of the agents appear to be particularly effective in either 

NSCLC or SCLC. For example, TRAIL receptor targeted agents are only tested in 

NSCLC patients, since DISC formation in SCLC is generally impaired. On the other 

hand, BCL-2 targeting agents as monotherapy display preferential activity for SCLC. 

The apoptotic drugs seem to be promising especially in combination with traditional 

cytotoxic chemotherapy. For all promising apoptotic drugs Phase III studies remain 

to be performed to validate possible therapeutic benefit.  

 

It will be interesting to also test combinations of targeted agents, such as BCL-2 

targeting drugs with TRAIL receptor targeting agents because antiapoptotic BCL-2 
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family proteins frequently are main resistance factors in laboratory models. It also 

seems logical to study combinations of BCL-2 inhibitors with EGFR inhibitors 

considering their enhancing effects in cell lines [59] and clinical studies are under 

way (see Table 1).  

 

The identification of subgroups within lung cancer patients that qualify for specific 

targeted therapies appears to be of utmost importance. As mentioned earlier, EGFR 

inhibitors are active in NSCLC patients with EGFR mutations. A Biomarker-

Integrated Approach of Targeted Therapy for Lung Cancer Elimination (so called 

BATTLE trial) program has started that bases its treatment on four molecular 

pathways in NSCLC: EGFR, Kras, Braf and VEGF [6] Recently, the presence of 

EML/ALK fusion gene in about 4% of lung adenocarcinomas leading to high ALK 

expression demonstrated high response rates to the ALK tyrosine kinase inhibitor 

PF-02341066 in a phase I trial of this agent [clinicaltrails.gov]. Similarly, different 

patient populations may be identified that will most likely benefit from specific 

apoptosis targeted agents. Thus far, no correlations have been found between 

responses to apoptosis targeted agents and histological subtypes within NSCLC. 

The presence of the apoptotic targets, such as TRAIL receptors and DISC 

compounds, anti-apoptotic BCL-2 and IAP family members is important but does not 

predict response to the corresponding targeted treatments. Biomarkers that better 

predict responses to apoptosis targeted agents remain to be identified. 
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Summary  

Lung cancer is a devastating disease with a dismal prognosis [1]. Non-small-cell 

lung cancer (NSCLC) represents nearly 85% of primary lung cancer malignancies, 

and is the leading cause of cancer deaths worldwide [2]. Despite the potential 

benefits of improved diagnostic modalities, approximately 50% of patients with 

NSCLC present with advanced disease [3]. Small-cell lung cancer (SCLC) is the 

most aggressive type of all lung cancers and in spite of recent decline in frequency, 

it still accounts for 12-15% of new lung cancer cases [3]. SCLC is a neuroendocrine 

tumor that displays a high rate of metastatic dissemination and although initially 

responsive to therapy, resistance and tumor relapse are inevitable [4].  

 

In most of the cases cancer patients succumb to the disease due to metastases 

rather than their primary tumors. Currently, the process of metastasis remains poorly 

understood due to its complexity [5]. It involves several steps such as local invasion 

of cancer cells into surrounding tissues, transport through microvasculature of lymph 

and blood system towards distal organs where they colonize at distant tissues and 

form metastases [6]. Tumor cells within a primary tumor are heterogeneous in 

nature and hierarchically ordered. The cancer stem cell (CSC) model suggests that 

within a tumor bulk a subset of tumor cells exist that reside at the apex of hierarchy 

and possess the capacity of self-renewal, multilineage differentiation and therapy 

resistance and are thought to play a critical role in the formation of metastasis [7]. 

Recent evidence also implicates a role for Epithelial to Mesenchymal transition 

(EMT) in primary tumors for being instrumental in early metastasis [8]. In this 

process, tumor cells shed their epithelial characteristics and attain more invasive 

and migratory mesenchymal phenotypes [9]. These tumor cells detach from the 

primary site and enter the blood circulation, termed as “circulating tumor cells” 

(CTCs) [10]. CTCs can exhibit properties of both epithelial and mesenchymal 

phenotypes and their detection has been associated with patient’s survival and 

treatment prediction in solid tumors including lung cancer [11].  

 

Characterization of CTCs is currently a major focus of translational cancer research 

and expression of several CSC and EMT markers has been demonstrated in CTCs 

[12]. Induction of EMT also has been suggested to enhance CSC properties in 

breast and lung cancer [13,14]. Thus a better understanding of the correlation 

between EMT, CTCs and CSCs may yield vital clues for developing better 

diagnostic markers and novel therapeutic strategies that will lead to better 

management of lung cancer.  
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In this thesis we focused on the role of CSC, EMT and CTC in lung cancer 

progression, metastasis, and therapy resistance.  
 

Summary of thesis:  

In chapter 1, a general introduction is given on lung cancer, its subtypes and 

pathophysiology. Moreover, an introduction on CSC, EMT and CTCs is provided 

together with the scope and aim of this thesis and outline of the subsequent 

chapters.  

 

In chapter 2 the possible involvement of EMT and CSCs in resistance to therapy 

and metastasis was investigated in a unique longitudinal SCLC model consisting of 

three cell lines previously derived from one SCLC patient. Cell lines were derived 

from different biopsies obtained prior to any treatment (GLC14), after treatment, at 

first recurrence (GLC16) and at second recurrence with a more clinically resistant 

stage of disease (GLC19) respectively. These cell lines did not show significant 

differences in chemosensitivity for different chemotherapeutics previously [15,16]. 

We hypothesized that EMT and enrichment of CSC characteristics would occur 

during disease progression. All three cell lines expressed the epithelial markers 

EpCAM and E-cadherin whereas none of the cell lines displayed expression of the 

mesenchymal markers Vimentin and Fibronectin. The GLC14 cell line, with cells 

derived from a metastatic lymph node biopsy instead of the primary tumor, showed 

the strongest invasive capacity and spheroid forming potential of all tested cell lines 

in vitro. Expression of the known CSC markers (CD44 and SOX2) increased from 

GLC14 to GLC19 cells. Interestingly, GLC14 cells displayed the highest spheroid 

forming potential amongst the three cell lines, indicating that this lymph node 

derived cell line has different properties than GLC16 and GLC19 cells. GLC19 

showed an increased spheroid forming potential compared to GLC16 suggestive of 

enhanced CSC properties during disease progression. Moreover, CD44+ sorted 

cells showed enhanced SOX2 expression and increased spheroid forming potential 

compared to CD44- sorted cells in all three cell lines upon growth in serum-free 

neurobasal media (NBM). To conclude, we could not demonstrate differences in 

EMT marker expression in this cell line panel reflecting disease progression, 

however observed an increase in several CSC properties. Taken together, our 

results suggest that SCLC cells acquire enhanced CSC properties during disease 

progression and that more distant lesions differ in invasive capacity compared to the 

primary tumor.   
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In chapter 3 we used the well-known TGF-β inducible A549-NSCLC EMT model to 

study the possible effects of EMT on chemosensitivity, migration potential, invasive 

capacity and CSC properties. EMT was confirmed in TGF-β treated A549 cells with 

cells showing fibroblast like cell morphology, loss of the epithelial markers EpCAM 

and E-cadherin and upregulation of the mesenchymal markers Fibronectin and 

Vimentin. Mesenchymal cells displayed somewhat enhanced chemoresistance 

towards cisplatin and an increased migration and invasive potential compared to 

epithelial A549 cells. Spheroid forming assays of A549 cells in the presence of TGF-

β showed higher spheroid forming potential in TGF-β treated cells. Moreover these 

cells also showed elevated expression of the CSC markers OCT4 and SOX2. We 

used stably transfected luciferase labeled A549 (A549-luc) cell line to set up an 

orthotopic mouse model to compare metastatic spread of epithelial and 

mesenchymal cells. Bioluminescent imaging (BLI) and pathological examination in 

preliminary experiments confirmed massive tumor growth at the primary site, in the 

adjacent lung and metastatic lesions in the liver of all animals. Also in both groups 

distant metastases were detected at kidneys, brain and adrenal glands. Attempts to 

detect CTCs by BLI in blood samples of the mice were not successful possibly due 

to low sensitivity of the detection system. In conclusion, mesenchymal A549 cells 

displayed enhanced migration, invasion, chemoresistance and increased CSC 

properties compared to epithelial counterparts. The pilot experiment using the lung 

orthotopic mouse model showed tumor growth and metastatic spread in both 

epithelial and mesenchymal cells. Further optimization is required to monitor 

possible differences in metastatic spread between these phenotypes.  

 

In chapter 4 we described a multicenter clinical study with 59 SCLC patients. The 

aim of this study was to investigate the prognostic and predictive value of CTCs in 

patients with SCLC. For this purpose CTC levels were detected at baseline, after 1 

cycle and after 4 cycles of chemotherapy using the Veridex CellSearch platform. At 

baseline, lower numbers of CTCs were observed in 21 patients with limited disease 

(median = 6, range 0–220) compared with 38 patients with extensive disease 

(median = 63, range 0–14 040). Lack of measurable CTCs (27% of patients) was 

associated with prolonged survival (HR 3.4; P ≤ 0.001). CTCs decreased after one 

cycle of chemotherapy; this decrease was not associated with tumor response after 

four cycles of chemotherapy. CTC count after the first cycle of chemotherapy was 

the strongest predictor for overall survival (HR 5.7; 95% CI 1.7–18.9; P = 0.004). We 

conclude that CTC levels are useful prognostic marker in SCLC; patients with lower 

initial CTC count live longer than those with high CTC count. Furthermore, CTC 
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count after 1st cycle of chemotherapy is a strong predictor for response to 

chemotherapy and survival.  

 

In chapter 5 we used the biopsy material from patients that enrolled in the clinical 

study described in chapter 4 in order to examine a possible correlation between 

CSC or EMT marker expression, CTC levels and prognosis. We hypothesized that 

high levels of CSC and EMT markers would be associated with high CTC levels and 

poor prognosis in patients. Biopsies of 38 SCLC patients at diagnosis were used for 

marker evaluation by immunohistochemistry. Expression of the CSC markers CD44 

and SOX2 and EMT markers E-cadherin, EpCAM, c-MET, Vimentin and Cytokeratin 

8, 18,19 was evaluated. High expression of c-MET (c-METH) and low expression 

level of E-cadherin (E-cadL) showed a trend towards better prognosis (p=0.07 and 

p=0.09 respectively). When these markers were combined (c-METHE-cadL) a 

significant correlation towards better survival was found (p=0.007).  No correlation of 

the tested markers with baseline CTC count was observed. However, there was a 

trend for c-METHE-cadL (p=0.09) with low baseline CTC count. CSC markers SOX2 

and CD44 were not associated with overall survival in this patient cohort. Our results 

suggest that SCLC with a mesenchymal-like phenotype (c-METHE-cadL) is 

associated with longer survival and showed a trend towards lower baseline CTCs. 

  

In chapter 6 we investigated the potential of CSC enrichment of esophageal 

adenocarcinoma (EAC) cells in an in vitro three dimensional spheroid cell culture 

model. The EAC cell line OE19, when cultured as spheroids under serum free 

conditions (OE19S), showed enhanced CSC properties as determined by spheroid 

formation and chemoresistance assays in vitro. 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 spheroid-cultured OE19S, but also spheroid cultured OE33S cells 

displayed enhanced tumor growth compared to monolayer-derived xenografts. 

mRNA expression of spheroid and monolayer cultures of OE19 and OE33 cells, as 

well as their xenografts, was determined using an Illumina array. Expression of the 

stem cell associated genes KLF2 and C-FOS was significantly and at least 2-fold 

increased in spheroid cultures of both the cell lines compared to their monolayer 

counterpart. No significant differences in gene expression were seen between 

OE19S and OE33S derived xenografts models. qRT PCR results were in 

concordance with the microarray data, except for KLF2 for the OE33 model. Gene 

Set Enrichment analysis showed alterations in DNA regulation and cell adhesion 
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pathways between monolayer and spheroid cultured cells. To conclude, the OE19 

spheroid model could 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. 

 

In chapter 7 we conducted a literature study on current and novel methods of 

targeting apoptosis pathways in lung cancer as therapeutic strategies. We included 

approaches aimed at targeting tumor necrosis factor (TNF)-related apoptosis-

inducing ligand (TRAIL) receptors, BCL-2 family members and apoptosis-inhibitory 

proteins (IAPs). Therapeutics that modulate apoptosis are more effective when used 

in combination with traditional cytotoxic chemotherapy. We also discussed 

preclinical and clinical trials that were conducted or ongoing and the future 

perspectives. We propose that it would be beneficial to test the combination of 

apoptosis targeting agents such as BCL-2 inhibitors with the TRAIL receptor 

targeting agents or BCL-2 inhibitors with EGFR inhibitors. Novel biomarkers that can 

predict the responses towards these drugs have yet to be identified.  

 

Summarizing Discussion and Future Perspectives 
CSCs and EMT in SCLC 

Our study in the longitudinal SCLC model representing disease progression showed 

no correlation with EMT marker expression, whereas some association with an 

increase in CSC properties was seen. SCLC cells derived from metastatic biopsies 

(GLC14) showed different invasive and CSC properties compared to the cells 

derived from primary endobronchial biopsies possibly indicative of altered properties 

in metastasized SCLC cells. In earlier studies CSCs have been isolated from SCLC 

patient’s tumor biopsies on the basis of cell surface marker expressions such as 

CD133, CD44 and by side population (SP) analysis [17]. However, there are no 

comparative studies as yet between CSC populations isolated from primary and 

metastatic biopsies, though it is likely that these populations will differ. This seems 

to be reflected by GLC14, derived from a metastasized lymph node, displaying the 

highest invasive and spheroid forming potential. Thus, CSC properties may be 

dependent on the site from which they are derived (i.e. primary tumor vs metastatic 

site). In line with that, it has been suggested that two different kinds of CSC 

populations exist namely stationary CSCs and migrating CSCs in colorectal cancer 
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[18]. Perhaps GLC14 cells are derived from migratory CSCs, which have enhanced 

invasive potential.  

 

We used several known CSC markers, however, additional CSC markers and 

functional assays such as ALDH activity and SP analysis could be used to further 

characterize this longitudinal SCLC cell line model for CSC properties. In addition, 

the GLC cells and sorted fractions could be tested for tumorigenicity and CSC 

enrichment by limiting dilution assays in NOD/ SCID mouse. Although several CSC 

specific markers have been identified in SCLC their role in disease relapse and 

resistance has not yet been firmly demonstrated. There are conflicting results with 

candidate CSC markers, their prognostic relevance and their use as novel 

therapeutic targets. Most of these studies in SCLC rely on cell line models and in 

vitro assays, which likely do not fully represent tumor heterogeneity in the actual 

tumor. Moreover most of the CSC markers used in lung cancer including SCLC 

were identified in other types of solid tumors and leukemia and their utility for lung 

needs to be thoroughly investigated. Future experiments employing primary tumor 

material and an experimental setup mimicking the natural tumor microenvironment 

such as orthotopic xenografts or three dimensional organoid models [19] may lead 

to new insights in identifying lung CSC properties.  

 

We could not demonstrate indigenous occurrence of EMT in this longitudinal SCLC 

cell line model that was limited to the detection of only a number of EMT markers. 

Perhaps the biopsies from which the cell lines were derived may not represent the 

cells that were able to undergo EMT or in vitro culturing might have selected only 

one type of phenotype (epithelial) to dominate over other with time.  

 

EMT and CTCs in SCLC  
We found that CTC levels determined by the Veridex CellSearch platform are good 

prognostic and possible predictive markers in SCLC. Our findings indicate that 

patients with low levels of CTCs and with limited disease (LD) have a better overall 

survival compared to patients with high CTCs and with extensive disease (ED). 

Moreover CTC count after 1st cycle of chemotherapy showed a strong predictive 

value for response to chemotherapy and survival.  

 

Our results are in line with several clinical studies that correlated high CTC values 

with worse prognosis. The first large clinical study on CTCs was carried out in breast 

cancer [20]  and subsequently high CTC values were correlated with bad prognosis 
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in other tumor types such as colorectal [21], prostate [22] and in NSCLC [23]. In line 

with our study described in chapter 4 [24], Hou et al demonstrated that CTCs in 

SCLC are prognostic and predictive markers [25]. Moreover they reported the 

presence of large CTC clusters, termed circulating tumor microemboli (CTM). These 

CTM did not show the presence of apoptotic cells in contrast to single CTCs, which 

may implicate that cell-cell interactions in CTM prevent anoikis leading to higher 

levels of vital CTCs able to metastasize. In many of the mentioned clinical studies, 

CTC levels were used to predict the treatment efficacy of solid tumors. This could be 

relevant, implying that if there is no reduction in CTC levels following one course of 

treatment, patients could be withdrawn from administrating the same therapeutic 

regime, which would be cost effective and avoid unnecessary side effects to the 

patients. Interestingly, a recent study by Smerage et al demonstrated that early 

switching to an alternative therapy based on persistent CTCs did not improve the 

overall survival in metastatic breast cancer patients. This suggests that there is a 

need for more effective treatments than the current standard chemotherapy regimen 

[26].  

 

Veridex CellSearch is currently the only FDA approved CTC detection method. 

Apart from CellSearch several other methods use EpCAM for capturing the CTCs 

such as microfluidic devices like the CTC-chip, Herringbone chip, iCHIP (All 

Massachusetts General hospital center USA), IsoFlux (Fluxion USA), MagSweeper 

(Stanford University, USA) and GILUPI Nanomedezin (Germany) [27]. However not 

all CTCs express epithelial markers; cells that have undergone EMT or partial EMT 

lose their epithelial markers and attain more mesenchymal markers and will escape 

detection by EpCAM-based CTC capturing methods. Thus other technologies that 

are independent of cell surface marker expressions and which are based on 

physical properties such as size and density are gaining more attention. This 

includes isolation by size of tumor cells (ISET), Dean Flow Fractionation, isolation by 

density (OncoQuick) and isolation by membrane capacitance like Dielectropheretic 

filed- flow fractionation. Other methods are based on functional assays such as 

EPithelial Immuno SPOT (EPISPOT), density gradient centrifugation followed by 

growing cells to Chick Chorioallantoic Membrane (CAM) for short-term culture, high-

throughput fluorescent scanning that includes red blood cell lysis and density 

gradient centrifugation and DEPArray which is based on single cell sequencing 

technology [27]. Although these techniques are efficient, limited clinical evidences 

are currently available to confirm their advances over FDA approved CellSearch 

technology.  
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We also performed an immunohistochemical study for the detection of EMT and 

CSC markers in the samples from the same SCLC patients that enrolled in the CTC 

clinical study. We concluded that the patients with a mesenchymal-like phenotype 

(c-METHE-cadL) were associated with significantly better prognosis and showed a 

trend towards low baseline CTC counts. Our results are contradictory with previous 

evidences regarding the expression of EMT markers and their association with 

prognosis in SCLC and other solid tumors. Most of the current literature suggests 

that an epithelial phenotype is associated with better prognosis whereas a 

mesenchymal phenotype reflects the presence of high migratory and invasive tumor 

cells, that is associated with worse outcome [28]. Previously, expression of the 

epithelial marker E-cadherin was associated with a better prognosis in SCLC [29], 

whereas amplification of the EMT transcription factor ZEB1 was associated with 

bone metastasis in SCLC patients [30]. In the same study, siRNA knockdown of 

ZEB1 in a SCLC bone metastasis derived cell line inhibited the migration and 

invasive potential of these cells as well reduced bone metastasis. Overexpression of 

c-MET has been associated with worse outcome in SCLC and c-MET inhibition with 

a small molecular inhibitor PHA-665752 resulted in survival benefit to SCLC patients 

[31]. However our results are in line with in vitro findings in a SCLC cell line H69, 

where floating aggregates expressing high epithelial characters resulted in 

enhanced in vivo tumorigenicity in subcutaneous mouse model [32]. SCLC shows 

both neuroendocrine and non- neuroendocrine/ epithelial differentiation suggesting 

that SCLC tumors may have a common epithelial ancestor [33]. Earlier, presence of 

both these phenotypes has been demonstrated in SCLC patient blood, moreover 

neuroendocrine phenotype as measured by Pro-opiomelanocortin (POMC) was 

correlated with worse prognosis, liver metastasis and epithelial positive CTCs [34].  

As mentioned previously, CTC detection by Veridex CellSearch platform will fail to 

detect EpCAM low/negative mesenchymal CTCs and, in addition, may also miss 

circulating neuroendocrine SCLC cells that may remain undetected. Recent study 

showed that microcavity array (MCA) system, a novel CTC isolation method based 

on cell size could detect CTCs and CTC clusters from SCLC patients that were 

missed by Veridex technology [35]. 

 

Interestingly, a new and contradictory “epithelial-mesenchymal co-operation model” 

has been suggested recently in SCLC [27]. In mice it was demonstrated that 

subcutaneous injections of mixed epithelial and neuroendocrine SCLC cells are 

required for liver metastasis. Neither of the cell types resulted in metastasis if 

injected alone or separately at opposite flanks [36]. In another study subcutaneous 
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injections of epithelial and mesenchymal cells of hamster oral keratinocytes resulted 

in intravasation of both types of tumor cells, however, only epithelial cells resulted in 

lung metastasis suggesting that mesenchymal cells may facilitate the invasion of 

both type of tumor cells but only epithelial cells result in distant metastasis [37]. Hou 

et al found that that CTCs and CTM isolated by ISET from SCLC patients displayed 

heterogeneous expression of E-cadherin and Vimentin, however, none of them 

expressed both the markers suggestive of a mixed population of epithelial and 

mesenchymal circulating SCLC cells [11]. Anyway, regardless of the underlying 

mechanisms it will be important in future to count CTCs using a marker-independent 

method such as ISET in a large SCLC patient cohort in order to corroborate the 

association between EMT markers expression, CTC counts and prognosis in SCLC.  

 

Recently CTC derived explant (CDX) mouse model have been developed that mimic 

the donor patient’s response to therapy. These CDX models also show similarity in 

genomic analysis with their originating CTCs and can be used to study the 

resistance mechanism and testing new therapeutics in SCLC [38]. Further research 

using advanced technologies such as single cell sequencing, next generation 

sequencing (NGS) and whole genome analysis (WGA) may provide new insights to 

identify the metastatic initiating cells or therapy resistant phenotypes that may help 

to design novel therapeutic strategies for better management of lung cancer 

progression. Finally, CTC capturing with novel biomarkers such as actin-bundling 

protein plastin 3 which can capture both epithelial and mesenchymal CTCs as well 

as novel detection methods that allows characterization and their in vitro culturing 

are currently underway [39,40].  

 

EMT in NSCLC 

Our data conclude that TGF-β treated A549 (mesenchymal) cells display enhanced 

chemoresistance, migration and invasion potential as well as CSC properties 

compared to the untreated A549 (epithelial) cells. Our in vitro results are in 

accordance with previous studies. Earlier, acquired docetaxel resistance in A549 

cells displayed mesenchymal features [41] and EMT induction in A549 cells resulted 

in resistance to gefitinib and erlotinib and enhanced migration and invasion potential 

[42]. In A549 cells activation of EMT by TGF-β showed transcriptional upregulation 

of Sonic Hedgehog pathway that was associated with increased migration, invasion, 

and in vitro colony forming potential [43]. Most of the evidences for EMT come from 

in vitro studies and from immunohistochemical staining studies of patient material 

where expression of EMT markers is monitored and compared with patient’s 
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clinicopathological features. In NSCLC the presence of E-cadherin has been 

associated with longer overall and disease free survival [44] and expression of 

Vimentin has been associated with poor disease free survival [45] suggesting that 

the epithelial phenotype associates with better outcome.  

 

Recently induction of EMT has been associated with enhanced CSC properties in 

breast cancer [13]. In NSCLC cell line models, TGF-β induced EMT showed 

elevated expressions of CSC specific markers OCT4, NANOG, SOX2 and CD133 

[14]. In another study, the same group demonstrated that CD133 positive as well as 

side population (SP) A549 cells had enhanced motility [46]. EMT has been also 

demonstrated in preclinical mouse models. For example, in a breast cancer mouse 

model EMT occurring in the primary tumor was associated with enhanced 

intravasation and generation of CTCs where characterization of CTCs displayed 

high expression of Vimentin [47].  

 

Targeting EMT seems an attractive anti-cancer strategy. There are at least four 

stages where EMT can be targeted using pharmacological drugs [48]. First, EMT 

can be inhibited using antagonists of extracellular EMT-inducing stimuli. For 

example blocking of EGF receptor kinase using small molecular inhibitor AG1478 

and TGF-β receptor kinase using SB431542 have been reported to inhibit EMT in 

endometrial carcinoma and pancreatic cancer cells [49,50] A second approach is 

the specific targeting of signaling pathways mediating EMT like signal transducer 

and activator of transcription-3 (STAT3) using inhibitors such as Stattic and S3I-201 

[51,52]. Thirdly, direct targeting of a mesenchymal marker such as Vimentin with 

weithaferin-A that is able to prevent Vimentin assembly and functioning lead to 

inhibition of cell migration and invasion in lung and breast cancer cells and also 

inhibited metastasis formation in vivo [53,54]. Inhibition of other mesenchymal 

markers such as N-cadherin using monoclonal antibodies has been reported [55]. A 

fourth approach is the targeting of Mesenchymal to Epithelial transition (MET) 

thought to be required for tumor colonization at secondary sites using the FGF 

receptor isoform FGFR2IIIc as was reported for a bladder carcinoma cell line [56]. 

 

Each of the above mentioned strategies have their own advantages and limitations. 

For example inhibiting mesenchymal markers/ EMT markers may lead to 

epithelialisation of disseminated tumor cells leading to metastasis, whereas 

targeting MET may lead to mesenchymalisation and therapy resistance. Inhibiting 

mesenchymal cells may lead to alternative forms of cell migration like amoeboid 
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migration which may be the reason for failure of the phase III protease inhibitor 

clinical trial in breast cancer [57].  Most of times at diagnosis tumor cells have 

already metastasized and inhibiting EMT is no more an option at that stage, 

although it may prevent further dissemination. Further research on each of these 

approaches is required to examine if targeting specific stages of EMT will be 

beneficial. 

 

CSCs in Esophageal Adenocarcinoma (EAC) 
In this thesis we described three-dimensional spheroid culturing of the EAC cell line 

OE19 in serum-deprived medium displaying enhanced CSC characteristics. This 

model may be useful to further explore the CSC model in EAC, including limited 

dilution assays in vivo. 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 cancer stemness. However, we observed that 

spheroid growth does not always enrich for CSC properties, 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, and/or cells may already have a CSC phenotype that cannot be 

enhanced further. Therefore caution should be taken when using spheroid models 

as enriched CSC models and each spheroid model should be characterized 

independently. 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 EAC has not yet been clearly established. 

CD44, CD90 and p75NTR have been suggested to enrich for CSC-like cells in 

esophageal cancer [58–60]. A broad panel of possible CSC markers, including 

CD44 and CD24, were tested using primary patient material however neither of 

these markers enriched for cells with enhanced tumorigenicity in vivo [61]. Besides 

the use of markers, functional assays can also enrich for CSCs. The side-population 

assay, based on Hoechst exclusion assay, enriched for EAC cells with CSC-

characteristics demonstrated by enhanced tumorigenicity in vivo [62].  

 

To further explore the CSC model in EAC, the use of primary tumor cells derived 

from fresh patient material might provide a better model system. An alternative 

approach to study CSCs in EAC could involve mouse models that mimic EAC 

development. In a transgenic Barrett esophagus mouse model overexpressing 
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interleukin-1-β (IL-1-β) and crossed with a Lgr5- Cre-ERT/Rosa-LacZ reporter 

mouse, Lgr5 positive cells were shown to migrate from the cardia and were found in 

the metaplastic Barrett’s epithelium [63]. 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. 

 

Conclusions 
EMT, CSC and CTCs are thought to play an important role in cancer progression 

and metastatic spread of disease. However, the relationship between these 

processes remains poorly understood. In this thesis we have addressed the 

association between these processes and their role in disease progression and 

prognosis. We provided in vitro support for an increase in CSC but not EMT features 

in SCLC during disease progression, and found that induction of EMT in A549 cells 

enhanced CSC properties. CTC counts were found to reflect disease status in SCLC 

patients and to be prognostic predictors for response to chemotherapy. However, 

we could not link a mesenchymal status with higher CTC levels in part of the same 

cohort of patients. Therefore, these findings do not justify the drawing of firm 

conclusions on the possible connection between CSC, EMT and CTCs.  In vitro the 

mechanisms driving EMT and CSCs need to be studied in more detail, which will 

also reveal the overlaps in pathways.  Furthermore, many issues are still not clear, 

for example, how EMT guides dissemination of tumor cells from primary site to 

blood, how CTCs are protected from anoikis, and if CTCs have CSC properties that 

are implicated in metastatic spread of disease. In vivo imaging techniques allowing 

the monitoring of the actual behavior of specific tumor cells in mice will be important 

in this respect. Ultimately, research on mechanisms controlling EMT and CSC may 

provide new therapeutic targets. Genomic and proteomic characterizing of CTCs at 

single cell level will yield vital clues for identifying the mechanisms behind drug 

resistance, metastasis initiating cells and tumor recurrence. Monitoring of CTCs as a 

non-invasive liquid biopsy could be integrated in cancer treatment for diagnostic 

purposes, and in vitro culturing of CTCs may provide a means to test drug efficacy 

that could then be translated to the clinic.  
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Longkanker is een ziekte met een slechte prognose. Niet-kleincellig longkanker 

(non-small lung cancer, NSCLC) vertegenwoordigt bijna 85% van de primaire long 

maligniteiten. Wereldwijd is longkanker de belangrijkste oorzaak van het overlijden 

aan kanker. Ondanks verbeterde diagnostische mogelijkheden heeft meer dan 50% 

van de patiënten met NSCLC een gevorderd stadium van de ziekte bij diagnose. 

Klein-cellig longkanker (small cell lung cancer, SCLC) is de meest agressieve vorm 

van longkanker die we kennen, en ondanks een recente daling van het aantal 

gevallen wordt de diagnose SCLC  bij 12-15% van de nieuwe gevallen van 

longkanker gesteld. SCLC is een neuro-endocriene tumor met een hoge mate van 

metastatische activiteit en, alhoewel aanvankelijk gevoelig voor de ingestelde 

chemotherapeutische behandeling, treedt  resistentie vaak snel op en recidiveert de 

tumor. 

In de meeste gevallen overlijden kankerpatiënten ten gevolge van uitgezaaide 

ziekte, de  metastasen, en niet door bijvoorbeeld groei van de primaire tumor. Het 

proces van metastasering  wordt momenteel nog slecht begrepen vanwege de grote 

complexiteit. Het omvat verschillende stappen zoals lokale invasie van kankercellen 

in het omringende weefsel, transport door het lymfesysteem en de bloedsomloop en 

de kolonisatie  van verderaf gelegen weefsels/ organen wat uiteindelijk leidt tot 

metastasevorming. Tumorcellen in de primaire tumor zijn heterogeen en vertonen 

een hiërarchische ordening. Het kanker stamcelmodel (cancer stem cell, CSC) 

postuleert dat binnen de tumormassa een subgroep van tumorcellen bestaat die 

zich aan de top van de hiërarchie bevinden en het vermogen bezitten tot zelf-

vernieuwing en multilineage differentiatie en daarbij resistent zijn voor therapie. 

Bovendien worden CSCs verondersteld een essentiële rol te spelen bij de vorming 

van metastases. Recent onderzoek impliceert ook een rol voor een proces genaamd 

epitheliale-naar-mesenchymale transitie (EMT) bij het metastaseren van 

tumorcellen. Hierbij verliezen tumorcellen hun oorspronkelijk epitheliale 

eigenschappen en verkrijgen mesenchymale eigenschappen welke celmigratie en 

invasie van de tumorcellen bevordert. De mesenchymale tumorcellen zijn instaat 

zich los te maken van de primaire tumor en in de bloedsomloop te geraken waar ze 

gedetecteerd kunnen worden als  ‘circulerende tumorcellen' (CTCs). CTCs kunnen 

zowel epitheliale en mesenchymale eigenschappen vertonen en de detectie van 

CTCs is in diagnostisch onderzoek voorspellend gebleken voor het succes van de 

behandeling en overleving van kankerpatiënten , waaronder bij longkanker. EMT lijkt 

zo een belangrijke mechanisme voor het ontstaan van metastasen. 
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Karakterisering van CTCs is momenteel een belangrijke richting van translationeel 

kankeronderzoek en de expressie van verschillende CSC en EMT markers is 

aangetoond bij CTCs. Verder lijkt inductie van EMT ook de CSC eigenschappen van 

cellen te versterken zoals aangetoond bij borst- en longkanker. Een beter begrip van 

de correlatie tussen EMT, CTCs en CSCs kan belangrijke aanwijzingen geven voor 

de ontwikkeling van betere diagnostische markers en nieuwe therapeutische 

strategieën voor longkanker. 

In dit proefschrift hebben we de rol van CSCs, EMT en CTCs in longkanker 

progressie, metastase, en resistentie voor therapie onderzocht. 

In hoofdstuk 1 wordt een algemene inleiding gegeven over longkanker en de 

pathofysiologie. Bovendien wordt een inleiding gegeven over CSCs, EMT en CTCs 

om het doel van het proefschrift en het onderzoek beschreven in de komende 

hoofdstukken in perspectief te plaatsen. 

In hoofdstuk 2 is de mogelijke betrokkenheid van EMT en CSC bij resistentie voor 

therapie en metastasering onderzocht door gebruik te maken van een uniek 

longitudinaal SCLC model bestaande uit drie cellijnen geïsoleerd van één SCLC 

patiënt. De cellen zijn verkregen uit tumor biopten van de patiënt genomen op 

verschillende momenten tijdens de behandeling, te weten voor behandeling 

(GLC14), na eerste behandeling (GLC16) en na tweede behandeling waarbij sprake 

was van resistente en progressieve ziekte (GLC19). Van deze biopten zijn in de 80-

ger jaren cellijnen gemaakt, zodat ze uitvoerig bestudeerd kunnen worden. In 

tegenstelling tot onze hypothese lieten deze cellijnen  geen significante verschillen 

in gevoeligheid voor verschillende chemotherapeutica zien [15,16]. Onze hypothese 

was dat EMT en verrijking van CSC kenmerken zou optreden tijdens de progressie 

van de ziekte wat zichtbaar zou zijn in de cellijnen. Alle drie de cellijnen waren in het 

bezit van de epitheliale markers EpCAM en E-cadherine terwijl de cellijnen geen 

expressie van mesenchymale markers Vimentin en Fibronectine lieten zijn. De 

GLC14 cellijn, afkomstig van een metastatische lymfklierbiopsie, liet de sterkste 

invasiecapaciteit en sferoïde vormend vermogen zien t.o.v. de andere cellijnen in 

vitro. Expressie van de bekende CSC markers CD44 en SOX2 was het laagst in 

GLC14 en nam toe in GLC19 en GLC16. De GLC14 cellen bezaten het hoogste 

sferoïde vormend vermogen hetgeen aangeeft dat deze lymfeklier afgeleide cellijn 

andere eigenschappen heeft dan GLC16 en GLC19 cellen. GLC19 had een hoger 

sferoïde vormend vermogen in vergelijking met GLC16 suggestief voor een 

toename in CSC eigenschappen tijdens progressie van de ziekte. Bovendien 
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vertoonde CD44 + gesorteerde cellen een verhoogde SOX2 expressie en sferoïde 

vormend vermogen vergeleken met CD44- gesorteerde cellen in alle drie de 

cellijnen en gekweekt onder serumvrije condities. Concluderend zagen we geen 

verschillen in EMT marker expressie tussen de cellijnen, maar wel een toename van 

CSC eigenschappen hetgeen een toename van CSC eigenschappen suggereert 

tijdens het SCLC ziekteprogressie.  

In hoofdstuk 3 hebben we in een bekend NSCLC EMT model, de mogelijke 

effecten van EMT op chemotherapie gevoeligheid, celmigratie en invasief vermogen 

en CSC eigenschappen bestudeerd.  In dit model lijdt behandeling van A549-

NSCLC cellen met de cytokine TGF-β tot EMT in de cellijn. Het optreden van EMT 

in TGF-β behandelde A549-cellen werd bevestigd door het onstaan van cellen met 

een fibroblastachtige celmorfologie, het verlies van epitheliale merkers EpCAM en 

E-cadherine en de inductie van expressie van de mesenchymale markers 

Fibronectine en Vimentin. Mesenchymale cellen hadden een enigszins verhoogde 

chemoresistantie voor cisplatin en vertoonde verhoogde migratie en invasief 

vermogen vergeleken met onbehandelde epitheliale A549 cellen. Het sferoïde 

vormend vermogen was verhoogd in TGF-β behandelde A549 cellen en bovendien 

lieten deze cellen een verhoogde expressie van de CSC markers OCT4 en SOX2 

zien. Stabiel getransfecteerde A549 cellen met een luciferase gen (A549-luc cellen) 

werden gebruikt om de metastase activiteit van epitheliale en mesenchymale 

NSCLC cellen te vergelijken in een orthotopisch muismodel. In onze eerste 

voorlopige experimenten konden we met behulp van bioluminescentie beeldvorming 

(BLI) en pathologisch onderzoek een sterke tumorgroei zien in de rechter  long (de 

plaats waar de cellen geïnjecteerd werden) en metastatische groei in de andere 

long en in de lever van alle dieren. Ook werden in beide groepen metastases 

gedetecteerd in de nieren, bijnieren en hersenen. Pogingen om CTCs te detecteren 

met BLI in bloedmonsters van de muizen waren niet succesvol mogelijk vanwege de 

lage gevoeligheid van het detectiesysteem. Concluderend, mesenchymale A549 

cellen vertoonde verhoogde migratie, invasie, chemoresistantie en CSC 

eigenschappen vergeleken met epitheliale A549 cellen. De eerste experimenten met 

het long orthotopische muismodel lieten een sterke tumorgroei en metastatische 

verspreiding zien in zowel epitheliale en mesenchymale A549 cellen. Deze 

experimenten moeten verder geoptimaliseerd worden om mogelijke verschillen in 

metastatische verspreiding tussen deze verschillende A549 fenotypes nader te 

onderzoeken. 
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In hoofdstuk 4 is een klinische studie uitgevoerd in een aantal Nederlandse 

ziekenhuizen bij 59 SCLC patiënten. Het doel van deze studie was om de 

prognostische en predictieve waarde van CTC bij patiënten met SCLC te 

onderzoeken. Voor dit doel werden CTC niveaus gedetecteerd met het Veridex 

CellSearch platform op uitgangsniveau(voor behandeling), na 1 behandel cyclus en 

na 4 cycli chemotherapie. Op uitgangsniveau werden lagere CTC aantallen 

waargenomen bij 21 patiënten met beperkte ziekte (mediaan = 6, range 0-220) in 

vergelijking met 38 patiënten met uitgebreide ziekte (mediaan = 63, range 0-14 

040). De afwezigheid van meetbare CTC (bij 27% van de patiënten) was 

geassocieerd met verlengde overleving (HR 3,4; p ≤ 0.001). De CTC aantallen 

namen af na één cyclus chemotherapie. Deze daling was niet geassocieerd met de 

tumorrespons waargenomen na 4 cycli chemotherapie. Het aantal CTCs na de 

eerste cyclus chemotherapie had de sterkste voorspellende waarde voor de totale 

overleving (HR 5.7; 95% confidentie interval (CI) 1,7-18,9; P = 0,004). We 

concluderen dat het meten van CTC niveaus een bruikbare prognostische marker is 

voor SCLC; patiënten met lagere initiële CTC aantallen leven langer dan mensen 

met hoge CTC aantallen. Bovendien zijn de CTC aantallen na 1 cyclus 

chemotherapie een sterke voorspeller voor de respons op chemotherapie en 

overleving. 

In hoofdstuk 5 hebben we het tumorbiopsie materiaal van SCLC patiënten die 

deelnamen aan de klinische studie beschreven in hoofdstuk 4 gebruikt om een 

mogelijke correlatie tussen CSC of EMT marker expressie en CTC aantallen en 

prognose te onderzoeken. We veronderstelden dat hoge CSC en EMT marker 

niveaus geassocieerd zullen zijn met hoge CTC aantallen en een slechte prognose. 

Biopten van 38 SCLC patiënten genomen bij diagnose bepaling werden gebruikt 

voor het evalueren van marker expressie m.b.v. immunohistochemie. De expressie 

van de CSC markers CD44 en SOX2 en de EMT markers E-cadherine, EpCAM, c-

MET, Vimentin en Cytokeratin 8, 18,19 werden bepaald. Hoge expressie van c-MET 

(C-METH) en lage expressie van E-cadherine (E-CADL) vertoonde een trend voor 

een betere prognose (p = 0,07 en p = 0,09 respectievelijk). Het combineren van 

deze markers (c-METH/ E-CADL) gaf een significante correlatie met een betere 

overleving (p = 0,007). Er werd geen correlatie gevonden tussen de geteste markers 

en het baseline niveau van de CTC aantallen. Echter, er was een trend voor c-

METH/ E-CADL (p = 0,09) met lage baseline CTC aantallen. De CSC markers SOX2 

en CD44 waren niet geassocieerd met de totale overleving in deze patiëntengroep. 

Onze resultaten suggereren dat SCLC met een mesenchymaal fenotype (c-METH/ 
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E-CADL) geassocieerd is met langere overleving en vertoond een trend met lagere 

baseline CTC aantallen. 

In hoofdstuk 6 hebben we onderzocht of het opkweken van slokdarm 

adenocarcinoom (EAC) cellen in een in vitro driedimensionale sferoïde 

celkweekmodel leidt tot een toename van de CSC eigenschappen. De EAC cellijn 

OE19, gekweekt als sferoïden onder serumvrije omstandigheden (OE19S), 

vertoonde verhoogde CSC eigenschappen waaronder een verhoogd spheroïde 

vormend vermogen en toegenomen chemoresistance in vitro. Deze toename in 

CSC kenmerken werd niet waargenomen in sferoïde gekweekte EAC33 cellen 

(OE33S) vergeleken met normaal (serum) gekweekte OE33 cellen. Echter, na 

implantatie in NOD / SCID-muizen lieten zowel OE19S en OE33S verhoogde 

tumorgroei zien in vergelijking met serum gekweekte cellen. Om het onderliggende 

mechanisme te bestuderen zijn m.b.v. Illumina arrays de verschillen in mRNA 

expressie geanalyseerd in OE19 en OE33 cellen gekweekt onder beide condities, 

evenals in de corresponderende cellen gegroeid als xenotransplantaten in de 

muizen. Analyse van de expressie profielen liet verschillen in activiteit zien van DNA 

reparatie en celadhesie signaal transductie routes. Twee genen bleken in zowel de 

OE19 en OE33 modellen verhoogd te zijn onder sferoïde condities, FOS en KLF2. 

Serum en sferoïde gekweekte cellen afgeleide tumoren in de muis lieten geen 

verschillen zien in genexpressie, in tegenstelling tot de verschillen gevonden in vitro, 

mogelijk door de invloed van het muis stroma. Deze studie laat zien dat het OE19S 

model verhoogde CSC eigenschappen heeft en daarom gebruikt zou kunnen 

worden voor CSC onderzoek in het slokdarmcarcinoom.   

In hoofdstuk 7 is een literatuurstudie gedaan over de therapeutische mogelijkheden 

van het gebruik van celdood (apoptosis)-inducerende methoden als doelgerichte 

therapie bij longkanker. Hierbij zijn met name de resultaten beschreven die 

verkregen zijn met therapie gebaseerd op tumor necrose factor (TNF) -gerelateerde 

apoptose-inducerende ligand (TRAIL) receptoren, BCL-2 familieleden en apoptose-

remmende eiwitten (IAPs). Therapieën  die apoptose moduleren blijken met name 

effectief bij gebruik in combinatie met traditionele cytotoxische chemotherapie. 

Preklinische en klinische testen met deze therapieën zijn beschreven en 

toekomstperspectieven voor het gebruik hiervan worden belicht. Met name het 

gecombineerde gebruik van apoptose regulerende middelen zoals BCL-2 remmers 

en TRAIL receptor activatoren of BCL-2 remmers met epidermal growth factor 

receptor (EGFR)-remmers zijn mogelijk interessant. Biomarkers die kunnen 
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aangeven welke combinaties het meest effectief zullen zijn moeten nog worden 

geïdentificeerd. 
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