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ABSTRACT

Small cell lung cancer (SCLC) has a poor prognosis and is found disseminated at 
first presentation in the majority of cases. The cell biological mechanisms underlying 
metastasis and drug resistance are not clear. SCLC is characterized by high numbers 
of circulating tumor cells (CTCs) and we were able to expand several CTC lines ex 
vivo and to relate chitinase-3-like-1/YKL-40 (CHI3L1) as marker. Availability of 
expanded SCLC CTC cells allowed for a screening of receptor tyrosine kinases (RTKs) 
expressed. The metastatic CHI3L1-negative SCLC cell line SCLC26A, established from 
a pleural effusion was used for comparison. The CTC cell line BHGc10 was found to 
exhibit increased expression of RYK, AXL, Tie-1, Dtk, ROR1/2, several ephrins (Eph) 
and FGF/EGF receptors compared to SCLC26A. All of these RTKs have been associated 
with cell motility, invasion and poor prognosis in diverse cancer entities without 
knowledge of their association with CTCs. The identification of RYK, AXL and ROR1/2 
as pseudokinases, lacking activity, seems to be related to the observed failure of RTK 
inhibitors in SCLC. These kinases are involved in the noncanonical WNT pathway and 
their expression in SCLC CTCs represents a cancer stem cell-like phenotype.

INTRODUCTION

Lung cancer is the leading cause of tumor-associated 
death worldwide [1]. Small cell lung cancer (SCLC) is a 
neuroendocrine and highly malignant subtype of lung cancer, 
accounting for approximately 15% of cases, which exhibits a 
low survival rate at disseminated stage. In contrast to non-small 
lung cancer (NSCLC), targeted therapy directed to specific 
oncogenes is not available for SCLC and platinum-based 
combination chemotherapy with etoposide and second-line 
topotecan are standard care [2]. SCLCs invariably show 
inactivation of p53 and retinoblastoma, and in the absence of 
these two tumor suppressors several alternative growth factor 
pathways induce vigorous progression [3]. Despite an initial 
high response rate, tumors relapse early and are not amenable 
to effective further therapy. Progress of research on SCLC is 
hampered by availability of tumor material, as in extended 
disease no material is collected after initial confirmation of the 
diagnosis by fine-needle biopsies [4]. Alternatively, so-called 
liquid biopsies consist of the detection of circulating genetic 
material or enrichment of the diversified circulating tumor 
cells (CTCs) using blood samples [5]. In most cases CTCs are 

scarce and investigations are restricted to single-cell genetic 
analysis, detection of surface markers or characterization of 
a limited number of cytokines by the EPISPOT assay which 
detects proteins secreted/released/shed from single epithelial 
cancer cells [6]. SCLC is set apart from other cancers by 
extremely high number of CTCs in part of the patients [7]. 
This allowed us for the first time to expand SCLC ex vivo 
and to set up a few CTC cell lines [8]. So far, several CTC 
lines have been obtained in breast cancer and one in colon 
cancer, respectively [9, 10]. Screening of the CTC cell culture 
supernantants for cytokines/chemokines revealed expression 
of chitinase-3-like-1 (CHI3L1)/YKL-40 as CTC marker [11]. 
In the present work we examined the BHGc10 CTC line for 
the presence of one or several receptor tyrosine kinases (RTKs) 
in consideration of the detection of putative new therapeutic 
targets. To our knowledge the present work is the first report 
on expression of RTKs in a pure population of CTCs.

RESULTS

Expression of RTKs was detected on the Western 
blot arrays for SCLC26A and BHGc10 SCLC CTC cells, 
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respectively. Figure 1 shows the control RTKs of the local 
metastatic SCLC26A cell line to be compared with those of 
the BHGc10 SCLC CTC line, isolated from peripheral blood. 
SCLC26A relies on EGFR, InsulinR and FGFRs for growth 
and expresses several kinases, including RYK, ROR1/2 and 
members of the ephrin family.

Figure 2 lists the RTKs which exhibited the largest 
increase in this CHI3L1-positive CTC cell line, sorted 
according to the differences in relation to SCLC26A. Relative 
overexpression in the CTC cells was detected for RYK, 
AXL, Tie-1, Dtk, ROR1/2, and Ephrins EphA1 and EphB2. 
Growth factor receptors FGFR1 and FGFR2a were increased, 
as well as EGFR and InsulinR. Minor decreases were seen 
for PDGFRa, Flt-3, ephrins EphA6 and EphA7, MSPR and 
TrkA (data not shown).

DISCUSSION

In general, CTCs are relatively rare cells but access to 
in vitro expanded CTCs renders analysis of the cell biologic 
characteristics possible [8]. Additionally, the expanded 
BHGc10 SCLC CTC cells lack distinct expression of some 
SCLC markers and would have possibly not selected by 
commonly applied enrichment methods relying on cell 
surface markers (data not shown). Human Proteome Profiler 
arrays were used to compare the relative expression of 
RTKs of SCLC26A and BHGc10 SCLC CTCs, representing 
progression from local metastasis to the disseminated state 
in peripheral blood.

The RTK family regulates a wide spectrum of 
cell activities including proliferation, differentiation, 
metabolism and migration [14]. Aberrant RTK activation 

due to deregulated receptor expression and/or constitutive 
activation are major mechanisms by which tumor cells 
proliferate and spread. RTKs are type  I transmembrane 
proteins with an extracellular ligand-binding region, a 
single-pass transmembrane coil and an intracellular protein 
tyrosine kinase domain adjacent to regulatory sequences [14]. 
Interestingly, approximately 10% of the more than 500 
human kinases are pseudokinases which lack catalytic 
residues within their kinase domain [15]. ErbB3 constitutes 
a prototype of catalytically inactive RTK function, adopting 
the role of signal modulation in heterodimeric receptor 
complexes with other ErbB subfamily members [14].

RYK (for related to tyrosine kinase) has been isolated 
from a DNA library of SKOV-3, an epithelial ovarian cancer 
cell line [16]. Localization of RYK mRNA in the epithelial 
and stromal compartment of tissues such as brain, lung, 
colon, kidney, and breast was observed [17]. RYK is an 
unusual member of the RTK family classified as a putative 
pseudokinase. RYK regulates basic biological processes 
in response to the high affinity binding of Wnt family 
ligands to its extracellular Wnt inhibitory factor (WIF) 
domain [18, 19]. Upon Wnt binding, RYK participates in the 
activation of β-catenin–dependent or –independent signaling 
pathways controling cell polarity, cell differentiation and cell 
migration. Additonally, RYK can signal via activation of the 
small GTPase RhoA [20]. Many RYK-interactive partners, 
such as Mindbomb 1, an E3 ubiquitin ligase, cell polarity 
protein Vangl2 and ephrin receptor have been identified 
but they do not represent suitable targets for antagonizing 
RYK [21 - 23].

RYK overexpression has been observed in human 
ovarian cancer and was correlated with decreased overall 
survival of patients [16, 24]. Overexpression of RYK is 

Figure 1: Expression of selected RTKs in SCLC26A cells. RTKs expressed in SCLC26A cAQ1ells which correspond to RTKs 
overexpressed in BHGc10 CTC cells are shown (mean ± SD, arbitrary intensity units).



www.impactjournals.com/oncoscience	 631� Oncoscience

transforming in vitro and in vivo [25]. The RYK receptor 
has been localized in malignant epithelium and blood 
vessel, but no correlation was found with age, histological 
subtype, degree of differentiation, FIGO stage, or residual 
disease in ovarian cancer patients. Immunoreactivity 
was also present in the stromal tissue of most tumors, 
predominantly in the desmoplastic tissue of carcinomas, 
partially assigned to lymphocytic inflammatory cells. 
Pediatric brain tumors derived from neuroepithelial precursor 
cells express RYK [26]. Targeted inhibition of RYK function 
with conventional small molecule ATP-competitive RTK 
inhibitors seems not feasible.

ROR1/2 are a single-span transmembrane RTKs which 
function in mediating the non-canonical Wnt signaling and 
has no essential roles known in adult tissues [27]. ROR2 
was first identified as a RTK-like orphan receptor and 
demonstrated to be critical for filopodia formation during 
cell migration, a process dependent on Wnt5a. Wnt signaling 
plays important roles in lung development and lung cancer. 
ROR2 was found to be highly expressed in osteosarcoma, 
renal cell carcinomas, melanoma, colon cancer, squamous 
cell carcinoma of the head and neck, and breast cancer [28]. 
ROR2 is  expressed in the majority of breast cancer patients, 
but not in normal breast tissue, and this expression confers 
a poorer disease-specific survival for these patients [29]. 
Generally, ROR2 expression is associated with more 
aggressive disease states. Wnt5a and Wnt3a are now well 
known to act as ligands for ROR2 to activate Wnt signaling 
activity. Thus, ROR2 mediates polarized cell migration, 
invasion, and tumor growth; however, the mechanism 
by which ROR2 functions to promote cancer remained 
elusive [30]. The association of ROR2 with Twist and MMP2 
indicated a role as a regulator of EMT and cell migration [31].

ROR2 has clearly been linked to aggressive disease 
patterns and has been implicated in important tumor 
promoting signaling pathways constituting an promising 
target. As a protein ROR2 is not normally expressed in adult 
tissues. There are several drugs targeting activated RTKs 
for treatment of cancers, with particular efficacy for the 
small-molecule inhibitors that target the ATP-binding site 
of the intracellular tyrosine kinase domain but these will 
not work for pseudokinases [32]. ROR2 is a cell surface 
receptor with a distinct extracellular domain and a suitable 
target for monoclonal antibodies for therapeutic use and 
such antibodies can function to neutralize the receptor or can 
mediate antibody-dependent cytotoxicity [33].

The TYRO3, AXL and MERTK (TAM) family of 
RTKs are aberrantly expressed in multiple hematological 
and epithelial malignancies. Their induction in tumor cells 
predominately promotes survival, chemoresistance and 
motility [34]. Although MERTK and AXL can activate 
standard proliferative pathways (ERK, AKT and members 
of the STAT family), their presence generally promotes 
survival. AXL functions together with the type I interferon 
receptor to increase suppressor of cytokine signaling 1 
(SOCS1) and SOCS3 expression, which helps to turn down 
inflammatory toll-like receptor signaling. Furthermore, 
MERTK and AXL decrease NK cell antitumor activity. 
Hypoxic conditions in the tumor increase the expression 
of HIF1α, which directly promotes transcription of AXL. 
Inhibition of AXL reversed chemoresistance by decreasing 
expression of the anti-apoptotic proteins BCL-2, BCL-XL, 
MCL1 and survivin in tumor cells and activated pro-apoptotic 
proteins BAD, BAX, BCL-2, BAK and PUMA. AXL in 
particular has been implicated in metastasis in multiple 
tumor types and facilitates EMT in addition to upregulation 

Figure 2: Overexpression of selected RTKs in BHGc10 CTC cells. The figure shows the increase of expression of the most altered 
corresponding RTKs in the CTC cell line (mean ± SD, identical arbitrary intensity units).
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of MMP9 [34]. The angiopoietin-Tie signaling system is a 
vascular-specific RTK pathway that is essential for normal 
vascular development and is elevated in many cancers and 
inflammation [35]. Signaling by Tie receptors appears to 
complement the VEGF pathway. Developmental tyrosine 
kinase (Dtk) encodes a protein with structural similarities to 
AXL and is expressed in a number of leukemic cell lines [36].

Eph receptors are the largest family of RTKs [37]. 
Reemergence of their embryonic functions in cancers is 
implicated in tumor progression, neoangiogenesis and 
metastasis of a large range of epithelial and mesenchymal 
malignancies. Eph receptors mediate cell-cell interaction 
both in tumor cells and in tumor microenvironment, namely 
the tumor stroma and tumor vasculature [38, 39]. Ephrins 
are expressed at the leading edge of glioblastoma cells 
invasion into the brain parenchyma. Eph targeting studies 
in preclinical models of GBM have been very encouraging 
and may provide the means to treat these highly refractory 
aggressive tumors [40]. A  host of therapeutic approaches 
including small-molecule kinase inhibitors, ephrin-mimetic 
peptides, peptide vaccines, short hairpin RNAs, function-
modulating fusion proteins and monoclonal antibodies have 
been developed and are at different stages of preclinical and 
clinical evaluation.

Cancer stem cells (CSCs) have been increasingly 
described for many malignancies. CSCs display many features 
of embryonic or tissue stem cells, and feature persistent 
activation of one or more conserved signal transduction 
pathways involved in development and tissue homeostasis, 
such as the Notch, Hedgehog and Wnt pathways [41]. Wnt 
signals are transduced to the noncanonical pathway through 
frizzled family receptors and ROR2/RYK coreceptors to 
the dishevelled-dependent or the Ca2+-dependent signaling 
cascades for control of cell movement and tissue polarity [42]. 
In lung cancer, Wnt signaling substantially impacts NSCLC 
tumorigenesis, prognosis, and resistance to therapy [43, 44]. 
The Wnt5a ligand can induce hematopoietic stem cell 
(HSC) quiescence through a noncanonical Wnt pathway, 
resulting in an increased ability to reconstitute hematopoiesis. 
Inhibition of RYK blocked the ability of Wnt5a to induce 
HSC quiescence and to enhance short-term and long-term 
hematopoietic repopulation [45]. Wnt5a RYK-dependently 
suppressed production of reactive oxygen species, a known 
inducer of HSC proliferation.

Generation of CSCs is linked to EMT and are capable 
of tumor initiation and self-renewal, contributing to 
treatment resistance and metastases [46]. AXL is acting to 
induce EMT in epithelial cells to regulate self-renewal and 
chemoresistance and its expression is associated with the 
expression of stem cell and metastases genes and increased 
tumorigenicity through promotion of invasion and migration. 
Downregulation of AXL using MP470 (Amuvatinib) 
reversed EMT in mesenchymal normal human mammary 
epithelial cells and in a clinical study, Amuvatinib was well 
tolerated and showed antitumor activity when combined 
with paclitaxel/carboplatin and carboplatin/etoposide in 
neuroendocrine, NSCLC, and SCLC tumors [47].

In conclusion, RTK expression of a SCLC CTC line 
was here delineated for the first time. The overexpression 
of specific RTKs in a blood-derived line versus a metastase-
derived SCLC line is in line with use of Wnt signaling, 
identifying this CTC line as CSC-related. The RTK 
pseudokinases found seem to escape targeting by RTK 
inhibitors but may be tackled by other means. Especially 
AXL may be related to the high degree of chemoresistance, 
observed in relapsing SCLC patients. Since the respective 
kinases expressed in the SCLC CTC cell line were broadly 
found in other tumors, this model of dissemination may hold 
true for other malignancies as well.

MATERIALS AND METHODS

Cell lines

SCLC26A cell line was established in our lab as well as 
the BHGc10 SCLC CTC line, derived from a peripheral blood 
sample of a relapsed SCLC patient [8, 12]. For the detection 
of RTKs, cells were cultured in RPMI-1640 medium (Sigma-
Aldrich, St. Louis, MO, USA), supplemented with 10% 
bovine serum (Seromed, Berlin, Germany) and antibiotics 
(Sigma-Aldrich; Penicillin/Streptomycin/Neomycin 
solution) under tissue culture conditions.

Screening of cells for expression of RTKs

RTKs were detected using a Western Blot array 
(Proteome Profiler Human Phospho-RTK Array Kit, 
ARY001B, R&D Systems, Minneapolis, MN, USA) 
according to the manufacturer’s instructions. The experiments 
were done in duplicate. In brief, 1x107  cells/ml were 
washed in PBS and extracted using the appropriate buffer 
of the kit supplemented with protease inhibitor cocktail 
(Sigma-Aldrich). Extracts were centrifuged, supernantants 
diluted with sample buffer and applied to the nitrocellulose 
membranes having 49 anti-kinase catcher antibodies spotted. 
RTKs were finally detected using pan-anti-tyrosine-HRP 
conjugate and detection of binding by chemiluminescence. 
Spots were analyzed using GelAnalyzer [13] and ORIGIN 
9.0 software (OriginLab, Northampton, MA, USA).
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