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progressive accumulation of cancer stem cell properties and CD44 as a 
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A B S T R A C T   

Objectives: Cancer stem cells (CSCs) have been implicated in disease progression of aggressive cancers including 
small cell lung carcinoma (SCLC). Here, we have examined the possible contribution of CSCs to SCLC progression 
and aggressiveness. 
Materials and methods: GLC-14, GLC-16 and GLC-19 SCLC cell lines derived from one patient, representing 
increasing progressive stages of disease were used. CSC marker expressions was determined by RT-qPCR and 
western blotting analyses, and heterogeneity was studied by CSC marker expression by immunofluorescence 
microscopy and flow cytometry. Colony formation assays were used to assess stem cell properties and therapy 
sensitivity. 
Results: Increasing expression of stem cell markers MYC, SOX2 and particularly CD44 were found in association 
with advancing disease. Single and overlapping expression of these markers indicated the presence of different 
CSC populations. The accumulation of more homogeneous double- and triple-positive CSC populations evolved 
with disease progression. Functional characterization of CSC properties affirmed higher proficiency of colony 
forming ability and increased resistance to γ-irradiation in GLC-16 and GLC-19 compared to GLC-14. GLC-19 
colony formation was significantly inhibited by a human anti-CD44 antibody. 
Conclusion: The progressive increase of MYC, SOX2 and particularly CD44 expression that was accompanied with 
enhanced colony forming capacity and resistance in the in vitro GLC disease progression model, supports the 
potential clinical relevance of CSC populations in malignancy and disease relapse of SCLC.   

1. Introduction 

Small cell lung carcinoma (SCLC) is a histological subtype of lung 
carcinoma with a 5 year survival rate of only 6% after diagnosis [1]. 
Although only representing about 10 % of total lung cancer incidence, 
SCLC has the highest mortality rate. SCLCs can be categorized into two 
cellular subtypes based on the presence (classic SCLC) or absence 
(variant SCLC) of neuroendocrine (NE) markers like neural cell adhesion 

molecule (NCAM), synaptophysin (SYP) and chromogranin A (CHGA) 
[2,3]. However, recent understandings of the molecular biology of SCLC 
suggest that these subtypes maybe present as a subset of cells within one 
patient and as such constitute intratumoral heterogeneity [4]. Currently, 
SCLC patients are treated based on the extent of disease in accordance to 
tumor, node and metastasis (TNM) staging [5]. Early stage patients 
(T1–T3 with or without nodal involvement) undergo concurrent 
chemo-radiotherapy consisting of cisplatin–etoposide regimen and high 
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dose radiation to known tumor locations [5]. Later stage patients (also 
known as extensive disease, i.e., metastasized disease) receive 
platinum-based chemotherapies in combination with etoposide as first 
line treatment, and single agent topotecan in the second line and beyond 
[5]. Unfortunately, patients with SCLC are typically diagnosed with 
extensive disease and after initial good responses to chemotherapy, 
disease relapses due to therapy resistance. Novel treatments are highly 
warranted to improve the prognosis of this deadly lung cancer type. 

The cancer stem cell (CSC) theory postulates that a subpopulation of 
cells possessing stem cell properties are capable and responsible for 
tumor maintenance and hence therapeutic resistance and metastasis [6]. 
This concept has been explored in SCLC towards some extent, for 
example by the identification of specific CSC subpopulations charac-
terized by specific stem cell markers expression or features such as 
aldehyde dehydrogenase 1 (ALDH1), CD44, Prominin-1 
(PROM1/CD133), POU domain, class 5, transcription factor 1 
(POU5F1), SAL-like protein 4 (SALL4), SRY-box transcription factor 2 
(SOX2), Hoechst dye exclusion side populations and exhibition of 
resistance to therapies [7]. Recent comparative transcriptomics of small 
cell neuroendocrine cancers from multiple epithelial origins, including 
SCLC, with adult stem cells revealed overlapping gene signatures that 
are associated with advanced tumors and poor clinical outcomes [8]. 
This suggests that SCLC displays stem cell properties, indicative of the 
presence and possible relevance of CSCs for disease development and 
progression. 

In order to obtain more direct evidence of presence of CSCs in SCLC, 
we used our previously described SCLC in vitro progression model. This 
model consists of three SCLC cell lines named GLC-14, GLC-16 and GLC- 
19 that were isolated from three consecutive biopsies acquired during a 
clinical follow-up of an SCLC patient [9]. GLC-14, GLC-16 and GLC-19 
represent different stages of disease, i.e., the tumor at diagnosis, first 
treatment-relapse and treated-relapsed-progressed cell line model, 
respectively. In the present study, expression analysis of a selected panel 
of CSC-related genes was performed in this unique model and several 
CSC characteristics were evaluated, including clonogenic growth and 
γ-irradiation sensitivity. In addition, the therapeutic value of CD44 was 
examined. 

2. Methods 

2.1. Cell culture 

The Groningen Lung Carcinoma (GLC) cell lines were previously 
described by Berendsen et al. [9]. GLC-14, GLC-16 and GLC-19 were 
routinely maintained in RPMI 1640 medium (Thermo Fisher Scientific, 
Breda, The Netherlands) supplemented with 10 % fetal calf serum (FCS, 
Bodinco B. V., Alkmaar, The Netherlands) in a 37 ◦C humidified incu-
bator under atmospheric condition with supplementation of 5% CO2. 

2.2. Irradiation and generation of resistant cells 

All three cell lines were prepared for irradiation according to stan-
dard protocols for suspension cells. An IBL 637 Cesium-137 γ-ray source 
(CIS-BioInternational, France) was used to irradiate cells at 1, 2 or 4 Gy. 
To generate irradiation-resistant GLC-16 cells, cells were subjected to 
progressively increasing irradiation doses of 2, 4 and 6 Gy after each 
initial expansion and with at least two week time intervals. 

2.3. RNA isolation, cDNA synthesis and real-time quantitative PCR 
analysis 

Total RNA was isolated using RNeasy mini kit (Qiagen, Qiagen 
Benelux B. V., Venlo, The Netherlands) and reverse-transcribed into 
cDNA using an iScript cDNA synthesis kit (Bio-Rad, Bio-Rad Labora-
tories B. V., Veenendaal, The Netherlands). Prior to reverse transcrip-
tion, RNA quality was confirmed with gel electrophoresis and Nanodrop 

1000 (Thermo Fisher Scientific, Breda, The Netherlands) absorbance 
measurement at A230, A260 and A280. cDNA (10 ng/reaction) was used 
as template for real-time qPCR analysis using iTaq Universal SYBR green 
supermix (Bio-Rad) on a CFX384 real-time PCR detection system (Bio- 
Rad). Forward and reverse primers (see supplementary Table 1) were 
used at 500 nM. PCR reactions were performed at 95 ◦C for 3 min fol-
lowed by 40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s. The quantification 
cycle (Cq) were calculated and relative gene expression was analyzed 
after normalizing for HPRT1 and GAPDH as house-keeping genes to 
yield –ΔCq. Data were normalized to the lowest –ΔCq mean value. Three 
biological replicates of mRNA were collected for quantitative 
comparisons. 

2.4. SDS-PAGE and western blotting 

Protein was isolated by lysing cells using Pierce RIPA buffer (Thermo 
Fisher Scientific) supplemented with 1 % of 100X Halt Protease Inhibitor 
(Thermo Fisher Scientific) and 1 % of 100X Halt Phosphatase Inhibitor 
(Thermo Fisher Scientific). Protein lysates were quantified using Pierce 
BCA protein assay kit (Thermo Fisher Scientific) in accordance to 
manufacturer protocol using an iMark microplate reader (Bio-Rad). 
Protein lysates (20 μg/lane) were separated by SDS-PAGE (8–15 %) and 
transferred onto PVDF membranes. Membranes were blocked in 5 % 
bovine serum albumin (BSA) prepared in Tris-buffered saline (TBS) 
containing 0.05 % Tween-20 (TBST) and incubated overnight at 4 ◦C 
with primary antibody at 1:1000 dilution. Primary antibodies used 
were: mouse anti-β-catenin 1 (610154) from BD Biosciences (Becton, 
Dickinson B. V.,Vianen, The Netherlands); rabbit anti-MYC (5605), 
rabbit anti-MYCN (84406), mouse anti-SOX2 (4900) and rabbit anti- 
SOX9 (82630) from Cell Signaling Technology Inc. (Bioke, Leiden, The 
Netherlands). Membranes were washed with TBST and subsequently 
incubated with polyclonal HRP-conjugated goat anti-rabbit (P0448, 
Dako, Agilent Technologies Netherlands B. V., Amstelveen, The 
Netherlands) or rabbit anti-mouse (P0260, Dako) secondary antibodies 
at 1:2000 for 1 h at room temperature (RT). Lumi-light plus western 
blotting substrate (Roche, Roche Diagnostics Nederland B. V., Flevo-
land, The Netherlands) was used to establish chemiluminescent signal 
for protein bands detection in a ChemiDoc MP imaging system (Bio- 
Rad). B-actin (mouse anti-actin, 8691002, MP Biomedicals, Bio-Connect 
B. V., Huissen, The Netherlands) was used as loading control at 1:10000. 

2.5. Immunofluorescence microscopy 

Cells (2 × 105 cells/mL) were cytospun in a Shandon Cytospin 3 
centrifuge (Thermo Fisher Scientific) onto the poly-L-lysine coated 
slides. Cells were fixed with 2 % paraformaldehyde (PFA) for 15 min at 
RT followed by permeabilization using PBS containing 0.5 % Tween-20 
(PBST) for 15 min at RT. Blocking was performed with PBST containing 
2 % BSA and 1:50 normal goat serum (Dako) for 1 h at RT followed by 
incubation with primary antibodies dilutions for 1.5 h at RT. Primary 
antibodies consisting of rat anti-CD44 (103002, BioLegend, Amsterdam, 
The Netherlands), rabbit anti-MYC (5605) and mouse anti-SOX2 (4900) 
from Cell Signaling Technology Inc., were diluted in blocking buffer at 
1:50. Polyclonal fluorophore-conjugated goat secondary antibodies 
consisting of anti-rat-Alexa Fluor 488 (A-11006), anti-mouse-Alexa 
Fluor 488 (A-11001), anti-mouse-Alexa Fluor 568 (A-11004) and anti- 
rabbit-Alexa Fluor 568 (A-11011) from Thermo Fisher Scientific were 
prepared in blocking buffer at 1:200 and incubated for 1 h at RT. DAPI 
(2 mg/mL, Sigma-Aldrich, Sigma-Aldrich Chemie B. V., Zwijndrecht, 
The Netherlands) was used at 1:1000 to stain nuclei. Isotype non- 
targeting antibodies were used as negative staining controls, namely 
rat IgG2b κ (400601, BioLegend), Pharmingen mouse IgG1 κ (554721, 
BD Pharmingen Inc., Becton, Dickinson B. V., Vianen, The Netherlands) 
and rabbit IgG (3900, Cell Signaling Technology Inc.). Slides were 
washed thrice with PBST after each staining step. Mounting medium (5 
% gelatin, 50 % glycerol, pH 7.0) was applied along with coverslip and 
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allowed to dry overnight. Stainings were visualized using the EVOS FL 
cell imaging system (Thermo Fisher Scientific). 

2.6. Flow cytometry 

Cells were fixed with 2 % PFA for 15 min at RT. Permeabilization was 
performed with PBST for at least 15 min at RT. Cells were centrifuged 
and resuspended with PBST containing 10 % FCS. Primary antibodies 
were diluted as described above for immunofluorescence staining at 
1:500, 1:100 and 1:200, respectively for anti-CD44, anti-MYC and anti- 
SOX2, and incubated for 1.5 h at 4 ◦C. CD44 surface staining was per-
formed on non-fixed and non-permeabilized cells for 30 min at 4 ◦C. 
Polyclonal fluorophore-conjugated goat secondary antibodies consisting 
of anti-rat-Alexa Fluor 488 (A-11006), anti-mouse-Alexa Fluor 488 (A- 
11001), anti-mouse-Alexa Fluor 647 (A-21235) and anti-rabbit-Alexa 
Fluor 647 (A-21244) from Thermo Fisher Scientific were prepared in 
PBST containing 10 % FCS at 1:200, and incubated for 1 h (or 20 min for 
CD44) at 4 ◦C. For triple stainings, goat anti-rat-Alexa Fluor 488 (A- 
11006, Thermo Fisher Scientific), goat anti-mouse-PE (1010-09, 
SouthernBiotech, Sanbio, Uden, The Netherlands) and goat anti-rabbit- 
Alexa Fluor 647 (A-21244, Thermo Fisher Scientific) were used at 1:200. 
Isotype non-targeting antibodies were used as negative staining controls 
as described in immunofluorescence microscopy. Washing was per-
formed twice with PBST after each staining step. For CD44 stainings and 
washing steps, PBS was used instead of PBST. Finally, cells were resus-
pended into PBS containing 10 % FCS and analyzed using the Accuri C6 
(BD Biosciences) or FACSCalibur (BD Biosciences) flow cytometer. 

2.7. Colony forming assays 

For the Calcein–Hoechst staining colony forming assay, 6-well plates 
were coated with 1:30 medium-diluted Matrigel for at least 30 min at 
37 ◦C. Cells were seeded at 2 × 104 cells/well. After two weeks of in-
cubation, the cells were stained with 0.1 μg/mL of Hoechst 33342 
(Sigma-Aldrich) and 0.1 μM of Calcein-AM (BioLegend) for 30 min at 
37 ◦C. 

For soft agar assays in 6-well plates, 3 % solutions of agar (Merck Life 
Science, Amsterdam Zuidoost, The Netherlands) and low melting tem-
perature SeaPlaque agarose (Lonza, Breda, The Netherlands) were pre-
pared separately in demineralized water and autoclaved. Medium 
consisting of 1:1 mixture of F-12 Nutrient Mix (Thermo Fisher Scientific) 
and DMEM low glucose (1 g/L) (Thermo Fisher Scientific) supplemented 
with 20 % FCS was used to dilute the top agarose layer (0.3 % (w/v)) and 
bottom agar layer (0.5 % (w/v)). Cells were gently dissociated with a 
needle 20 G x 1.5 in. (Microlance 3, BD Biosciences) and suspended in 
the top layer at 2 × 104 cells/well. After two weeks of incubation with or 
without irradiation, the cells were stained with 0.1 μg/mL of Hoechst 
33342 dye in PBS for 30 min at 37 ◦C. Four non-overlapping micro-
graphs were acquired for each well using EVOS FL. ImageJ was used to 
obtain threshold of colony detection and to automatically count the 
colonies that were ≥0.01 mm2 in size [10]. The counts from represen-
tative micrographs were used to extrapolate the colony forming effi-
ciency percentage by multiplying the size factor of the well and divided 
by the number of cells initially seeded (2 × 104 cells/well). Cells were 
also stained with crystal violet (0.1 % (w/v)) to obtain qualitative 
visualization of each well and captured by AID vSpot Spectrum plate 
reader. For CD44 blocking assay, GLC-19 cells were pre-treated for 24 h 
with human anti-CD44 (550988, BD Pharmingen Inc.) and seeded for 
soft agar growth. 

2.8. Cell viability assays 

Control and irradiated GLC-14, GLC-16 and GLC-19 cells were 
cultured for 96 h prior to cell viability assessment using MTS assay 
(Promega, Promega Benelux, Leiden, The Netherlands) according to 
manufacturer instructions. MTS absorbance was measured with a 

Multiskan Sky (Thermo Fisher Scientific) microplate reader at 490 nm. 
For assessment of human anti-CD44 antibody anti-proliferative effects in 
GLC-19, cells were seeded into opaque-well black 96-well plate and 
treated as indicated. The Synergy 2 multi-mode microplate reader 
(BioTek, BioSPX, La Abcoude, The Netherlands) was used to measure the 
Calcein signal at 488Ex/520Em. 

2.9. Statistical analysis and graph/diagram plotting 

Data were expressed as mean ± standard deviation (SD) or me-
dian ± interquartile range (IQR). Experiments were performed in three 
independent experiments unless otherwise stated. Statistical signifi-
cance was evaluated by using ANOVA in GraphPad Prism 5 software 
(GraphPad software Inc., California, USA). Dunnett’s or Tukey’s multi-
ple comparison test was used for Post-hoc test. Statistical significance 
was expressed as ***, P < 0.001; **, P < 0.01; *, P < 0.05. Graphs were 
plotted using GraphPad Prism 5 software. Venn diagrams were either 
plotted using Venn Diagram Plotter or eulerAPE [11]. 

3. Results 

3.1. The GLC cell lines as SCLC progression model 

Fig. 1A illustrates the generation of GLC-14, GLC-16 and GLC-19 cells 
during disease progression, representing tumor status at diagnosis and 
after first and second relapse after indicated treatments, respectively. 
GLC-14 was derived from a lymph node biopsy, whereas the other cells 
were obtained from the primary site, providing a temporally progres-
sive, but not spatially similar model. The GLC cell lines grow as non- 
adherent aggregates with GLC-14 showing spheroid growth, GLC-16 
displaying irregular aggregates and GLC-19 forming loose grape-like 
aggregates. When cultured on Matrigel-coated surfaces partially 
adherent growth and aggregates were formed (Fig. 1B). 

3.2. Expression of CSC-related markers in GLC cell lines 

The expression of CSC-related markers was examined in the GLC 
model, anticipating an increase in marker expression during progressive 
disease. RT-qPCR was performed to evaluate the mRNA levels of a panel 
of CSC markers consisting of genes associated to drug resistance such as 
ATP binding cassette subfamily G member 2 (ABCG2) and aldehyde 
dehydrogenase family 1 member A3 (ALDH1A3), the stem cell tran-
scription factors Myc proto-oncogene (MYC), SOX2 and SOX9, and CSC- 
linked cell surface receptors CD24, CD44 and integrin subunit alpha 6 
(ITGA6). MYC and CD44 transcript levels appeared to be strongly 
elevated in the more advanced disease models GLC-16 and GLC-19, for 
CD44 especially in GLC-19 (Fig. 2A). The upregulation of MYC and cell 
surface CD44 expression were also confirmed at the protein level 
(Fig. 2B and C). Notably, among the CSC transcription factors that are 
active in lung tissue, MYCN expression was only detected in GLC-14 
consistent with earlier reported chromosomal amplification [12]. 
Furthermore, an increased expression was seen for SOX2 at the protein 
level, and SOX9 and β-catenin 1 expression increments were especially 
higher in GLC-16 (Fig. 2B). Overall, CD44, MYC and SOX2 are most 
consistently progressively enriched in the GLC model. 

3.2.1. CSC markers are heterogeneously expressed and progressively 
enriched in GLC cells 

Since CD44, MYC and SOX2 were progressively enriched in the GLC 
disease progression model, we examined their expression patterns in 
more detail. Immunofluorescence microscopy analyses of co-stained 
GLC cells for SOX2/MYC, CD44/SOX2 and CD44/MYC confirmed pro-
gressive expression patterns and, moreover, showed heterogeneous 
staining patterns for all three markers (Fig. 3A–C). Both single and 
overlapping staining patterns were detected. GLC-14 cells were pre-
dominantly positive for SOX2 with lower MYC levels, and levels 
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increased in GLC-16 cells. In GLC-19 cells, levels of SOX2 and MYC 
further increased and most notably levels of CD44 strongly increased. 
The expression of these CSC markers was further examined and quan-
tified by flow cytometric analyses for more precise estimation of popu-
lation size of the observed heterogeneity. Double-staining patterns for 
SOX2/MYC, CD44/SOX2 and CD44/MYC were generated and extrapo-
lated to an overall expression pattern of all three markers for each in-
dividual cell per GLC cell line, which is proportionally visualized in 
Fig. 4A (see also Supplementary Fig. S1). The largest fraction of cells is 
positive for SOX2 in GLC-14 and GLC-16 cells, followed by the MYC 
positive subpopulation that is largely overlapping with SOX2 positive 
cells, although also a single positive MYC population is detectable. CD44 
expression is low in GLC-14 and increases in GLC-16 cells, showing 
overlapping expression with SOX2 together with an increasing sub-
population of cells triple positive for SOX2/MYC/CD44. Whereas GLC- 
14 and GLC-16 are more heterogeneous for expression of these CSC 
markers, interestingly, GLC-19 cells are predominantly triple positive or 
double positive for CD44/SOX2 with relatively smaller subpopulations 
of single positive cells.To further corroborate this, triple stainings were 
performed on GLC-19 cells, showing a similar marker distribution 
pattern with a large subpopulation of triple positive cells and CD44/ 
SOX2 double positives, and a minority of cells being single positive, 
predominantly for CD44 (Fig. 4B). Furthermore, the mean expression 
level of the individual markers in each GLC cell line based on the fluo-
rescence intensity in flow cytometric analyses showed largely similar 
levels of MYC and SOX2 per cell, whereas CD44 levels per cell increased 

in GLC-16 and GLC-19 (Fig. 4C). The detection of MYC in GLC-14 was 
not consistent with the data obtained in western blotting and immu-
nofluorescence using the same antibody and may be due to cross- 
detection of MYCN under flow cytometry conditions. 

Thus, the proportion of cells expressing all three CSC markers 
increased over time in the disease progression model and particularly 
CD44 expression was gradually enriched both at individual cell level as 
well as in the proportion of positive cells. The increment of the sub-
population positive for all three markers eventually results in a more 
homogeneous population of cells particularly in GLC-19 representing 
the most advanced stage of disease. 

3.3. Colony forming efficiency and radiotherapy sensitivity of the GLC 
cell lines 

Next, we examined colony forming potential of the GLC cell lines in 
soft agar plates, which can be taken as a measure for stemness. The basal 
levels of colony formation (colony forming efficiency) and colony size 
were determined. GLC-19 had the highest colony forming efficiency 
followed by GLC-16 and GLC-14 (GLC-19 > GLC-16 > GLC-14, P <
0.001, Fig. 5A and B left panel). The median colony size of the GLC cell 
lines appeared similar although the colony size varied more in GLC-16 
and GLC-19 (Fig. 5B right panel). We continued by exposing cells to 
irradiation that is part of the SCLC treatment regimen. Cells exposed to 
mock, 1 or 2 Gy of γ-irradiation showed a dose-dependent reduction of 
colony forming efficiency (Fig. 5C), with GLC-14 showing lowest colony 

Fig. 1. The GLC small cell lung carcinoma cell line disease progression model. (A) The three cell lines, GLC-14, GLC-16 and GLC-19, were isolated at different stages 
of SCLC disease and treatments as indicated in the timeline. CDE is cyclophosphamide, doxorubicin and etoposide treatment regimen. Phase contrast micrographs 
depict spheroid/aggregate morphologies of in vitro cultures (white scale bar is 400 μm). (B) GLC-14, GLC-16 and GLC-19 grown on Matrigel-coated surfaces formed 
partially adherent colonies with some structural variations consisting of attached aggregates as depicted in representative micrographs (white scale bar is 1000 μm). 
Calcein (green), live-cells and Hoechst (blue), nuclei (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article). 
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forming efficiency after irradiation, whereas GLC-16 and GLC-19 dis-
played around equal colony forming efficiencies (1 Gy, GLC-14 < GLC- 
16 and GLC-19, P < 0.001; 2 Gy, GLC-14 < GLC-16, P < 0.05; Fig. 5C 
and Supplementary Fig. S2). Average colony size was not affected 
(Fig. 5C). 

We also tested irradiation sensitivity in short-term MTS cell viability 
assays. Somewhat unexpected, almost no reduction of cell viability/cell 
growth of GLC-14 and GLC-16 cells at all doses of irradiation was 
detected (Fig. 5D). GLC-19 was the most sensitive cell line displaying 
significant dose-dependent reduction of cell viability. 

Together, these findings indicate that colony forming efficiency is 
more potent in GLC-16 and GLC-19, which also demonstrated higher 
resistance to radiotherapy. On the contrary, in MTS assays GLC-19 cells 
were most sensitive, illustrating that colony formation potential and 
short-term cell viability determine different cellular properties. 

3.4. Efficacy of CD44 targeted therapy 

As described above, we found that CSC markers CD44, MYC and 
SOX2 were associated with disease progression in the GLC model. An 
anti-CD44 blocking antibody was examined for ability to inhibit clonal 
growth in GLC-19 cells with high levels of CD44 [13]. GLC-19 cells were 
pre-treated with anti-CD44 antibody or an IgG control for 24 h prior to 
seeding in soft agar. Colony forming efficiency was reduced with little 
impact on colony size (Fig. 6A and B). On the other hand, the anti-CD44 
antibody did not affect cell viability of GLC-19 cells in short-term ex-
periments (Supplementary Fig. S3).These data suggest that inhibiting 
CD44 may impact on CSC functioning and therefore limit their 
long-term survival and growth. 

4. Discussion 

In the present study, we examined the involvement of cancer stem 
cells (CSCs) in SCLC disease progression using the unique GLC cell model 
representing different stages of SCLC.Our findings show that MYC, SOX2 
and particularly CD44 are progressively enriched in this in vitro disease 
progression model and are correlated with functional CSC properties 
such as increased colony formation and therapeutic (γ-irradiation) 

resistance supporting the CSC hypothesis. 
The current CSC theory assumes that CSCs are the most malignant 

tumor cells and share characteristics with normal stem cells such that 
both are arranged in the apex of a hierarchical organization of multiple 
cell types that possess different proliferative and differentiation po-
tencies [14]. Just like normal stem cells, CSCs are atop of the hierarchy 
and function to replenish exhausted tumor (tissue for normal stem cells) 
through asymmetric cell divisions, creating a heterogeneous cellular 
tumor composition. Also, similar to normal stem cells, CSCs may exist in 
small numbers in early tumorigenesis, therefore representing a small 
subset in the population. However, as the disease and malignant prop-
erties progresses, likely also as result of therapeutic pressure, the CSC 
proportion increases due to an aberrant shift to favor symmetric di-
visions that would only generate aggressive CSCs [15,16]. In our GLC 
progression model, we could confirm such a pattern of progressive 
accumulation of CSC traits based on both marker expressions and 
functional assays (see Fig. S5). Multiple CSC populations gradually 
emerged in the GLC cell lines as evident by CD44, MYC and SOX2 
marker expressions which developed into a more homogeneous triple 
positive population at the most advanced stage. For instance, we noted 
that largely SOX2+ GLC14 cells had only a small CD44+ subpopulation 
that at later stages expanded to yield largely CD44+ GLC-19 cell pop-
ulations, mostly triple positive. Since CD44 is largely absent in GLC-14 
cells, this marker is associated with later stages of disease progression. 
Consistent with the CSC theory, our functional characterizations of the 
GLC cells suggest an acquisition irradiation resistance phenotypes dur-
ing advanced disease.Together, these findings link disease progression 
of SCLC with progressively higher expression of CSC-related markers 
and CSC properties including therapy resistance. 

SOX2 expression was detected in all GLC cell lines, suggesting its 
relevance for initiation and progression of SCLC disease. This is consis-
tent with the known key role of SOX2 in lung development and ho-
meostasis, which is the initiation and identity maintenance of proximal 
epithelia. During lung development, SOX2 is important for two crucial 
processes involving branching morphogenesis and epithelial cell dif-
ferentiation, including the putative origin of SCLC—the pulmonary 
neuroendocrine cells (PNECs) [17]. During normal homeostasis main-
tenance, the proximal airway marker SOX2 is responsible for 

Fig. 2. Expression of CSC-related markers in the GLC cell lines. (A) Graph showing relative mRNA levels of a panel of CSC-related genes using RT-qPCR. (B) Western 
blots showing expression of indicated stem cell transcription factors. (C) CD44 cell surface expression determined by flow cytometry. The percentage of CD44 positive 
cells in each cell line is indicated. Three independent experiments were performed. Data is expressed as mean ± SD. 

W.S. Heng et al.                                                                                                                                                                                                                                 



Lung Cancer 154 (2021) 13–22

18

Fig. 3. CD44, MYC and SOX2 expression in the GLC cell lines. (A–C) Immunofluorescence microscopy on SOX2/MYC, CD44/SOX2 and CD44/MYC double stained 
GLC cell lines. Single and overlapping stained cell subpopulations as indicated were detected. DAPI counterstaining visualized the nuclei. Scale bars repre-
sent 200 μm. 

W.S. Heng et al.                                                                                                                                                                                                                                 



Lung Cancer 154 (2021) 13–22

19

differentiation of bronchiolar epithelium as evident by the lacking of 
differentiation when Sox2 was deleted in murine progenitor cells [18]. 
The importance of SOX2 in SCLC was highlighted by genomic analyses 
of primary SCLC tumors and cell lines that revealed SOX2 DNA ampli-
fication in approximately 27 % of the assessed samples [19]. Recent 
evidence from a SCLC mouse model with Sox2 deletion suggested 
SOX2’s role as oncogenic driver of SCLC [20]. 

Previous characterization by Kok and colleagues showed that GLC 
cell lines possess DNA amplification and transcripts expression of MYC 
genes family consisting of N-myc proto-oncogene (MYCN) in GLC-14 
and MYC in GLC-16 and GLC-19 [12]. The present study confirmed 
their expression at the protein level. The MYC gene is well-known for 
regulating growth control of normal stem cells and CSCs [21]. DNA 
amplification of MYC is often considered an indication for tumor pro-
gression as it is frequently detected in SCLC cell lines derived from 
advanced disease [22]. Indeed, both GLC-16 and GLC-19 that were 
retrieved from biopsies isolated from treated and relapsed primary tu-
mors showed high MYC levels. Moreover, MYC overexpression was 
suggested to drive SCLC progression from the typical classic subtype 
with high NE phenotypes to the variant subtype characterized by low NE 
phenotypes [23]. In addition, while double/triple negative (TP53, RB1 
with/without PTEN deletions) often are sufficient to generate SCLC, 
overexpression of MYC was found to accelerate progression, i.e., from a 
differentiated cell into high NE SCLC and further into low NE SCLC or 
even non-NE SCLC. This phenomenon may be reflected in our progres-
sion model. Morphologically, there is progressive transition from classic 
SCLC with spheroid structure in GLC-14, semi-classic SCLC with irreg-
ular compact structure in GLC-16 to variant SCLC with loose aggregates 
in GLC-19, consistent with the morphologies described by Zhang and 
colleagues when culturing microdissected tumors from a MYC-driven 
genetically engineered mouse model (GEMM) [3]. On the other hand, 
amplification of MYCN is likely to occur initially at the early stage of 
tumor development to drive the maintenance of neuroendocrine 

phenotype before metastatic dissemination, as observed in our treat-
ment-naïve model GLC-14 [21,24]. However, judging on the exclusivity 
of the DNA amplification of MYC and MYCN in our disease progression 
model, a common ancestor may have branched out before the occur-
rence of amplifications and assumes different fates at later stage. 

CD44 expression is a rare occurrence in SCLC whether it is in cell 
lines or resected tumor tissues [25,26]. However, data from our GLC cell 
lines shows a progressive enrichment of CD44 expression to become the 
major population in time. Preliminary data from our laboratory suggests 
that CD44 populations are selected under therapeutic pressure as step-
wise increasing doses of γ-irradiation in GLC-16 cells is accompanied by 
gradual increased CD44 expression (Supplementary Fig. S4). 

Colony forming efficiency was highest in GLC-19, followed by GLC- 
16 and GLC-14, in agreement with an increasing CSC phenotype during 
disease progression. Sensitivity to γ-irradiation was also in line with this, 
GLC-14 being the most sensitive, and GLC-16 and GLC-19 showing more 
equal levels of sensitivity. In contrast, GLC-19 was most sensitive to 
γ-irradiation in short-term cell viability assays, although it should be 
noted that this assay does not discriminate between CSC and non-CSC. 
Although speculative, this may be in part related to an observed some-
what higher proliferative activity of GLC-19 cell cultures. DNA repair 
capability may not be the major contributor to these differences because 
our preliminary observations demonstrated that all GLC cell lines were 
capable of repairing irradiation-induced DNA damage at similar rates 
(data not shown). 

The CSC markers MYC, SOX2 and particularly CD44 may have 
diagnostic and predictive values for SCLC patients. Although oncogenic 
MYC has been linked with progressive stages of SCLC, studies evaluating 
MYC’s predictive value in SCLC are absent from literature. However, 
genetically engineered SCLC mice models with Rb1fl/flTrp53fl/flMycLSL/ 

LSL genotype had significantly higher mortality as compared to Rb1fl/ 

flTrp53fl/flPtenfl/fl mice, indicating a more aggressive phenotype of MYC 
overexpressing tumors [23]. In a previous study, CD44 and SOX2 did not 

Fig. 4. Quantification of CSC marker expression indicating a gradual increase of marker expression and occurrence of a triple positive CD44, MYC and SOX2 
subpopulation in GLC-19 cells. (A) Flow cytometric analyses of SOX2/MYC, CD44/SOX2 and CD44/MYC double stained GLC cell lines was performed. The relative 
proportions of single, double and triple positive cells are also indicated in Venn diagrams. (B) Co-stainings of combinations of CD44, MYC and SOX2 were performed 
and expression was quantified by flow cytometry and visualized in a Venn diagram. (C) The expression level of each marker per positive individual GLC cell line was 
quantified by flow cytometry and depicted as mean fluorescence intensity. Data was collected from three independent experiments and is expressed as mean ± SD. 
Statistical significance is expressed as **, P < 0.01. 
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have predictive value for overall survival in a small cohort of 38 SCLC 
patients [27]. In contrast, another study reported that higher SOX2 
expression correlated with poor prognosis of disease in a larger cohort of 
SCLC patients [28]. Furthermore, loss of CD44 has been associated with 
poor prognosis in SCLC, contrary as to what might be expected from our 

in vitro data [29]. However, it should be taken into account that evalu-
ation of CSC biomarker expression by immunohistochemistry (IHC) in 
patient samples may be difficult due to possible specific niche locali-
zation of CSCs and/or to the unknown relevance of smaller or larger CSC 
populations with overlapping or distinct marker expression for overall 

Fig. 5. Colony forming capability and radio-
therapy resistance of the GLC cell lines. Disso-
ciated GLC cells were suspended in soft agar 
plates and cultured for two weeks, and colony 
forming efficiency and colony size were deter-
mined. (A) Basal levels of colony formation of 
the GLC cell lines are shown, after seeding 
2 × 104 cells/well. (B) Quantified basal levels of 
colony numbers and sizes for the indicated cells 
are depicted. (C) Mock (control), 1 or 2 Gy 
γ-irradiated cellswere seeded in soft agar and 
colonies numbers and sizes are depicted in 
graphs. (D) MTS assays were used for 
measuring cell viability of GLC cell lines 96 h 
post γ-irradiation exposure at different doses. 
Colony forming efficiency is indicated as 
mean ± SD, and colony size as median ± IQR. 
Graphs are representative data from three in-
dependent experiments. Percentage annotated 
is the percentage of colony forming efficiency 
relative to the untreated control after pre- 
treatments. Statistical significance is expressed 
as ***, P < 0.001; **, P < 0.01; *, P < 0.05.   
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malignancy. 
Our study highlighted the need to develop inhibitors for progres-

sively enriched CSC fractions which may contribute to therapeutic 
resistance and tumor recurrence. CD44 is an attractive target since it is 
localized at the cell membrane and accessible for anti-CD44 monoclonal 
antibodies, synthetic peptides, aptamers, natural compounds, ligand–-
drug conjugates and CD44 decoys [30]. As proof of concept, we found 
that a CD44 blocking antibody reduced colony formation of most 
advanced stage and highly CD44 positive GLC19 cells, which suggests 
that targeting CD44 may have therapeutic benefit in recurrent SCLC. 
Obviously, this remains to be further studied. Whether targeting MYC 
and SOX2 may have therapeutic value remains to be further tested, 
although therapeutic targeting of transcription factors still forms a 
challenge. Apart from BET inhibitor JQ1 to inhibit MYC transcription, 
natural compound sulforaphane and transduction with dominant 
negative MYC called Omomyc may be employed [14]. Specific vulner-
ability to aurora kinase inhibitors in MYC-amplified SCLC has received 
attention lately and needs further testing [23]. Attempts to therapeuti-
cally block SOX2 remains difficult and is underexplored. Recently 
developed synthetic DNA-binding inhibitor of SOX2 may be further 
tested for its efficacy [31]. 

The GLC disease progression model is not without limitations. 
Firstly, the GLC cell lines were obtained from only one patient with 
SCLC, limiting generalizability of our data. Secondly, GLC-14 was iso-
lated from a lymph node biopsy and being a metastatic lesion likely has 
different properties than GLC-16 and GLC-19. A different tumor 
microenvironment may shape epigenomes of cells thus modifying the 
gene expression profiles. Thirdly, the ancestry of the three cell lines is 
not known and the assumption that they emerged from a common 

ancestor during tumor initiation remains speculative. Finally, in vitro 
culturing poses several caveats including selection of subclones, absence 
of microenvironment interactions and absence of physiological 
changes—all of which will influence the progression of disease. Despite 
this, the GLC model illustrates a parallel increase in CSC properties and 
disease progression. Whether our findings in this in vitro model have 
more general implications is currently difficult to substantiate by 
absence in literature of gene expression data sets obtained from longi-
tudinal biopsies from SCLC patients. As a possible alternative, 
comparing available data sets from different SCLC patients did not show 
correlations between CSC marker expression and stage of disease or 
treatment status, which can be likely attributed to interpatient tumor 
heterogeneity (data not shown). 

In conclusion, by employing a unique in vitro SCLC disease progres-
sion model, we have obtained supportive evidence for the involvement 
of enriched different populations of CSC in disease progression. The 
therapeutic benefit of targeting identified CSC regulators, such as CD44, 
remains to be further examined. 
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