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Abstract
Purpose  BMP signaling has an oncogenic and tumor-suppressing activity in lung cancer that makes the prospective thera-
peutic utility of BMP signaling in lung cancer treatment complex. A more in-depth analysis of lung cancer subtypes is 
needed to identify BMP-related therapeutic targets. We sought to examine the influence of BMP signaling on the viability, 
growth and migration properties of the cell line LCLC-103H, which originates from a large cell lung carcinoma with giant 
cells and an extended aneuploidy.
Methods  We used BMP-4 and LDN-214117 as agonist/antagonist system for the BMP receptor type I signaling. Using flow 
cytometry, wound healing assay, trans-well assay and spheroid culture, we examined the influence of BMP signaling on cell 
viability, growth and migration. Molecular mechanisms underlying observed changes in cell migration were investigated 
via gene expression analysis of epithelial–mesenchymal transition (EMT) markers.
Results  BMP signaling inhibition resulted in LCLC-103H cell apoptosis and necrosis 72 h after LDN-214117 treatment. Cell 
growth and proliferation are markedly affected by BMP signaling inhibition. Chemotactic motility and migratory ability of 
LCLC-103H cells were clearly hampered by LDN-214117 treatment. Cell migration changes after BMP signaling inhibition 
were shown to be coupled with considerable down-regulation of transcription factors involved in EMT, especially Snail.
Conclusions  BMP signaling inhibition in LCLC-103H cells leads to reduced growth and proliferation, hindered migration 
and accelerated cell death. The findings contribute to the pool of evidence on BMP signaling in lung cancer with a possibility 
of introducing BMP signaling inhibition as a novel therapeutic approach for the disease.
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Introduction

Lung cancer is the leading cause of cancer-related mortal-
ity worldwide, responsible for nearly 20% of cancer-related 
deaths (Ferlay et al. 2015). Therapeutic approach for lung 
cancer depends on the histological type (immunohistochemi-
cal markers) and stage of the disease (Brandao et al. 2012; 
Reungwetwattana et al. 2012). Despite great progress in 
developing new targeted therapies, 5-year survival rate of 

10–15% for lung cancer patients is still very low (Ferlay 
et al. 2018). Lung cancer remains the cancer with the highest 
mortality rate worldwide, underlying the need for innovative 
drug development and detection of novel therapeutic targets 
for the disease.

Bone morphogenetic proteins (BMPs) are multifunc-
tional cytokines that belong to transforming growth factor 
β (TGFβ) superfamily of growth and differentiation factors. 
They are ubiquitously expressed in human body and play 
an essential role in embryonic development and in homeo-
stasis of adult organism. BMPs fulfill their biological func-
tion through activation of canonical SMAD-dependent 
signaling pathway. The pathway includes serine/threonine 
kinases, forming receptor tetramers consisting of two type I 
and two type II BMP receptors. Upon ligand binding, con-
stitutively active type II receptor transphosphorylates type 
I receptor, which in turn phosphorylates receptor-regulated 
SMADs (R-SMADs-SMAD1/5/8(9)). Subsequently, the 
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phosphorylated R-SMADs are in complex with SMAD4 
(Co-SMAD) and translocate into the nucleus. Transcrip-
tional regulation of BMP target genes includes direct bind-
ing of the complex to DNA, or through interaction of the 
complex with DNA-binding proteins, transcriptional coacti-
vators or corepressors. In this way, BMPs control transcrip-
tion of a wide range of genes, e.g., SMAD6, Bambi, Vent2, 
SMAD7, hepcidin, as well as Runx, Msx and ID gene families 
(Clement et al. 2000; Hollnagel et al. 1999; Miyazono et al. 
2010). BMPs can signal through other SMAD-independent 
pathways, including activation of mitogen-activated protein 
kinases (MAPK)-ERK, JNK or P38 MAPK, and PI3K/AKT 
signaling.

BMP-4 is a member of BMP subfamily whose importance 
in development of bone, heart, intestines, lung, brain and 
kidney has been described in detail (Bellusci et al. 1996; 
Bénazet et al. 2009; Danesh et al. 2009; Haramis et al. 2004; 
Miyazaki et al. 2003; Robert 2007; Sadlon et al. 2004; Win-
nier et al. 1995). BMP-4 is expressed in a subset of normal 
adult tissues where it likely contributes to tissue homeosta-
sis. Recently, it has been implied that BMP-4 may play a 
critical role in development and progression of various can-
cer types (Alarmo et al. 2013; Thawani et al. 2010; Zhang 
et al. 2016). BMP-4 gene mutations have been related to 
BMP-4 overexpression and found to predispose to colorectal 
cancer (Lubbe et al. 2012). The expression of BMP-4 in spo-
radic cancer is reported to be diverse, depending on cancer 
type and subtype. In lung cancer, BMP-4 protein expres-
sion was found to be significantly higher in non-small cell 
lung carcinoma (NSCLC) than in small cell lung carcinoma 
(SCLC) tissues, showing also differences in the expression 
level among NSCLC subtypes (Alarmo et al. 2013). Here, 
the expression of BMP-4 is shown to be significantly higher 
in adenocarcinoma and large cell lung carcinoma than in 
squamous cell lung carcinoma biopsies.

BMP-4 is involved in the regulation of cancer cell 
growth, migration, invasion, differentiation, apoptosis, 
and angiogenesis (Kallioniemi 2012). The available data 
report conflicting findings with regard to the functional 
implications of the BMP-4 signaling. On one hand, BMP-4 
is described to inhibit growth in lung (Buckley et al. 2004; 
Fang et al. 2014; Su et al. 2009), breast (Ampuja et al. 
2013), pancreatic (Virtanen et al. 2011), gastric carcinoma 
(Shirai et al. 2011), and retinoblastoma (Müller et al. 2015) 
cells. On the other hand, there is evidence on stimulatory 
or at least no inhibitory effect of BMP-4 signaling on cell 
growth, as shown on melanoma (Rothhammer et al. 2005), 
colon cancer (Deng et al. 2009), hepatocellular carcinoma 
(Maegdefrau et al. 2009), ovarian cancer (Shepherd and 
Nachtigal 2003), and again retinoblastoma (Haubold et al. 
2010) cells. Literature on the impact of BMP-4 on the 
induction of apoptosis in different cancer cell lines is also 
controversial. Further, BMP-4 is frequently suggested as 

a strong inducer of cancer cell migration, invasion, and 
epithelial–mesenchymal transition (Alarmo and Kallion-
iemi 2010; Ampuja et al. 2016; Buckley et al. 2004; Guo 
et al. 2012; Shirai et al. 2011; Virtanen et al. 2011). Due 
to the low number of studies and diversity of experimental 
designs used for elucidating BMP-4 activity, it remains 
unclear whether the discrepancies are caused by cell-line 
specific differences and/or tissue-specific variability (Kal-
lioniemi 2012).

In this work, we sought to investigate the impact of 
BMP signaling on the behavior of poorly differentiated 
NSCLC [formally denominated as large cell lung carci-
noma (LCLC)]. The study was focused on examining the 
implications of BMP signaling on the viability, growth and 
migration properties of the LCLC-103H cells. A specific 
BMP signaling inhibitor, LDN-214117 and BMP-4, as a 
prominent representative of the BMP family, was used. The 
ultimate goal was to generate experimental data on BMP 
signaling in this rather infrequently exploited lung cancer 
subtype, contributing to the experimental pool of evidence 
on the potential introduction of BMP signaling as a thera-
peutic target in lung cancer.

Materials and methods

Cell culture

The lung carcinoma cell line LCLC-103H was purchased 
from the Leibniz Institute DSMZ-German Collection of 
Microorganisms and Cell Cultures (Braunschweig, Ger-
many). The cell line was established from a pleural effusion 
of a non-small cell lung carcinoma histologically classified 
as large cell carcinoma with giant cells (Bepler et al. 1988). 
Cells were cultivated at 37 °C in a humidified atmosphere 
with 5% CO2, in RPMI 1640 + Gluta-MAX-I (Thermo 
Fisher Scientific, Waltham, MA, USA) medium (hereafter 
referred to as RPMI) supplemented with 10% FCS (Bio-
chrom GmbH, Berlin, Germany). For generating transient 
GFP-expressing cells, 2*106 LCLC-103H cells were trans-
ferred into a 15 mL CELLSTAR​® Centrifuge Tube (Greiner 
Bio-One GmbH, Frickenhausen, Germany) and centrifuged 
for 5 min at 200 rcf. The medium was removed and cells 
were resuspended in 100 µL Amaxa-Solution V according 
to the protocol AMAXA® Cell Line Nucleofactor® KiT V 
(Lonza Group AG, Basel, Switzerland). The cells were trans-
fected with 2 µg pmaxGFP® Vector and grown for 1 day in 
a humidified atmosphere at 37 °C containing 5% CO2. Cell 
line was regularly confirmed mycoplasma-free using com-
mercially available PCR-based Venor™ GeM Mycoplasma 
Detection Kit (Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany).
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Western blot analysis

LCLC-103H cells were seeded in 6-well cell culture plates 
in concentration of 1.5 × 105 cells/well in RPMI+10% FCS 
medium. After overnight incubation, the cells were starved 
for 12–16 h in serum-free RPMI medium. Treatments were 
performed in serum-free RPMI medium with 2, 50 and 
100 ng/ml BMP-4 (Thermo Fisher Scientific) and 5 µM 
LDN-214117 (Sigma-Aldrich). Control group of cells was 
incubated in serum-free RPMI medium and appropriate vol-
ume of vehicle for both BMP-4 and LDN-214117—4 mM 
HCl with 0.1% BSA and DMSO, respectively. Cells were 
lysed in 100  µl Triton-X lysis buffer (see Supplement 
Table S1). Protein concentration of the cell lysates was 
determined using Bradford reagent (Sigma-Aldrich). For 
SDS-PAGE, 15 μg of total protein per lane was used. Each 
sample was loaded on Criterion™ XT 4–12% Bis–Tris poly-
acrylamide gel (BioRad Laboratories GmbH, München, Ger-
many). The blotting process was performed using Trans-Blot 
Turbo Transfer System (BioRad) with a ready-to-use transfer 
pack including buffer, filter paper and PVDF membrane. 
Primary antibodies used include rabbit anti-phospho-Smad1 
(Ser463/465)/Smad5 (Ser463/465)/Smad9 (Ser465/467) 
(Cell Signaling Technology, Danvers, MA, USA, 1:1000 
dilution), rabbit anti-Smad1 (Cell Signaling Technology, 
1:1000 dilution), rabbit anti-Id1 (C-20) (Santa Cruz Bio-
technology, Dallas, TX, USA, 1:1000 dilution), rabbit anti-
GAPDH (Abcam, Cambridge, United Kingdom, 1:5000 
dilution). Secondary antibody used was goat anti-rabbit 
IgG-HRP (Santa Cruz Biotechnology, 1:5000 dilution). 
Protein bands were detected using Immobilon™ Western 
Chemiluminescent HRP Substrate (Merck Millipore, Bill-
erica, MA, USA) and visualized on the ImageQuant LAS 
4000. Developed blots were analyzed semi-quantitatively 
using the ImageJ 1.50e software (Wayne Rasband, National 
Institutes of Health, Bethesda, MD, USA).

Cell viability assay

LCLC-103H cells were seeded in T25 cell culture flasks 
in concentration of 1.5 × 105 cells/flask in RPMI+10% 
FCS medium and incubated overnight under standard incu-
bation conditions (37 °C, 5% CO2). Next day, treatments 
were performed in RPMI + 1% FCS medium and appropri-
ate amount of BMP-4, LDN-214117 or vehicle. Effects of 
BMP-4 and LDN-214117 on the viability of LCLC-103H 
cells were observed 24, 48, 72 and 96 h after the treatments. 
Cells were incubated for 20 min in 100 µl staining solution 
consisting of APC-conjugated annexin-V (BD Biosciences, 
Singapore, 1:25 dilution) and propidium iodide (50 µg/ml, 
BD Biosciences, 1:25 dilution), at RT in the dark. Data were 
acquired on BD FACSCalibur™ system, measuring 104 

events/sample; data analysis was performed using FlowJo® 
software (FLOWJO, LLC, Ashland, OR, USA).

Cell growth assay

LCLC-103H cells were seeded in a 24-well cell culture plate 
in RPMI+10% FCS medium at density of 4 × 104 cells/well 
and incubated overnight under standard cultivation condi-
tions. Next day, medium was aspirated, and cells incubated 
in RPMI + 1% FCS medium with 50 and 100 ng/ml BMP-
4, 5 µM LDN-214117 or vehicle. Cell growth, i.e., conflu-
ence of the cells in each well was monitored every 6 h for 
5 days. Bright field images were acquired and analyzed via 
IncuCyte® S3 Software (Essen Bioscience Inc., Ann Arbor, 
MI, USA).

Scratch‑wound healing assay

To examine the ability of LCLC-103H cells for wound 
closure under different treatment conditions, IncuCyte® 
Scratch Wound Assay (Essen Bioscience) was performed 
following manufacturer’s instructions. Briefly, cells were 
seeded in an assay-specific 96 Well ImageLock Microplate 
in high density (2.5 × 104 cells/well) in cultivation medium 
and left overnight to adhere. Then, in order to reduce cell 
proliferation, medium was changed to serum-free RPMI, and 
cells were incubated for another 48 h. After serum starva-
tion, wound area in each well was formed using IncuCyte® 
WoundMaker tool (Essen Bioscience), cells washed twice 
and incubated in RPMI + 1% FCS medium with 50 and 
100 ng/ml BMP-4, 5 µM LDN-214117 or vehicle. Migra-
tion of LCLC-103H cells into the wound area was monitored 
every 3 h for 72 h and collected images were analyzed via 
IncuCyte® Scratch Wound Cell Migration Software Module 
(Essen Bioscience).

Trans‑well migration assay

3 × 105 LCLC-103H cells were seeded in RPMI+10% 
FCS medium in 8-µm-pore-sized trans-well inserts—
ThinCerts™ Inserts, 6 well (Greiner Bio-One). The inserts 
were then placed on the 6-well cell culture plate filled with 
RPMI+10% FCS medium and left overnight to settle down. 
Next day, medium above the cells was replaced with serum-
free RPMI medium and inserts transferred onto the 6-well 
cell culture plate containing 3 ml/well of appropriate RPMI 
medium—serum-free for chemotaxis negative control, sup-
plemented with 10% FCS for chemotaxis positive control, 
and serum-free containing 100 ng/ml BMP-4 or 5 µM LDN-
214117 as test. Inserts were incubated for 24 h at 37 °C and 
5% CO2. Cells that migrated through the pores to the mem-
brane’s outer side were stained with DiffQuick® Staining 
set (Medion Diagnostics GmbH, Düdingen, Germany) and 
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embedded on microscope slides. Five bright field images per 
membrane were taken on the Axiovert 25 inverted micro-
scope (Carl Zeiss Microscopy GmbH, Jena, Germany) under 
100× magnification. Cells were counted manually using 
ImageJ 1.50e software (Schneider et al. 2012).

Multicellular spheroid formation

LCLC-103H cells were grown to 90% confluence and dis-
sociated with Trypsin-EDTA (0.05%) (Thermo Fisher 
Scientific). 5000 cells per well were seeded into a 96-well 
u-bottomed Greiner microwell plate (Greiner Bio-One) and 
centrifuged at 200 rcf for 5 min to allow the cells to sedi-
ment at the bottom of the well. Incubation was performed 
for 4 days in a humidified atmosphere at 37 °C, 5% CO2. 
Spheroid formation was performed and monitored in an 
IncuCyte™ ZOOM live cell analyzer (Essen Bioscience).

Treatment of multicellular spheroids with BMP‑4 
and LDN‑214117

On day 4, the medium of the spheroids was removed and 
the spheroids were immediately washed with PBS (Thermo 
Fisher Scientific). Afterwards the agents for incubation were 
prepared in fresh RPMI medium supplemented with Gluta-
MAX™ without phenol red (Thermo Fisher Scientific) and 
1% FCS as followed: 50 ng/mL BMP-4, 100 ng/mL BMP-4, 
5 µM LDN-214117, 50 ng/mL BMP-4 + 5 µM LDN-214117. 
Controls were prepared with 1% and 10% FCS (Biochrom), 
respectively.

RT‑qPCR

Gene expression analysis included seeding LCLC-103H 
cells in T25 cell culture flasks in cultivation medium and a 
concentration of 2 × 105 cells/flask. After overnight incuba-
tion and a 12–16-hour serum deprivation, treatment of the 
cells with BMP-4, LDN-214117 or vehicle in RPMI + 1% 
FCS medium was performed. Cells were harvested using 
plastic cell scraper 24, 48 and 72 h after the treatment. 
RNA isolation of harvested cells was done using Innu-
PREP RNA Mini Kit (Analytik Jena AG, Jena, Germany) 
following manufacturer’s instructions. Concentration and 
quality of isolated RNA were determined on NanoDrop™ 
2000 Spectrophotometer (PEQLAB Biotechnology GmbH, 
Erlangen, Germany). cDNA synthesis was performed using 
Moloney Murine Leukemia Virus Reverse Transcriptase 
(M-MLV RT, Invitrogen, Carlsbad, CA, USA) on thermo-
cycler Mastercycler® gradient (Eppendorf AG, Hamburg, 
Germany). Quantitative real-time PCR (qPCR) based on the 
SYBR-Green I DNA-binding technology was used for detec-
tion and quantification of specific cDNA sequences. Target-
specific primers were applied (see Supplement Table S2).

Statistical analysis

Data analysis was performed via GraphPad PRISM® soft-
ware, version 6.01 (GraphPad Software Inc., La Jolla, CA, 
USA). One-way analysis of variance (ANOVA) with 95% 
confidence interval was applied, followed by a multiple 
comparison test and correction according to Dunnett and 
Tukey. Spheroid sizes were determined with ImageJ (Schnei-
der et al. 2012) and analyzed with SPSS statistics software, 
version 21 (IBM Inc., Armonk, NY, USA) using one-way 
ANOVA followed by Tukey test. Differences are considered 
as statistically significant for p < 0.05.

Results

Canonical BMP signaling pathway is active 
in LCLC‑103H lung cancer cells

BMP-4 treatment of LCLC-103H lung cancer cells triggered 
the activation of canonical SMAD-dependent BMP signal-
ing. This was confirmed by the detection of a strong increase 
in phosphorylated form of SMAD1, 5 and 9 (pSMAD1/5/9) 
as early as 30 min after the treatment (Fig. 1a, b). Using 
Western blot analysis, we were able to detect the phospho-
rylation event with 50 ng/ml and 100 ng/ml, but not with 
2 ng/ml BMP-4 concentration. The increase in the amount 
of pSMAD1/5/9 stayed significant even 24 h after the treat-
ment, compared to the vehicle control cells. The activation 
of SMAD-dependent signaling was successfully blocked by 
BMP receptor type I antagonist, LDN-214117, when used 
alone or as a pre-treatment before BMP-4 stimulation.

The ability of BMP-4 to activate and that of LDN-
214117 to block SMAD-dependent BMP signaling was also 
observed on ID1, a BMP target gene. We showed a steady 
increase of ID1 protein starting from 30 min up to 3 and 
24 h after stimulation of the investigated lung cancer cell 
line with 50 and 100 ng/ml BMP-4 (Fig. 1a, c). The effect 
was completely diminished 3 h after LDN-214117 incuba-
tion of LCLC-103H cells. A 30-min pre-treatment with 
LDN-214117 before BMP-4 incubation was not as efficient 
in blocking ID1 production, suggesting a time-dependent 
effect of LDN-214117 activity on gene regulation level and/
or a BMP signaling pathway other than SMAD-dependent 
that is responsible for ID1 targeting.

Inhibition of BMP signaling causes apoptosis 
of LCLC‑103H cells and reduces their proliferation

Influence of BMP signaling on viability of LCLC-103H 
cells was investigated via flow cytometric assay employ-
ing Annexin-V (AnnV) and propidium iodide (PI). The 
inhibition of BMP signaling by LDN-214117 treatment 
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reduced the cell viability in a time-dependent manner. A 
strong decrease in the viable AnnV−/PI− population of 
LDN-214117-treated cells was first observed 72 h after the 
treatment. The cell viability under LDN-214117 treatment 
decreased markedly with time, counting approximately 
60% of the vehicle control level at the 96-h measurement 
point. The viability of LCLC-103H cells was not affected 
by BMP-4 in any of the concentrations used and remained 
on the control level after the treatment (Fig. 2a, b).

Further analysis revealed that LDN-214117 treatment 
induced considerable death of LCLC-103H cells: it led to 
a threefold and fivefold increase in early-apoptotic events, 
compared to the control, 3 and 4 days after the treatment, 
respectively; it resulted also in a twofold increase in late-
apoptotic and necrotic cell-subpopulation, compared to the 
control group, which was observed as soon as 2 days after 
the incubation (Fig. 2b). Importantly, cells under BMP-4 
treatment did not undergo apoptosis in higher rate than 
those in the control group, with a tendency to react even 
with a reduced level of apoptotic and necrotic events at 
later time points.

Growth of LCLC-103H cells after incubation with 
BMP-4 or LDN-214117 was evaluated via cell conflu-
ence assay using the IncuCyte® live cell imaging system 
(Essen Bioscience) (Fig. 2c). Under normal cultivation 
conditions, in RPMI+10% FCS medium, LCLC-103H 
cells reached confluence of more than 90% in 72 h, with 
an exponential increase in cell density between 24 h and 
48 h after seeding (Figs. 2c, S1). This pattern of growth 
kinetics was rather changed in serum-deprived conditions 
(RPMI + 1% FCS) under the treatment of LCLC-103H 
cells with BMP-4, LDN-214117 or vehicle. Confluence 
of LCLC-103H cells treated with LDN-214117 differed 
significantly compared to other treatment groups, show-
ing maximum of only 70% cell density within 5 days of 
cultivation. Although without the phase of sharp increase 
in cell density observed in RPMI+10% FCS conditions, 
the BMP-4-treated and vehicle control cell cultures were 
still able to reach confluence of over 90% after 96 h. Addi-
tionally, there was no difference in cell confluence rate 
between the BMP-4 and vehicle control cell cultures.

Fig. 1   BMP-4 activates 
SMAD-dependent BMP signal-
ing pathway in LCLC-103H 
cells via phosphorylation of 
SMAD1/5/9. a Western blot 
detection of SMAD1/5/9 
phosphorylation and ID1 after 
BMP-4 and LDN-214117 treat-
ment of LCLC-103H cells at 
various time points, as depicted 
on the representative blot. b 
Semi-quantitative analysis 
of pSMAD1/5/9, relative to 
total SMAD1 and GAPDH, 
respectively, performed using 
ImageJ (n = 3). Data are shown 
as mean ± SEM. *p < 0.05, 
**p < 0.01, as determined by 
one-way ANOVA with Dun-
nett’s multiple comparison test, 
and 95% confidence interval. 
c Semi-quantitative analysis 
of ID1, relative to GAPDH, 
respectively, performed using 
ImageJ (n = 3). LDN—LDN-
214117; LDN 5 µM + BMP-4 
50 ng/ml—first treatment with 
LDN-214117 for 30 min, then 
30-min treatment with BMP-4
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BMP signaling is necessary for migration 
of LCLC‑103H cells

After proving that LCLC-103H cells respond to BMP-4 
stimulation without major consequences for their viabil-
ity and growth rate, functional studies were conducted to 
investigate the influence of the BMP signaling on migra-
tion of LCLC-103H cells.

Wound healing assay was performed using the 
IncuCyte® system (Essen Bioscience). The migration 
of LCLC-103H cells into the wound area under differ-
ent medium conditions was monitored in real time for a 
total of 48 h (Fig. 3a). The representative images show 
that LCLC-103H cells in RPMI+10% FCS medium were 
capable of closing the wound in approximately 48 h. The 
ability of LCLC-103H cells to migrate into the wound 

Fig. 2   BMP receptor type I inhibition via LDN-214117 reduces via-
bility and proliferation of lung carcinoma cells LCLC-103H. a Rep-
resentative dot plots of flow cytometric cell viability measurement on 
LCLC-103H cells 72 h under different treatments, as depicted. b Via-
ble, early-apoptotic, and late-apoptotic and necrotic cell-like events 
every 24 h within 4 days after indicated treatments on LCLC-103H 

cells (n = 3). c Monitoring of confluence rate of LCLC-103H cells 
under different cultivation conditions within 5  days via IncuCyte® 
live cell imaging system (n = 5). Data are plotted as mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, as determined 
by one-way ANOVA with b Dunnett’s and c Tukey’s multiple com-
parison test, and 95% confidence interval
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Fig. 3   BMP receptor type I inhibition by LDN-214117 suppresses 
wound healing and chemotactic potential of LCLC-103H cells. a 
IncuCyte® monitoring of scratch-wound healing by LCLC-103H 
cells under different medium conditions. b Recorded bright field 
images are analyzed for the cell confluency in the initial wound area 
(red line) determined at “zero” time point (n = 3). c Enumeration 
of migrated cells performed using ImageJ software and percent of 
migrated cells calculated relative to positive control (n = 4). d Repre-

sentative bright field images of migrated LCLC-103H cells in trans-
well insert system. Data are plotted as mean b ±SEM and c ±SD. 
*p < 0.01, ****p < 0.0001, as determined by one-way ANOVA with b 
Dunett’s and c Tukey’s multiple comparison test, and 95% confidence 
interval. *Compared to the positive control (RPMI + 10% FCS), 
#Compared to the negative control (SF RPMI). Scale bar a 300 µm, d 
100 µm. Magnification 100×. SF serum free
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area was considerably impaired under LDN-214117 treat-
ment, resulting in an incomplete wound closure at the end 
time point (t = 48 h). Wound density analysis (Fig. 3b) led 
to the similar conclusion. Inhibition of BMP signaling 
via LDN-214117 significantly hindered the migration of 
LCLC-103H cells into the wound area, reaching relative 
wound density of only 50% in 48 h. Wound closure poten-
tial of LCLC-103H cells with stimulated BMP signaling 
was maintained on the vehicle control level, regardless of 
the dose of BMP-4 applied.

Using trans-well insert system, the potential of BMP-4 
to act as chemoattractant for migration of LCLC-103H 
cells was further investigated. LCLC-103H cells showed 
enhancement of 25% in chemotaxis-induced motility in 
the presence of BMP-4 concentration gradient compared 
to the negative control. Also, BMP-4 as chemoattractant 
in serum-free medium induced the cells to trans-migrate 
in the number as high as 75% of the number of migrated 
cells in the presence of serum (positive control, 10% FCS) 
as chemoattractant. LDN-214117 led to more than 50% 
decrease in chemotactic motility of LCLC-103H cells 
compared to the serum-induced chemotaxis, keeping the 

percent of migrated cells on the level of negative control 
(Fig. 3c).

Activation of BMP signaling supports the growth 
of LCLC‑103H cells

To get closer to in vivo conditions, we established multicel-
lular spheroid cell cultures from LCLC-103H cells. After 
4 days of cultivation, the spheroids reached a medium diam-
eter of 300–400 µm. They were incubated with BMP-4 (50 
and 100 ng/ml), LDN-214117 (5 µM) and a combination of 
BMP-4 (50 ng/ml) and LDN-214117 (5 µM) under serum-
reduced conditions (RPMI + 1% FCS). The spheroids were 
monitored with the IncuCyte system and documented con-
tinuously. The size of the spheroids after 48 h of incubation 
was determined and compared to the initial size (time point 
0 h). The control group supplemented with RPMI+10% 
FCS showed an almost 30% increase in size (129% ± 24% 
SD). The BMP-4 incubated spheroids reached 117% ± 13% 
SD of the initial size independent of the BMP-4 concen-
tration. In contrast, the LDN-214117 treated multicellular 
spheroids achieve only an increase of 6% (106 ± 11% SD). 
This value was even less than the spheroids cultivated with 

Fig. 4   BMP receptor type I 
inhibition by LDN-214117 
hinders growth of multicel-
lular LCLC-103H spheroids. 
4 days after seeding spheroids 
with a diameter of 300–400 µm 
were incubated with different 
medium conditions. The size of 
the spheroids was measured at 
the start of the incubation and 
after 48 h using ImageJ soft-
ware. The ratio size48h:size0h 
is presented. *p < 0.05, 
**p < 0.01, ****p < 0.0001 as 
determined by Mann–Whitney 
test and 95% confidence inter-
val. Representative images of 
incubated spheroids are shown 
below the boxplot (scale bar 
300 µm). n = 39/40
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serum-reduced medium (108% ± 13% SD) and the LCLC-
103H spheroids treated with the combination of 50 ng/ml 
BMP-4 and 5 µM LDN-214117 (109% ± 9% SD) (Fig. 4).

BMP signaling is involved in epithelial–
mesenchymal transition in LCLC‑103H cells

Observed changes in migratory potential of LCLC-103H 
cells via modulation of BMP signaling were further inves-
tigated at the molecular level. Here, the capacity of BMP-4 
to induce epithelial–mesenchymal transition (EMT) was 
examined as a potential basis for its influence on migratory 
properties of investigated cells. Gene expression analysis of 
several EMT markers, such as Snail and Slug, as well as of 
S100A4 was performed.

Activation of BMP signaling in LCLC-103H cells 
resulted in a sharp and consistent increase in mRNA level 
of the EMT transcription factors (EMT-TFs) Slug and Snail. 
The relative expression ratio of Slug and Snail showed two 
and threefold change, respectively, after BMP-4 treatment. 
The effect remained constant within 3 days after the treat-
ment. Inhibition of the BMP signaling by LDN-214117 
induced distinct gene expression patterns for the two EMT-
TFs. While LDN-214117 led to the significant down-regu-
lation of Snail at all time points after the treatment, it kept 
Slug mRNA on the control level after transiently increasing 
it 24 h after the treatment (Fig. 5).

LCLC-103H cells under BMP-4 treatment expressed 
significantly higher ratio of S100A4 mRNA, showing an 

average 1.6-fold change compared to the control cells 24, 
48 and 72 h after the treatment. Depending on the time 
point observed, incubation with LDN-214117 resulted in 
the opposite, but less pronounced effect, or in no change in 
S100A4 mRNA levels compared to the control group.

Discussion

In this study, we demonstrate that BMP signaling plays a 
critical role in viability and migration of non-small cell lung 
carcinoma cell line LCLC-103H. We show that the cells 
respond to BMP-4 via canonical BMP signaling, as proved 
by detection of SMAD1/5/9 phosphorylation and inhibition 
of the effect via LDN-214117. The BMP signaling in LCLC-
103H cells appears to be essential for maintenance of cell 
viability and growth. Inhibition of the signaling by LDN-
214117 results in lung cancer cell apoptosis and reduced 
cell proliferation. Also, blocking BMP signaling by LDN-
214117 suppresses chemotactic motility and wound healing 
ability of LCLC-103H cells. The underlying mechanism 
for hindered cell migration under LDN-214117 treatment 
involves down-regulation of EMT transcription factors, 
especially Snail. Altogether, the data suggest that BMP sign-
aling might be considered a potential novel therapeutic target 
in the treatment of non-small cell lung carcinoma.

BMP-4 activates canonical SMAD-dependent signaling 
in LCLC-103H cells. The canonical BMP pathway includes 
the activation of BMP receptors type I and II after ligand 

Fig. 5   BMP-4 induces epithe-
lial–mesenchymal transition 
in LCLC-103H cells. Relative 
expression ratio for a Slug, b 
Snail, and c S100A4 in LCLC-
103H cells after treatment 
with BMP-4, LDN-214117 
or control (n = 3). Data are 
shown as mean ± SD. *p < 0.05, 
**p < 0.01, ****p < 0.0001, 
as determined by one-way 
ANOVA with Dunnett’s mul-
tiple comparison test, and 95% 
confidence interval
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binding, which is followed by substantial phosphoryla-
tion of SMADs [SMAD1, 5, and 8 (or its splicing variant, 
SMAD9)]. The phosphorylated SMADs translocate into 
the nucleus to regulate gene expression (Miyazono et al. 
2005). On LCLC-103H cells, we show that phosphoryl-
ated SMAD1/5/9 is significantly increased shortly after 
BMP-4 treatment and remains elevated at least 24 h after the 
treatment. In contrast, the BMP receptor type I antagonist 
LDN-214117 efficiently blocks the BMP-4-induced phos-
phorylation of SMAD1/5/9. This proves that LCLC-103H 
cells possess functional SMAD-dependent BMP signaling 
machinery, which can be successfully inhibited using LDN-
214117. The finding is reported commonly on lung adeno-
carcinoma cell lines using BMP-2 and small molecule BMP 
receptor type I antagonists (Fotinos et al. 2014; Langenfeld 
et al. 2013). The effect of BMP-4 on LCLC-103H cells is 
not accompanied by the activation of other non-canonical 
SMAD-independent signaling pathways, such as PI3K/AKT, 
p38 and ERK MAPK (data not shown). However, inhibi-
tion of BMP signaling via LDN-214117 treatment leads to 
increased phosphorylation of ERK1/2 (data shown in the 
Supplement, Fig. S2). Since no opposite effect on the ERK 
MAPK pathway under BMP-4 treatment was observed, the 
result might reflect an off-target effect of LDN-214117. 
However, an antagonistic relation between canonical BMP-4 
signaling and ERK MAPK pathway has been described 
earlier, as in the case of cell-fate decision mechanisms in 
Xenopus ectoderm (Goswami et al. 2001), in self-renewal 
of murine embryonic stem cells (Qi et al. 2004; Zhang and 
Li 2005), and in mink lung epithelial cells (Kretzschmar 
et al. 1997).

Protein analysis was used to examine changes in ID1 
level, a down-stream target of BMP signaling, after BMP-4 
treatment. ID1 is an early gene-response protein of the BMP 
signaling and the protein amount is expected to increase 
within first 2 hours after BMP stimulation (Hollnagel et al. 
1999; Miyazono and Miyazawa 2002). BMP-4-induced acti-
vation of SMAD-dependent BMP signaling in LCLC-103H 
cells is further followed by the increase in ID1 protein lev-
els. The effect is time dependent in the case of both BMP-4 
and LDN-214117, with the effects becoming clearly detect-
able 3 h after indicated treatments. The finding is in cor-
roboration with previous reports, confirming ID1 as an early 
gene-response protein of the BMP signaling in investigated 
cells (Miyazono and Miyazawa 2002).

BMP signaling is important for the viability and growth 
of LCLC-103H cells. The inhibition of BMP signaling 
via LDN-214117 leads to a significant reduction of viable 
LCLC-103H cell population, triggering cell apoptosis and 
necrosis within 48 h. Viability of the cells after BMP-4 
treatment is not negatively affected compared to the 
vehicle control, and the effect is maintained even 4 days 
after the treatment in low-serum conditions. Comparably, 

cultivation of LCLC-103H cells with BMP-4 did not 
show a change in confluence rate from that of the vehicle 
control cells, while LDN-214117-treated cells exhibited 
drastically lower growth rate and were not able to reach 
more than 75% confluence of vehicle control cells until 
the end of the monitoring period (5 days). The previously 
mentioned investigations were performed in 2D cell cul-
ture. For the sake of bridging the gap between in vitro and 
in vivo conditions, multicellular spheroid culture models 
were established (Müller-Klieser 1987). These 3-dimen-
sional cell aggregates exhibit a strong comparability with 
solid tumors regarding cell–cell and cell–matrix interac-
tions and are frequently used as pharmacological models 
for efficacy testing of therapeutics (Hirschhaeuser et al. 
2010). To monitor the effects of growth regulating fac-
tors, phase-contrast imaging is used. The delay of sphe-
roidal growth is a classical endpoint using the difference 
between treated and untreated spheroids (Friedrich et al. 
2009). LDN-214117-treated spheroids behave as sphe-
roids under serum-reduced conditions, whereas BMP-4 
addition allows a moderate growth of the spheroids. The 
findings are in corroboration with reports on suppression 
of cell growth and proliferation as well as of apoptosis 
and necrosis induction after BMP receptor type I signaling 
inhibition—in colorectal carcinoma cells (Yokoyama et al. 
2017), and lung adenocarcinoma cells (Fotinos et al. 2014; 
Hao et al. 2014; Langenfeld et al. 2013).

BMP signaling is important for chemotactic and wound 
healing migratory properties of LCLC-103H cells. BMP-4 
acts as chemoattractant for LCLC-103H cells, increasing 
the number of migrated cells in trans-well system for 
approximately 50% compared to the negative control level. 
Also, BMP-4 alone leads to the amount of migrated cell 
reaching 75% of that in the case of medium with 10% FCS 
(positive control) as chemoattractant. In the same assay, 
LDN-214117 abrogates the ability of the LCLC-103H 
cells to trans-migrate, keeping the number of migrated 
cells on the level of negative control. In the wound heal-
ing assay, the BMP-4 treatment sustains the motility of 
LCLC-103H cells on the vehicle control level, while the 
inhibition of BMP signaling via LDN-214117 significantly 
hinders the ability of the cells to close the scratch wound. 
BMP-4-mediated enhancement of migration and invasion 
properties is described in the context of pancreatic (Vir-
tanen et al. 2011), breast (Ampuja et al. 2013; Park et al. 
2015), hepatocellular (Zeng et al. 2017), squamous-cell 
carcinoma of head and neck (Xu et al. 2011), as well as 
in human embryonic stem cells (Richter et al. 2014), and 
normal airway epithelial cells (McCormack et al. 2013). 
Inhibition of BMP signaling with a consequent suppres-
sion of growth, motility and invasiveness is elaborated on 
a wide range of lung adenocarcinoma (Hao et al. 2014; 
Kim et al. 2015; Langenfeld et al. 2013; Ye et al. 2012), 
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and one large cell lung carcinoma cell line H460 (Hao 
et  al. 2014), as well as on breast carcinoma cell lines 
(Pickup et al. 2015).

The increase in the cell motility after BMP-4 treatment 
is commonly regarded to be the result of EMT induction 
in the investigated cell lines (Gonzalez and Medici 2014; 
McCormack et al. 2013; Park et al. 2015; Zeng et al. 2017; 
Zhang et al. 2016). Therefore, the next step in examin-
ing BMP-4-driven chemotaxis of LCLC-103H cells was 
deciphering possible underlying molecular mechanisms 
with a focus on EMT initiation in the cell line. After 
BMP signaling activation, LCLC-103H cells enter EMT 
through considerable up-regulation of EMT transcription 
factors, Snail and Slug, and that of mesenchymal marker, 
S100A4. The up-regulation of Snail, Slug and S100A4 is 
accompanied by a short-term dysregulation of vimentin 
and E-cadherin, increase and decrease, respectively (data 
not shown). The inhibition of BMP signaling via LDN-
214117 consistently induces opposite effects on the mRNA 
level compared to that of BMP-4. The most pronounced 
effect of LDN-214117 was observed on Snail mRNA lev-
els, which appeared significantly down-regulated at least 
72 h after the treatment, compared to the control level. The 
results propose Snail as an essential EMT TF in the BMP 
signaling-mediated regulation of LCLC-103H migration 
potential.

The results demonstrated in this work provide evidence 
for pro-migratory and pro-EMT activity of BMP-4 on the 
LCLC-103H cells through BMP receptor type I SMAD-
dependent signaling. The findings raise the possibility of 
considering BMP signaling inhibition as a novel therapeutic 
tool for non-small cell lung carcinoma treatment. Neverthe-
less, further studies with a deeper insight into the proteom-
ics, epigenetics and genetics of a wider spectrum of lung 
cancer cell lines and tissue specimens are necessary for the 
evaluation and validation of a BMP receptor-related thera-
peutic approach.
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