
Abstract. Background: High bone morphogenetic protein
(BMP)-2 expression in lung carcinoma correlates with poor
patient prognosis. The present study explored strategies to
repress BMP signaling. Materials and Methods: The
cytotoxicity of BMP2-knockdown, dorsomorphin derivatives,
and microRNAs was tested in transformed and non-transformed
lung cells. Microarray analyses of 1,145 microRNAs in A549
lung adenocarcinoma cells and two other transformed lung cell
types relative to BEAS-2B bronchial epithelial cells were
performed. Results: Reduced BMP2 synthesis inhibited A549
cell growth. The dorsomorphin derivative LDN-193189, but not
DMH1 or DMH4, was strongly cytotoxic towards A549 cells,
but not towards BEAS-2B cells. Microarray analysis revealed
that 106 miRNAs were down-regulated and 69 miRNAs were up-
regulated in the three transformed lines. Three down-regulated
miRNAs, hsa-mir-34b, hsa-mir-34c-3p, and hsa-miR-486-3p,
repressed a BMP2 reporter gene and were cytotoxic in A549
cells, but not towards BEAS-2B cells. Conclusion: The observed
cytotoxicity suggests that reducing BMP signaling is a useful
line of attack for therapy of lung cancer. 

Lung cancer is the leading cause of cancer-related deaths in the
United States and the 5-year survival rate is an abysmal 15%
(1). The potent growth factor bone morphogenetic protein-2
(BMP2) is often dysregulated in non-small cell lung cancer
(NSCLC). Better understanding of how such growth factors
influence lung cancer is sorely needed to develop new therapies.

Normal mature lung cells do not produce BMP2, but
several studies indicate that BMP2 plays a significant role in
lung cancer. BMP2 RNA and protein levels are abnormally
elevated in lung tumors (2-4) and in serum from patients
with lung cancer (5). BMP2 activates pro-oncogenic
pathways (e.g., phosphoinositide-3 kinase (PI3K)/
mammalian target of rapamycin (mTOR); SMAD1, 5/ DNA-
binding protein inhibitor (ID)-1) and promotes lung tumor
growth in mice (6-8). The BMP2 antagonist, noggin, reduces
mixed metastatic lung cancer lesions in bone (9) and inhibits
the growth of transformed lung cells in monolayer and in
soft agar (10). Finally, variations in BMP2 levels (11) and
specific BMP2 gene polymorphisms (12) are associated with
differences in patient survival and response to treatment.
Therefore, blocking the pro-oncogenic signaling of BMP2 is
a reasonable therapeutic strategy.

Analogs of the small organic molecule dorsomorphin have
been shown to inhibit the type-1 BMP receptors with
different degrees of selectivity (13-15). The dorsomorphin-
derived analogs DMH1 and LDN-193189 (arbitrary
compound designations) target the BMP type-I receptors
activin A receptor type II-like 1 (ACVRL1/ALK1;
HGNC:175), activin A receptor, type I (ACVR1/ALK2;
HGNC:171), bone morphogenetic protein receptor, type IA
(BMPR1A/ALK3; HGNC:1076), and bone morphogenetic
protein receptor, type IB (BMPR1B/ALK6; HGNC:1077).
LDN-193189 also inhibits the type-I transforming growth
factor, beta receptor 1, TGFBR1/ALK5; HGNC:11772), the
type-2 transforming growth factor, beta receptor II
(TGFBR2; HGNC:11773), and the vascular endothelial
growth factor A receptor-2 (KDR/VEGFR2; HGNC:6307).
DMH4 inhibits VEGFR2 (13). SB-431542 is a chemically
distinct inhibitor of TGFBR1 (16).

We have previously shown that highly malignant A549
lung adenocarcinoma cells express high levels of BMP2 (10).
In contrast, BMP2 is practically undetectable in
immortalized but non-tumorigenic BEAS-2B bronchial
epithelial cells (10). We postulated that inhibitors of BMP
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signaling should differentially affect these two cell types
based on their differential BMP levels. We tested this
hypothesis by measuring the influence of DMH1 and LDN-
193189 on cell growth and survival in culture. We also
assessed the influence of microRNAs (miRNAs) that repress
the expression of BMP2.

Materials and Methods

Materials. Dorsomorphin analogs DMH1, DMH4, LDN-193189,
SB-14373 were provided by Charles Hong (Vanderbilt University,
Nashville, TN, USA). All except SB-14373 were re-suspended in
the vehicle dimethyl sulfoxide (DMSO). SB-14373 was re-
suspended in phosphate buffered saline (PBS). Cell culture and
molecular reagents were from Sigma−Aldrich (St. Louis, MO,
USA) and Invitrogen (Carlsbad, CA, USA). Ambion Pre-miR
miRNA Precursors for hsa-mir-34b (PM12727), hsa-mir-34c-3p
(PM12342), and hsa-miR-486-3p (PM12986) and Negative Control
#1 (AM17100) were from Applied Biosystems (Austin, TX, USA).

Cell culture. A549 and non-transformed BEAS-2B cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, D5796,
Sigma−Aldrich) supplemented with 5% fetal bovine serum and 
2 mM glutamine. Cells were grown in 7% CO2 at 37˚C. For
experiments to test drugs, cells were plated in 96-well plates at a
density of 2.0×104 cells per well. Drugs were added the following
day. Plates were incubated for three days before performing the
assays described below.

RNAi-mediated BMP2 knockdown. BMP2 (sc-270025-V; pooled
viral particles with three BMP2-specific constructs encoding
shRNAs) and Control (sc-108080) shRNA lentiviral particles were
transduced according to the manufacturer’s instructions (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA).

RNA isolation. Total RNA was isolated using Trizol reagent
(Invitrogen) according to the manufacturer’s instructions. 

Reverse transcription – polymerase chain reaction (RT-PCR). Total
RNA (1 μg) was reverse-transcribed using 100 units of
SuperScript™ III RT (Invitrogen) and oligonucleotide (oligo) dT or
random primers according to the manufacturer’s instructions and
10% of the resulting cDNA was used for PCR. For BMP2 PCR,
primers spanned the second intron (exon 2 forward primer 5’-
GAGTTGAGGCTGCTCAGCATGTT-3’, exon 3 reverse primer 5’-
TGGCATGGTTAGTGGAGTTCAG-3’). The predicted size of the
amplified cDNA fragment is 868 bp, whereas a product generated
from genomic BMP2 gene would be 8639 bp. PCR conditions were:
95˚C, 2 min; followed by 25 or 30 cycles of 94˚C, 1 min; 55˚C, 
1 min; 72˚C, 1 min; ending with 72˚C, 7 min. For peptidylprolyl
isomerase A (CYPA/cyclophilin A; HGNC:9253), the forward
primer was 5’-GCCATGGTCAACCCCACCGTG-3’ and the reverse
primer was 5’-CCACTGAGCACTGGAGAGAAAGGATTTGG-3’.
The predicted size of the amplified cDNA fragment is 143 bp. PCR
conditions were: 97˚C, 5 min; followed by 29 cycles of 94˚C, 30 s;
57˚C, 45 s; 72˚C, 1 min; ending with 72˚C, 2 min. 

Enzyme linked immunosorbent assay (ELISA) for BMP2. Conditioned
medium (CM) was pre-cleared by centrifugation at 4000 × g for 

2 min at 4˚C to remove dead cells. Two milliliters pre-cleared CM
was concentrated to about 100 μl using a Centricon Centrifugal Filter
Unit with Ultracel YM-10 membrane (Millipore, Bedford, MA, USA)
following the manufacturer’s instruction. The Quantikine BMP2
Immunoassay ELISA kit (R&D system, Minneapolis, MN, USA) was
used to quantify the BMP2 protein level in 50 μl concentrated CM
following the manufacturer’s instruction.

Reporter gene constructs. RLuc-empty (pSGG_3UTR_empty) and
RLuc-3’UTR (pSGG_3UTR_BMP2, S208437) were described
elsewhere (17). The SMAD binding element reporter was provided
by Dr. Steve Harris, University of Texas Health Science Center, San
Antonio, TX, USA. (18).

Reporter gene assays. Cells were plated and transfected with
plasmid using FuGene6 Transfection Reagent (Roche, Indianapolis,
IN, USA). Cells were lysed with 1×Passive Lysis Buffer (Promega,
Madison, WI, USA) and luciferase activities were measured using
the Luciferase Assay System (Promega). The luciferase activity of a
co-transfected, constitutively expressed Renilla luciferase reporter
plasmid was used to control for transfection efficiency. Protein
concentration was used to control for cell density. 

Methylene blue staining. Cells were fixed with 100% methanol.
Fixative was removed and cells were stained with 1% methylene
blue in 0.01 M borate buffer, pH 8.5, for 30 min (19). The stain was
thoroughly washed with 0.01 M borate buffer, pH 8.5, until all
excess stain was removed. Cells were photographed on a Gene
Genius (Syngene, Frederick, MD, USA). 

WST-1 cell proliferation assay. The Cell Proliferation Reagent WST-1
(Roche, Mannheim, Germany) is a colorimetric assay to quantify
proliferation and cell viability after exposure to cytotoxic compounds in
96-well plates. Absorbance was measured at 450 nm using a Synergy
HT, (Biotek, Winooski, VT, USA). WST-1 Reagent was added to
culture medium without cells to control for background absorbance. 

Lactate dehydrogenase (LDH) cytotoxicity assay. The Cytotoxicity
Detection kit (LDH) (Roche) quantifies cell lysis by measuring
LDH released from damaged cells into the media. Absorbance was
measured at 490 nm using Synergy HT, (Biotek). LDH Reagent was
added to culture medium without cells to control for background
absorbance. 

Statistical analyses. A Student’s t-test (two-sample assuming equal
variances) was used to evaluate differences. A nominal p-value of
0.05 was considered significant.

Results

RNAi-mediated inhibition of BMP2 synthesis inhibits cell
growth. BMP2, but not other BMPs, is induced in NSCLC
cells and cultured transformed lung cells (2-4, 10). Previous
studies used the BMP antagonist noggin to test the influence
of reduced BMP2 activity on transformation, tumorigenesis,
and metastasis (9, 10). Because noggin binds many members
of the BMP family (20), we used RNAi-mediated inhibition
of BMP2 synthesis to specifically test if reduced BMP2
levels affect the behavior of transformed lung cells. We
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transduced A549 adenocarcinoma cells with BMP2 and
control shRNA lentiviral particles. The lentiviral particles
effectively knocked-down BMP2 mRNA levels (Figure 1A).
BMP2 protein secreted into media conditioned by the A549
cells was reduced by 90% (Figure 1B). 

BMP2 activates the translocation of SMAD proteins to the
nucleus where they activate the expression of BMP-
responsive genes. To test if BMP2 signaling was reduced, we
transfected control and BMP2 knock-down A549 cells with a
luciferase reporter gene bearing 12 SMAD binding elements.
Luciferase activity generated by this plasmid reports the
relative level of nuclear SMAD activity (18). In three
independent strains of BMP2 knock-down A549 cells,
SMAD-dependent luciferase activity was about half that
observed in control cells (Figure 1C). This confirms that
reducing the synthesis of BMP2 reduces SMAD-dependent
BMP2 signaling in these cells.

Finally, we compared the effect of BMP2 knock-down on
proliferation rates. The growth of A549 cells that were
transduced with the BMP2 shRNA lentiviral particles was
reduced compared to control cells (Figure 1B). These results
are consistent with BMP2 stimulating the rapid growth of
transformed lung cells. 

LDN-193189 reduced cell proliferation and is cytotoxic in
A549 and BEAS-2B cells. LDN-193189 inhibits type I BMP
receptors ALK1, -2, -3, and -6. LDN-193189 also inhibits the
type-1 TGFβ receptor ALK5, and the type-2 TGFβ receptors,
as well as VEGFR2. We hypothesized that LDN-193189
should reduce growth in A549 cells that express high levels of
BMP2 but not in BEAS2B cells which do not express BMP2.
After equal numbers of cells were plated in 96-well plates,
we added increasing concentrations of drug dissolved in
DMSO or an equal volume of DMSO as a vehicle control. To
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Figure 1. Knocking-down bone morphogenetic protein (BMP)-2
expression and signaling inhibits A549 cell growth. A549 lung
adenocarcinoma cells were transduced with control or BMP2 shRNA
Lentiviral Particles. A: The average BMP2 RNA levels from semi-
quantitative reverse transcription-polymerase chain reactions (RT-
PCR)±standard error of the mean (SEM) (n=2 to 3). BMP2 RNA
measurements were normalized to that of the constitutively-expressed
cyclophilin (CYPA) RNA. Primers specific to BMP2 and cyclophilin
spanned introns within each gene to eliminate priming from genomic
DNA. B: The average±SEM BMP2 protein level (n=2 to 3) from media
conditioned by A549 cells transduced with control and BMP2 shRNA
lentiviral particles. C: BMP2 activates the translocation of SMAD
proteins to the nucleus where they activate the expression of BMP-
responsive genes. Cells were transfected with a luciferase reporter gene
bearing 12 SMAD binding elements (18). Luciferase activity represents
the relative level of nuclear SMAD activity in three independent BMP2
knockdown lines (B1, B2, B3) relative to cells transduced with control
lentiviral particles. Bar graphs show average±SEM luciferase
activity(n=3-5). D: Inhibition of A549 cell growth. Transduced cells were
plated at the same density and counted on the indicated days (n=3).



avoid any influence of a drug on plating efficiency, cells were
allowed to attach prior to drug addition. Cell density was
assessed after three days by staining with methylene blue.
The metabolic rate of the cells in each well was determined
using the Roche WST-1 cell proliferation assay. Finally, to

determine if any altered cell numbers were due to decreased
cell proliferation or increased cell death, cytotoxicity was
assessed using the Roche LDH Cytotoxicity Detection assay.

The number of cells was greatly reduced at the highest drug
concentrations, as assessed by methylene blue staining (Figure
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Figure 2. The effect of compound LDN-193189 (inhibitor of ACVRL1, ACVR1, BMPR1A, BMPR1B, TGFBR1, TGFBR2, KDR receptors) on A549 and
BEAS-2B cell growth and death. A: A total of 20,000 cells were plated, treated with drug dissolved in dimethyl sulfoxide (DMSO) at the indicated
concentrations, and stained with methylene blue on the third day. Control cells were treated with equal volumes of DMSO. B: The relative number
of metabolically-active cells in each well as indicated by the Roche WST-1 proliferation assay is shown as the mean±SEM. A549: n=5-14; BEAS2-
B: n=5. C: The level of cytotoxicity as assessed by amount of lactate dehydrogenase (LDH) released into the three-day conditioned media relative
to control (solvent) treated cells is shown as the mean±SEM. A549: n=6-15; BEAS-2B: n=6. 



2A) and the WST-1 assay (Figure 2B). Both assays indicated that
LDN-193189 reduced the growth of A549 cells at lower
concentrations than in BEAS-2B cells. However, LDN-193189
was particularly cytotoxic against A549 cells, as indicated by a
significant increase in LDH release (Figure 2C). At the highest

concentration of drug (16 μM) there was 20-fold more LDH
released than in the DMSO control. In contrast, only 4-fold more
LDH was released from the BEAS-2B cells. Thus, in contrast to
BEAS 2B cells that do not express BMP2, LDN-193189 was
selectively cytotoxic to the BMP2-expressing A549 cells.
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Figure 3. The effect of compound DMH1 (inhibitor of ACVRL1, ACVR1, BMPR1A, BMPR1B receptors) on A549 and BEAS-2B cell growth and
death. A. 20,000 cells were plated, treated with drug dissolved in dimethyl sulfoxide (DMSO) at the indicated concentrations, and stained with
methylene blue on the third day. Control cells were treated with equal volumes of DMSO. B: The relative number of metabolically active cells in each
well as indicated by the Roche WST-1 proliferation assay is shown as the mean±SEM. A549: n=8-11; BEAS2-B: n=5. C: The cytotoxicity as assessed
by the amount of LDH released into the three-day conditioned media relative to control (solvent)-treated cells is shown as the mean±SEM. The only
statistically significant difference from that of the control was observed with 16 μM DMH1 (A549: n=7-10, **p<0.004; BEAS-2B: n=6, *p<0.01).



DMH1 had little effect on cell proliferation and cytotoxicity
in A549 and BEAS2B cells. DMH1 targets the BMP type-I
receptors ACVRL1, ACVR1, BMPR1A, and BMPR1B more
selectively (14, 21, 22). Therefore, we tested the effect of
DMH1 treatment on A549 and BEAS-2B cells. In contrast
to LDN-193189, DMH1 failed to significantly inhibit the
growth of either cell type, as assessed by both methylene
blue staining and the WST1 assay (Figure 3A, B). In
addition, DMH1 was not toxic to either cell type, except at
its highest concentration (16 μM, Figure 3C).

TGFβ and VEGFR2 pathway inhibition do not account for
the cytotoxic effects of LDN-193189. Because LDN-193189
also inhibits TGFBR1, TGFβR2, and VEGFR2, we tested
selective inhibitors of these signaling paths. SB-431542
inhibits TGFβ signaling, via the activin A receptor, type IB
(ACVR1B; HGNC:172), TGFBR1 and the activin A
receptor, type IC, (ACVR1C; HGNC:18123) but not BMP
signaling (16). DMH-4 is a selective inhibitor of VEGFR2. If
the cytotoxic effects of LDN-193189 are due solely to
inhibition of either pathway, then one or both of these drugs
would produce similar antiproliferative and cytotoxic effects.
We tested this hypothesis by performing a side-by-side drug
assay by treating A549 cells with increasing concentrations
of DMH4, SB-431542 and LDN-193189 (Figure 4).
Methylene blue staining and the WST-1 and LDH release
assays demonstrated that LDN-193189 had the strongest
influence on A549 cells. In contrast, SB-431542 and DMH4
had little effect on A549 cells, except at the highest
concentrations used. One remaining known difference
between these drugs and LDN-193189 is that LDN-193189
inhibits TGFβR2. A549 cells do not express significant levels
of TGFβ. Furthermore, because TGFβ blocks A549 cell
growth (9, 23, 24), inhibiting TGFβ signaling would
promote, not repress, A549 cell growth. 

MicroRNAs that target BMP2 are cytotoxic. MiRNAs are
small, ~21-22-nucleotide, single-stranded non-coding RNAs
that commonly down-regulate protein synthesis by
messenger RNA de-stabilization and translational repression

ANTICANCER RESEARCH 34: 2095-2104 (2014)

2100

Figure 4. The effect of compounds DMH4 (inhibitor of VEGFR2) and
SB-431542 (inhibitor of TGFBR1) on A549 cell growth and death. A: A
total of 20,000 cells were plated, treated with compound LDN-193189
or DMH4 dissolved in dimethyl sulfoxide (DMSO) or SB-431542
dissolved in phosphate buffered saline (PBS) at the indicated
concentrations, and stained with methylene blue on the third day.
Control cells were treated with equal volumes of DMSO or PBS. B: The
relative number of metabolically-active cells in each well as indicated
by the Roche WST-1 proliferation assay is shown as the mean±SEM,
n=2. C: The level of cytotoxicity as assessed by the amount of LDH
released into the three-day conditioned media relative to control
(solvent) treated cells is shown as the mean±SEM, n=2. 
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Figure 5. MicroRNAs that inhibit bone morphogenetic protein (BMP)-2 expression are cytotoxic. A: A549 cells were co-transfected with a constitutive
60S ribosomal protein L10 (RPL-10) promoter-driven firefly luciferase reporter gene containing the human BMP2 3’UTR (RLuc-3’UTR) or without
the 3’UTR (RLuc-Empty) and lacZ control. Ninety picomoles of each Ambion Pre-miR™ miRNA Precursors alone or a pool of 30 pmol each of
miR-34b, -34c, and -486-3p or the Ambion Negative Control miRNA (NC) were co-transfected as indicated. All data were normalized to that of
cells transfected with the Negative Control. Relative luciferase activity was measured at 24 h (n=4-9). B: A549 cell proliferation in the presence of
320 pmol miRNA precursors was measured four days after transfection using the Roche WST-1 cell proliferation. Similar studies in non-transformed
BEAS-2B cells that express high levels of these microRNAs (Table I) failed to reveal any antiproliferative effect. C: The amount of lactate
dehydrogenase (LDH) released by dying A549 cells into the medium was measured four days after transfection using the Roche LDH Cytotoxicity
Detection assays. The bar graph shows the relative effect of each miRNA Precursor on LDH release at 320 pmoles. The line graphs show the average
LDH released after transfection with increasing amounts of miRNA precursor (n=2). 



(25-27). Using computational methods, we predicted that
over 40 microRNAs may target 178 sites within the BMP2
3’ untranslated region (UTR) (http://www.targetscan.org and
http://pictar.bio.nyu.edu). To identify miRNAs that regulate
BMP2 expression specifically in lung tumors, we used the
Illumina v2 MiRNA Expression Profiling Assay (http://
www.illumina.com/technology/miRNA_assay.ilmn; platform
#GPL8179) to compare the abundance of miRNAs from
BEAS-2B bronchial epithelial cells and three lines of
neoplastic lung cells [A549, BEAStra1, and BEAStra2 (10,
28)]. A549 cells were derived from a human alveolar cell
carcinoma (29). In contrast, BEAStra cells were transformed
by infecting the immortalized, but non-tumorigenic, BEAS-
2B cell line with mycoplasma (10). Despite distinct origins,
A549 and BEAStra cells are highly tumorigenic in
immunocompromised mice. By examining the relative
abundances of 1,145 miRNAs, we discovered that 106
miRNAs were down-regulated and 69 miRNAs were up-
regulated in all three transformed lines (GEO accession #
GSE557487). The abundance of several miRNAs predicted
to interact with the BMP2 transcript inversely correlated with
BMP2 secretion. That is, several miRNAs were expressed at
high levels in normal BEAS-2B cells which do not
synthesize any BMP2 but were significantly repressed in all
three transformed lung cell lines which do synthesize BMP2
(10, 28). Such miRNAs may repress BMP2 synthesis in
normal lung cells.

We analyzed three of the BMP2-targeting miRNAs
repressed in malignant lung cells (Table I), previously shown
to have interesting attributes relevant to lung cancer. For
example, miR-34b and -34c are induced by p53 and are
expressed at abnormally low levels in lung tumors (30-32).
The level of miR-486 in sputum and serum of patients with
lung adenocarcinoma differed from that of -healthy subjects
and predicted patient survival (33, 34). We tested if these
miRNAs repress BMP2 in A549 adenocarcinoma cells, by
co-transfecting Ambion Pre-miR™ miRNA Precursor

Molecules and a reporter gene driven by a constitutive
ribosomal protein promoter and bearing the human BMP2
3’UTR (Figure 5A). These small, chemically-modified
double-stranded RNA molecules mimic endogenous mature
miRNAs. Mimics of miR-34b, -34c, and -486 activity
significantly reduced the expression of the BMP2 reporter
gene bearing the BMP2 3’UTR (RLuc-3’UTR), but not the
promoter-only construct (RLuc-empty). This demonstrates
that the computer-predicted target sites in the BMP2 3’UTR
are functional. Ninety picomoles of each miRNA alone or a
pool consisting of 30 pmol of each miRNA inhibited reporter
gene expression to comparable levels. 

Because BMP2 promotes A549 cell growth and survival
(Figure 1), (4, 6-8, 10), we then tested if miRNAs that target
the BMP2 mRNA alter A549 cell proliferation. A549 cells
were transfected with Ambion mimics of miR-34b, -34c, and
-486 or the Ambion Negative Control mimic. Four days after
transfection, the WST-1 colorimetric assay and protein
concentration were used to compare the number of
proliferative cells in each situation. All three experimental
miRNAs strongly reduced the number of A549 cells (Figure
5B). In contrast, growth of non-transformed BEAS-2B cells
was not affected by these miRNAs (Figure 5B). Because the
reduced number of cells may have resulted from decreased
growth rate or increased cytotoxicity, we also assessed the
amount of LDH released by dying cells into the media. The
level of LDH inversely correlated with the decreased number
of A549 cells following transfection with miR-34b, -34c, and
-486 (compare Figure 4B and C). 

Discussion

We demonstrated that an inhibitor of BMP signaling (LDN-
193189) reduces the growth of A549 lung cancer cells, but
not immortalized, non-transformed BEAS-2B cells. Thus,
reducing BMP signaling is a valid therapeutic strategy for
lung cancer. Secondly, we provide a global profile of
miRNAs expressed in three transformed lung cancer lines
relative to BEAS-2B cells. Finally, we demonstrate that
restoring the level of three specific miRNAs whose
expression is reduced in A549 cells (miR-34b, -34c, and -
486) is cytotoxic. Understanding these inhibitory molecules
may lead to strategies that pharmacologically re-awaken
BMP2-repressive mechanisms in patients with lung cancer.
Pursuing all therapeutic strategies is essential because
existing lung cancer treatments are woefully inadequate.

An important aspect of drug development is the
demonstration that normal cells are unaffected relative to tumor
cells. We found that LDN-193189, an inhibitor of BMP
signaling is more cytotoxic to A549 lung adenocarcinoma cells
than to non-transformed BEAS-2B cells. While this work was
in progress, LDN-193189 was reported to inhibit lung cancer
cell growth and increase cell death, as assessed by different
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Table I. Relative abundances of miR-34b, -34c, -486 in non-transformed
BEAS-2B cells, in two mycoplasma-transformed BEAS-2B lines
(BEAStra1, BEAStra2), and in A549 cells by Illumina v2 MiRNA
Expression Profiling Assay (www.illumina.com/documents/products/
workflows/workflow_microrna_assay). Bone Morphogenetic Protein
(BMP) 2 is not detectable in non-transformed BEAS-2B cells, but is
robustly expressed in transformed BEAS-2B and A549 cells (10, 28).

Cell line

miRNA BEAS-2B BEAStra1 BEAStra2 A549

miR-34b 100 2 3 28
miR-34c-3p 100 3 3 31
miR-486-3p 100 25 57 12



methods (35). Our study complements the published study by
testing cytotoxicity in non-transformed cells that do not express
BMP2 (10). The induction of cell death, rather than inhibition
of proliferation accounted for most of the cytotoxicity. In
contrast to LDN-193189, more selective inhibitors of type I
BMP, TGFβ, and VEGFRs exhibited little toxicity to either cell
type. The limited cytotoxicity of DMH1, SB-431542, and
DMH4 suggests that activating the receptors specific to these
compounds is not sufficient to mediate the toxicity of LDN-
193189. The ability of LDN-193189 to inhibit several
pathways simultaneously may contribute to its effect on lung
cancer cells. The precise mechanism by which LDN-193189
kills cells remains to be determined. 

A sequence in the BMP2 3’UTR is 70% identical between
mammals and fishes. We discovered that the function of this
region in non-transformed lung cells differs from that in
malignant cells (28). This sequence, which is targeted by the
miRNAs tested here, is a potent repressor of gene expression
in non-transformed BEAS-2B cells. In contrast, the sequence
strongly stimulated BMP2 expression in A549
adenocarcinoma and mycoplasma-transformed BEAS-2B
lung cells (28). Thus the ultra-conserved sequence functions
as a post-transcriptional cis-regulatory switch. Three BMP2-
targeting miRNAs are less abundant in strains of lung cells
transformed by highly distinct means (Table I). The
transformation-associated reduction in the abundance of
miR-34b, -34c, and -486 miRNAs in transformed lung cells
would impair the repression mediated by this switch and
contribute to the elevated BMP2 levels observed in lung
tumors (2-4, 10, 28). 

The transcription of the bicistronic primary transcript
bearing miR-34b and -34c is directly induced by the p53
tumor suppressor, and both miRNAs also inhibit proliferation
in several cancer cell types (30-32). The list of experimentally-
verified miR-34b and -34c targets is heavily weighted to genes
that regulate cell behavior (36). We now demonstrate that
BMP2, a growth factor that strongly influences proliferation,
apoptosis, and differentiation, is also a target of miR-34b and
-34c. MicroRNA-34b and -34c are most highly expressed in
lung tissues (30). Inactivation of the MIR-34b/c gene and the
subsequently dysregulated expression of BMP2 and other
influential genes in lung cells would profoundly influence the
onset and progression of lung tumors.

Down-regulation of miR-486 also is associated with many
types of human cancer, including human lung adenocarcinomas
(37). A reduced level of miR-486 in sputum and serum is
associated with lung cancer in diagnosis (33) and prognosis
(34). Furthermore, the MIR-486 gene resides within a region
frequently deleted in cancer tissue (Chr 8p11) (38). We have
now demonstrated that miR-486 has a repressive interaction
with the BMP2 3’UTR and is cytotoxic to lung
adenocarcinoma cells (Figure 5). The abnormally low
abundance of tumor suppressive miRNAs such as miR-34b, -

34c, and -486 may contribute to neoplastic cell behavior. In
miRNA replacement therapy, miRNA mimics are used to
restore these miRNAs, and most importantly their tumor-
suppressor function, to normal levels. Restoring the natural
level of these miRNAs may repress BMP2 synthesis and
ameliorate the neoplastic behavior of lung cancer cells.
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