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Soft coral-derived Aspernolide A suppressed non-small cell lung
cancer induced osteolytic bone invasion via the c-Fos/NFATC1
signaling pathway
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Background: The incidence of distant metastases is over 30% in advanced non-small cell lung cancer
(NSCLC) patients. In particular, bone is reported as the most common site of distant metastasis NSCLC.
Bone metastases (BM) have a consequence of serious skeletal-related events (SREs) leading to the reduced
overall survival (OS) and quality of life of NSCLC patients. Inhibition of osteolytic lesions and regulation
crosstalk between metastatic NSCLC cells and bone microenvironment are the key to treating NSCLC. Due
to the lack of effective treatments against NSCLC with bone metastasis, screening and identification of novel
agents against both NSCLC and osteoclast effects are critically needed.

Methods: We assessed the effects of Aspernolide A (AA) on osteolysis and RANKL-induced pathways
activation, bone resorption and F-actin ring formation iz vitro. We evaluated AA effects on NCI-H460 and
A549 cells in vitro through wound healing assay and transwell assay. Furthermore, we assessed the effects
of AA in vivo using an intratibial xenograft NSCLC nude mouse model, followed by micro-computed
tomography(micro-CT) and TRAcP staining.

Results: In our study, AA, a soft coral-derived agent, was shown to inhibit osteoclastogenesis via
suppression of nuclear factor (NF)-kBp65, ERK, AKT and P38 phosphorylation, and then suppress the
RANKL-induced c-Fos and NFATcl activities in bone marrow macrophages (BMMs). Furthermore,
AA reduced the migration and invasion of NSCLC cells through diminishing the expression of MMP9,
MMP7, and N-cadherin proteins and upregulating E-cadherin expression i vitro, as well as inhibited the
phosphorylation of ERK, AKT, P38, and NF-kBp65. It was also demonstrated that administration of AA
could help prevent NSCLC-induced bone destruction by attenuating NSCLC development and osteoclast
activity in vivo.

Conclusions: Collectively, these findings indicated that Aspernolide A is a potential candidate for
NSCLC-induced osteolytic bone destruction.
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Introduction

Lung cancer is a serious worldwide public health burden,
which accounts for the majority of cancer-related death (1).
Non-small cell lung cancer (NSCLC) is the most common
type (85%) of lung cancer (2). Due to the invasive phenotype,
the incidence rate of distant metastases from NSCLC is
about 30-40%. Bone is the most common site for metastasis
owing to high blood flow (3), which is often associated with
serious skeletal related events (SREs). In particular, bone pain
and pathologic fracture are very common complications of
bone metastases (BM) in NSCLC patients and often result in
heavy health care costs (4). Gustavo Telles da Silva’s results
showed that risk of developing BM was positively associated
with youth in NSCLC. Younger age is an independent
predictor of BM development (5). It is known that the vicious
cycle of BM is caused by a complex interaction between
NSCLC cells and bone microenvironment, which includes
factors that guide tumor cells to migrate to bone tissue,
cytokines produced by tumor cells that act on osteoclasts or
osteoblasts, and growth factors secreted by bone matrix (6).
"To prevent and treat bone destruction induced by NSCLC,
it is important to reduce osteoclast activity and inhibit tumor
invasion. At present there are limited drug options against
NSCLC-mediated osteolysis.

Previous studies have recognized an interaction between
NSCLC cells and human monocyte/macrophage cells (7).
Metastatic NSCLC cells secrete receptor activator of
NF-«B ligand (RANKL) to activate osteoclast formation
and function. Mature osteoclasts in turn release
cytokines to stimulate the development of NSCLC.
In early stage of osteoclast formation, many signaling
pathways are activated by RANKL including the PI3K/
Akt signaling cascades, mitogen-activated protein
kinases (MAPKSs), and nuclear factor-«B (NF-«kB; (8).
Activation of these pathways leads to the induction and
activation of transcription factors c-Fos and nuclear
factor of activated T-cells cytoplasmic 1 (NFATcl), the
latter of which is considered the master transcription
factor for the regulation of various osteoclast-specific

© Journal of Thoracic Disease. All rights reserved.

genes essential for osteoclast formation and function (9).
Thus, novel therapeutic agents that inhibit the RANKL
signaling pathways could be effective candidates for the
treatment of NSCLC-induced osteolysis.

The marine environment is characterized by high
pressure, high salinity, and low temperature (10). Due to
this special living environment, marine microorganisms can
often produce a series of novel and unique active products.
As part of our ongoing work to discover novel active
metabolites from marine fungi of the South China Sea, we
screened several sponge-derived fungi for their different
activities. We identified a fungus displaying inhibitory
activity on osteoclast formation. In order to determine
the metabolites, 3 compounds were isolated from the
crude extract of the fungus, by means of activity-tracking
separation. These compounds are Butyrolactone I [1],
Aspernolide A [2], and Aspterric acid [3]. We then examined
the anti-osteoclast activities of these 3 compounds. The
results showed that compound [2] was able to inhibit
osteoclast formation. Our study was designed to investigate
the in vitro effects of Aspernolide A on RANKL-induced
osteoclastogenesis and the potential molecular mechanism
governing these effects. Furthermore, we tried to evaluate
the in vivo therapeutic efficacy of Aspernolide A in an
NSCLC-induced osteolysis model.

We present the following article in accordance with
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/jtd-21-1631).

Methods
Fungal material

The fungus was isolated from the internal tissues of soft
corals Cladiella sp. collected from the Xisha Atoll in South
China Sea, and was identified as Aspergillus sp.

Culture, extraction, and isolation

The fungus Aspergillus sp. was cultivated on biomalt
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Figure 1 Structures of compounds 1-3. 1, Butyrolactone I; 2, Aspernolide A; 3, Aspterric acid.

(5% w/v) solid agar medium at room temperature for
28 days. The culture medium was extracted with ethyl
acetate to afford a residue (11.4 g) after removal of the
solvent under reduced pressure. The crude extract as
subjected to column chromatography (CC) on silica gel
eluted with a gradient of ethyl acetate in petroleum ether
(EtOAc/PE 1:80 to 1:1) to give 8 fractions (Fr.s 1-8).
Subsequently, the activity of each fraction was tested.
The fraction Fr.s 5 inhibited osteoclast differentiation.
Next, Fr.5 was purified by CC on Sephadex LH-20
(CH,CI,/MeOH 2:1) to give 5 subfractions (Fr.5.1-5.5).
Similarly, we analyzed the activity of these 5 subfractions
for osteoclast differentiation, which revealed that Fr.5.2
had such activity. We then further separated Fr.5.2
by CC on silica gel (petroleum ether/acetone 15:1)
followed by high performance liquid chromatography
(HPLC; MeOH/H,O0, 62:38, 2 mL./min) to afford [1]
(19.4 mg, 1,=22.0 min), [2] (10.1 mg, #x=29.0 min),
and [3] (8.3 mg, #z=37.0 min).

For Butyrolactone I [1], white power, and ESI-MS (n2/z)
267.20 [M+H]", the molecular formula was shown to be:
C,:H,,0,. 'H-NMR (600 MHz, CDCL): &, 2.30 (1H, m,
H-1), 4.30 (1H, d, 7=8.4 Hz, H-2), 2.31-2.45 3H, m, H-4,
H-6, H-8), 2.03 (1H, m, H-4), 1.77 (1H, m, H-5), 2.41
(1H, m, H-8), 1.52 (1H, m, H-9), 1.72 (1H, m, H-9), 3.50 (1H,
d, 7=8.4 Tz, H-13), 3.94 (11, d, 7=8.6 Tz, 1-13), 1.72 G311,
s, H-14), 1.61 (3H, s, H-15); "C-NMR (150M, CDCI;) 8
36.4 (C-1), 82.8 (C-2), 75.4 (C-3), 32.4 (C-4), 37.3 (C-5), 55.6
(C-6), 53.2 (C-7), 23.8 (C-8), 33.9 (C-9), 134.5 (C-10), 125.4
(C-11), 178.1 (C-12), 76.7 (C-13), 21.0 (C-14), 23.5 (C-15).
"The above data are consistent with those reported in reference,
so compound 1 was identified as Butyrolactone I [2].

For Aspernolide A [2], white powder, ESI-MS (m/2)
425.18 [M+H]", the molecular formula was C,,H,,0,.
"H-NMR (600M, CDCI,): 8y 3.56 (1H, d, 7=14.8 Hz,
H-60), 3.49 (1H, d, 7=14.8 Hz, H-6p), 6.52 (1H, d, 7=2.2
Hz, H-2"), 6.55 (1H, d, 7=8.2 Hz, H-5"), 6.60 (1H, dd,
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9=8.2 Hz, 2.2 Hz, H-6"), 7.62 (1H, d, 7=8.8 Hz, H-2"), 6.92
(1H, d, 7=8.8 Tz, 1-3"), 6.92 (11, d, 7=8.8 Hz, 1-5"), 7.62
(1H, d, 7=8.8 Hz, H-6"), 3.15 (1H, d, 7=7.2 Hz, H-1""), 5.11
(1H, tp, 7=7.2 Hz, 1.4Hz, H-2""), 1.67 3H, brd, 7=1.3 Hz,
H-4""), 1.71 3H, brd, 7=1.3 Hz, T1-5""); "C-NMR (150M,
CDCly): 8¢ 169.2 (C-1), 137.3 (C-2), 127.9 (C-3), 86.2 (C-
4), 169.9 (C-5), 38.7 (C-6), 124.8 (C-1"), 132.1 (C-2,),
127.9 (C-3"), 153.5 (C-4) 115.4 (C-5"), 129.4 (C-6"), 122.5
(C-1"), 129.8 (C-2"), 116.2 (C-3"), 156.6 (C-4"), 116.2
(C-5"), 129.8 (C-6"), 29.4 (C-1""), 121.6 (C-2""), 134.7
(C-3""), 25.9 (C-4""), 17.9 (C-5""). The above data are
consistent with those reported in reference, so compound 2
was identified as Aspernolide A [2] (Figure I).

For the Aspterric acid compound [3], white power,
ESI-MS (m/z) 425.16 [M+H]", the molecular formula was
C.L,0,. "H-NMR (600M, CDCL): 8, 3.40 (1, d, 7=15.0
Hz, H-60), 3.61 (1, d, 7=15.0 Hz, T1-6p), 7.61 (I, d,
7=8.3 Hz, H-2'/6"), 6.92 (2H, d, 7=8.3 Hz, H-3'/5"), 6.56
(1H, s, H-2"), 6.52 (1H, s, H-5""), 6.52 (1H, s, H-6""),
2.56 2H, m, H-7"), 1.72 2H, t, 7=6.8 Hz), 1.27 (6H, s,
H-10"/11"), 3.77 3H, s, H-OMe); "C-NMR (150M,
CDCly) 8¢ 169.6 (C-1), 137.5 (C-2), 129.1 (C-3), 86.4 (C-
4), 169.9 (C-5), 38.9 (C-6), 122.5 (C-1), 129.8 (C-2'/6"),
116.2 (C-3'/5"), 156.7 (C-4"), 123.8 (C-1"), 131.7 (C-2"),
120.6 (C-3"), 153.2 (C-4"), 116.9 (C-5"), 129.3 (C-6"),
224 (C-7"), 32.8 (C-8"), 74.4 (C-9"), 26.9 (C-10"/11"),
53.7 (C-OMe). The above data are consistent with those
reported in reference, so compound 3 was identified as
Aspterric acid [3] (Figure 1).

Cell culture media and reagents

Butyrolactone I, Aspernolide A, and Aspterric acid were
isolated from the fermentation broth of the fungus
Alternaria sp. Strain DX-FOF7 from Lobophytum sp.
PD98059 was purchased from Selleck Chemicals (Houston,
TX, USA). All agents were stored in dimethyl sulfoxide
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(DMSO) at =20 °C before use. Recombinant mouse
macrophage-colony stimulating factor (M-CSF) and
RANKL were acquired from R&D Systems (Minneapolis,
MN, USA). The penicillin/streptomycin, protease
phosphatase inhibitor cocktails, 4% paraformaldehyde
(PFA), Cell Counting Kit-8 (CCK-8), nucleus staining
reagents, Triton X-100, bicinchoninic acid (BCA) protein
assay kit, and PFA, were purchased from Beyotime
(Shanghai, China). Alpha modification of Minimum
Essential Medium (a-MEM), Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F12),
Roswell Park Memorial Institute (RPMI)1640 medium,
and Trypsin were obtained from Gibco (Thermo Fisher
Scientific, Waltham, MA, USA). The tartrate-resistant acid
phosphatase (TRAP) staining kit was obtained from Sigma-
Aldrich (St. Louis, MO, USA). An RNeasy Mini kit was
purchased from Qiagen (Qiagen, Valencia, CA, USA). The
PrimeScript RT Master Mix Kit was purchased from Takara
Bio (Takara Bio, Otsu, Japan). A Trans-Blot® TurboTM
system was purchased from Bio-Rad (Bio-Rad, Hercules,
CA, USA). Nitrocellulose (NC) membranes were purchased
from Millipore (Burlington, MA, USA). Specific primary
antibodies against B-actin, AKT, p-AKT, p-NF-kBp65, NF-
«Bp65, p-ERK, ERK, P38, p-P38, c-Fos, NFATc1, MMP9,
MMP7, N-cadherin, and E-cadherin were acquired from
Cell Signaling Technology (Danvers, MA, USA).

Cell culture

Primary bone marrow macrophage (BMM) cells were
extracted from the long bones of 5-week-old C57BL/6 mice
according to the methods described previously, and then
seeded in complete o-MEM culture media with 50 ng/mL
M-CSEF, 1% penicillin/streptomycin, and 10% fetal bovine
serum (FBS). The adherent M-CSF-dependent BMMs were
osteoclast precursors.

We cultured NCI-H460 cells in RPMI-1640 medium
and A549 cells in DMEM/F12 medium with 1% penicillin/
streptomycin and 10% FBS under 5% CO, at 37 °C. The

culture medium was replaced every 2 days.

Cell viability assay

The cytotoxicity of compounds to cells was assessed using
the CCK-8 assay kit. The cells were plated at 8x10° cells per
well in a 96-well plate and incubated with culture medium
overnight. Compounds were added to each well and then
incubated for designated hours. The CCK-8 assay solution
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(10 pL/well) was then added to each well for 1 h, then
measured by absorbance at 450 nm by a spectrophotometer.

Osteoclastogenesis assay in vitro

Fresh primary BMMs were isolated from whole bone
marrow of 5-week-old C57BL/6 mice as described (11,12)
and grown in culture medium (30 ng/mL of M-CSEF, 1%
penicillin/streptomycin, and 10% FBS in a-MEM) in T75
flasks for 72 h. When the cells had reached confluence,
they were removed from the flask and seeded into a 96-well
plate at 8x10° cells/well with culture medium overnight.
The next day, BMMs were stimulated with RANKL at
the concentration of 50 ng/mL and the presence of crude
extract or compounds, with the medium replaced every
2 days until osteoclasts formed. Then, the cells were fixed
with 4% PFA for 30 min and stained using the TRAP
activity kit. The TRAP-positive cells with 3 or more nuclei
were defined as osteoclast-like (OCL) cells.

Bomne absorption assay in vitro

To detect osteoclast activity, BMMs were seeded at 1x10’
cells per well onto bovine bone slices, stimulated with
50 ng/mL RANKL and 30 ng/mL M-CSF in the presence
compounds until osteoclasts formed. The cells were then
gently removed. Absorption pits were scanned using an
electron microscope, and the bone absorption areas were
quantified using Image J software (https://imagej.nih.gov/ij/
download.html).

F-actin ring immunofluorescence

The osteoclasts were fixed with 4% PFA for 15 min at room
temperature and incubated for 5 min with 0.5% Triton
X-100. The cells were then incubated with Alexa-Fluor 488
phalloidin (Abcam, San Jose, CA, USA) for 1 h at room
temperature without light and washed with 0.2% w/v bovine
serum albumin-phosphate-buffered saline (BSA-PBS) and
PBS, and 4’,6-diamidino-2-phenylindole (DAPI) was used for
nuclei staining. The F-actin ring distribution was observed by
confocal microscope. The fluorescence photos were processed
by ZEISS ZEN software (Oberkochen, Germany). The
number of F-actin rings was counted using Image J software.

Cell scratch assay

Cancer cells were seeded into 6-well plates and treated with
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10 pM Aspernolide A or PD98059. Cell wounding was
scratched in the middle of the plate using 200 pL pipette tips.
After 48 h, images were captured. The percentage of wound
healing area in the image was analyzed using Image ] software.

Invasion transwell assay

Invasion transwell assay was performed according to the
manufacturer’s protocol. In brief, cancer cells were seeded
in the 24-well upper chambers with 200 pL. culture medium
without FBS for 24 h. We then added 500 pL culture medium
with 20% FBS to the bottom chamber. Cells were washed
once with PBS and then stained with crystal violet dye.

RNA extraction and quantitative reverse transcription-
polymerase chain reaction

To examine the effects of Aspernolide A on the
transcription of osteoclast marker genes, quantitative
reverse transcription-polymerase chain reaction (QRT-PCR)
was performed. Total RNA was extracted from BMM-
derived osteoclasts using RNeasy Mini Kit according to the
manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized from 1 pg extracted total RNA using the
PrimeScript RT Master Mix Kit. We performed qRT-
qPCR in a reaction mixture containing SYBR® Premix Ex
Taq™ 11, specific forward and reverse primers, and double
distilled (dd) water on a PRISM 7500 system (Applied
Biosystems; ABI, Forster City, CA, USA). The cycling
conditions were as follows: 95 °C for 5 min, 42 cycles at
95 °C for 10 s, 60 °C for 20 s, 72 °C for 20 s, and
were followed by the final extension step at 72 °C
for 20 s. The specific primer sets against osteoclast
genes used were as follows: CTSK (Forward:
5'-CTTCCAATACGTGCAGCAGA-3' and Reverse:
5'-TCTTCAGGGCTTTCTCGTTC-3"), TRAP/
ACP5 (Forward: 5'-CTGGAGTGCACGATGCC
AGCGACA-3" and Reverse: 5'-TCCGTGCT
CGGCGATGGACCAGA-3"), ATP6V0d2 (Forward:
5'-AAGCCTTTGTTTGACGCTGT-3" and Reverse:
5'-TTCGATGCCTCTGTGAGATG-3"), DC-STAMP
(Forward: 5'-AAAACCCTTGGGCTGTTCTT-3" and
Reverse: 5'-AATCATGGACGACTCCTTGG-3"), GAPDH
(Forward: 5'-ACCCAGAAGACTGTGGATGG-3'
and Reverse: 5'-CACATTGGGGGTAGGAACAC-3").
Target gene expression was normalized to glyceraldehyde
3-phospahte dehydrogenase (GAPDH), using the 27*“
method as previously described (13).
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Jiao et al. AA inhibited NSCLC induced osteolytic bone lesions

Protein extraction and western blot

The effects of Aspernolide A on RANKL-induced signaling
pathways and NSCLC development were investigated
using western blot analysis. For early stage signaling events,
BMMs were plated in a 6-well plate and serum-starved
for 2 h, treated without or with 20 pM Aspernolide A for
1 h, and then stimulated with 50 ng/mL. RANKL for 5,
10, 20, 30, or 60 min. The NSCLC cells were plated in a
6-well plate and serum-starved for 2 h, then treated with
10 pM Aspernolide A or PD98059 for 4 h. For late stage
signaling events, BMMs were seeded in a 6-well plate and
then stimulated with 50 ng/mL RANKL with or without
1 pM Aspernolide A for 1, 2, 3, or 4 days. Cells were lysed
in radioimmunoprecipitation assay (RIPA) lysis buffer
supplemented with 1% phenylmethylsulfonyl fluoride
(PMSF), 1% protease inhibitors, and 1% phosphatase
inhibitors at 4 °C for 30 min, followed by centrifugation
at 12,000 g, 4 °C for 15 min. Protein concentration was
determined using the BCA protein assay kit. Protein
samples were mixed with sodium dodecyl sulfate (SDS)-
sampling buffer, denatured by boiling at 100 °C for 10 min,
and then separated by suitable concentration percentage
SDS-polyacrylamide gel electrophoresis (PAGE) gels and
then transferred to NC membranes using the Trans-Blot®
Turbo™ system. The NC membranes were blocked in
QuickBlock™ blocking buffer and incubated with primary
antibodies overnight at 4 °C. The NC membranes were
washed with tris-buffered saline with Tween 20 (TBST) for
10 min 4 times, and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1.5 h at room
temperature. Protein bands were visualized by exposure in
an Odyssey v3.0 Imaging Scanner (LI-COR Biosciences,
Lincoln, NE, USA). Protein band quantification was
analyzed using Image J software.

Tibia NSCLC model by injected of NSCLC cells

"To examine the in vivo effects of Aspernolide A on NSCLC-
induced bone destruction, an NSCLC-induced BM model
was established as described previously (14). Healthy female
BALB/c nude mice (n=24; 8 weeks old) were purchased
from the Shanghai Jihui Laboratory Animal Care (Shanghai,
China) and acclimatized for 1 week (6 mice per cage)
to standard laboratory environment. Mice were divided
into 4 groups: sham group (n=6), control group (vehicle,
n=6), low dose group (1 mg/kg, n=6), and high dose group
(3 mg/kg, n=6). Firstly, all mice were anesthetized. Secondly,
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NCI-H460 cells (8x10°) in 50 puL of PBS were injected
into the left tibiae of mice. At 1 week after cells injection,
mice received intraperitoneal injection of Aspernolide
A in 5% ethanol, 0.1% DMSO, and 1% PEG300 daily
until the end of the experiment. All mice were sacrificed,
and their left legs were excised, which were scanned with
SkyScan1176 micro-computed tomography (CT) scanner
(Bruker, Billerica, MA, USA). Scanning parameters were
set as follows: X-ray voltage of 50 kV and electric current
of 450 pA, an isotropic pixel size of 9 pm, and a rotational
step of 0.5°. Reconstructed images were recombined using
CT Vol and CTvox software (Bruker). The bone-related
parameters of trabecular bone volume fraction (BV/TV%),
bone surface/bone volume (BS/BV 1/mm), trabecular
number (Tb.N 1/mm), and trabecular separation (Tb.Sp
mm) were measured using CTAn software (Bruker). All
animal experiments were performed in accordance with the
guidelines for the care and use of animals, and approved by
the Animal Care and Use Committee of Second Military
Medical University.

Histological and bistomorphometric analysis

Following micro-CT analyses, the fixed mice tibia bones
were decalcified in 10% ethylenediamine tetraacetic acid
(EDTA; pH 7.4) for 2 weeks at room temperature and
then embedded in paraffin blocks. The same sections were
stained for TRAP according to the protocols of ELF97(Life
Technologies, Grand Island, NY, USA). The total number
of TRAP positive multinucleated cells was counted.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 7 (GraphPad Software, San Diego, CA, USA). Three
independent experiments were performed. Data were
presented as mean * standard deviation (SD). Statistical
differences were determined using one-way analysis of
variance (ANOVA) followed by Dunnett’s post-hoc test
for comparisons between different groups. A P value <0.05
indicated statistical significance between groups.

Results

Extracts attenuated RANKL-induced osteoclast formation
in vitro

We firstly examined the effects of fungus Aspergillus sp.
culture medium extracts on osteoclast differentiation in
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BMM cells. Cells were treated with RANKL and M-CSF
in the presence of crude extracts. As shown in Figure 24,
CCK-8 assay was performed to examine the toxicity of
crude extracts. We found that cell viability was not affected
by extracts at concentrations lower than 40 pg/mL at 96 h.
As shown in Figure 2B-2D, in the untreated group, there
are many TRAP-positive multinucleated osteoclasts. In
contrast, the number of osteoclasts was reduced by up
to 75.64%+12.34% after 10 pg/mL extracts treatment
compared to that in the untreated group, while up to
66.89%+7.26% after 20 pg/mL extracts treatment, and up
to 13.59%+4.51% after 40 pg/mL extracts treatment. All
together, these data indicated that extracts from fungus
Aspergillus sp. culture medium exerted anti-osteoclast effects
without significant cell toxicity.

Aspernolide A exerted anti-osteoclastic effects

To investigate the anti-osteoclastic effects of main
compounds derived from extracts, BMMs were stimulated
with 1 pM Butyrolactone I, 1 pM Aspernolide A, or
1 pM Aspterric acid, separately. Among the 3 compounds,
Aspernolide A showed significant anti-osteoclastic effect
without detectable cytotoxic effects (Figure 34-3D). To
further investigate the effect of Aspernolide A on osteoclast
function, a bone resorption assay was performed. The
results indicated that a non-cytotoxic concentration of
Aspernolide A was lower than or equal to 1 uM (Figure 4A).
The resorbed areas per osteoclast were significantly
repressed by Aspernolide A (Figure 4B,4C). We then
examined the effect of Aspernolide A on osteoclast F-actin
ring formation. As shown in Figure 4D and Figure 4E,
F-actin ring number and morphology were significantly
suppressed by Aspernolide A at concentrations of 0.5 and
1 pM (both P<0.05). Additionally, the CCK-8 assay was
performed to identify whether the inhibition effect of
Aspernolide A on osteoclasts was cytotoxic.

Aspernolide A suppressed the expression of RANKL-

induced osteoclast-specific genes in vitro

Osteoclast marker genes regulated RANKL-induced
precursor cell fusion and osteoclast formation. Western
blot results showed that Aspernolide A inhibited osteoclast
formation by reduction of c-Fos and NFATCI protein
expression in RANKL treated BMMs cells (Figure 4F).
Besides, genes encoded factors such as c-Fos, NFATcl,
ATP6VO0d2, TRACP, DC-STAMP, and CTSK were
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Figure 2 Extracts from fungus Aspergillus sp. culture medium inhibits osteoclast activities. (A) CCK-8 assay was performed to examine the
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quantified (n=3 per group). All bar graphs are presented as the mean = SD. *, P<0.05; **, P<0.01; ***, P<0.005 vs. untreated controls (without

extracts treatment). CCK-8, Cell Counting Kit-8; M-CSFE, macrophage-colony stimulating factor; RANKL nuclear factor-xB ligand; BMM,

bone marrow-derived macrophages; TRAP, tartrate-resistant acid phosphatase.

examined after Aspernolide A treatment by using qRT-
PCR. The result showed that compared to untreated
controls, Aspernolide A treatment dose-dependently
suppressed the expression of the ATP6V0d2, DC-STAMP,
CTSK, and TRACP, genes (Figure 4G-47). The suppression
of these osteoclast marker genes and proteins was consistent
with the cellular effects seen in our cell-based assays, further
confirming that Aspernolide A exerted inhibitory effects on
RANKL-induced osteoclast formation 7z vitro.

Aspernolide A inbibited the invasion and migration of
NSCLC cells

© Journal of Thoracic Disease. All rights reserved.

Our in vitro experiment showed a reduced osteoclast size
and F-actin ring area with treatment by Aspernolide A.
We next examined the anti-effects of Aspernolide A in
NSCLC cells. To this end, NCI-H460 and A549 cells
were seeded into 6-well plates and treated with 10 pM
Aspernolide A or PD98059 for 48 h. As shown in Figure 5A,
healing area of NSCLC cells was significantly reduced
with treatment of Aspernolide A, as effective as the positive
compound (PD98059). Besides, a transwell invasive assay
was performed to examine the effect of Aspernolide A on
NSCLC cell invasiveness. As shown in Figure 5B, treatment
of NSCLC cells with 10 pM Aspernolide A or PD98059 for
24 h significantly inhibited the number of invasive tumor
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Figure 3 Anti-osteoclast activities of main small molecule compounds from crude extracts. (A) M-CSF-dependent BMMs were treated with
50 ng/mL RANKL and 30 ng/mL M-CSF with Aspterric acid, Butyrolactone I, or Aspernolide A for 5 days. Osteoclasts were identified by
staining for TRAP (n=3 per group); (B) the number of TRAP positive osteoclasts with >3 nuclei were quantified; (C) the area (percentage

of control) of TRAP positive osteoclasts with >3 nuclei were quantified (n=3 per group); (D) CCK-8 assay was performed to examine the 48

h cytotoxic effects of compounds on M-CSF-dependent BMMs (n=3 per group). All bar graphs are presented as the mean = SD. **, P<0.01;
*** P<0.005 vs. CTRL (without compounds treatment). CCK-8, Cell Counting Kit-8; M-CSF, macrophage-colony stimulating factor;

RANKL nuclear factor-xB ligand; BMM, bone marrow-derived macrophages; TRAP, tartrate-resistant acid phosphatase.

cells (all P<0.05).

Epithelial-mesenchymal transition (EMT) and
extracellular matrix-degrading enzymes, such as N-cadherin,
E-cadherin, matrix metalloproteinase 9 (MMP9), and
matrix metalloproteinase 7 (MMP7), act as key roles in the
invasion and metastasis of NSCLC cells. To examine the
effect of Aspernolide A on EMT progression in NSCLC
cells, western blot was performed to detect the protein
expression of N-cadherin, E-cadherin, MMP7, and
MMP9. As shown in Figure 5C, treatment of Aspernolide
A decreased N-cadherin (N-CAD), MMP9, and MMP7
expression levels and increased E-cadherin (E-CAD) level,
as well as PD98059. In conclusion, these results showed
that the anti-metastasis effect of Aspernolide A was partly
due to the inhibition of the EMT signaling pathway.

Aspernolide A inhibited RANKL-induced activity of the
NF-¥B, AKT, and MAPKs signaling patbway

One of the most important downstream pathways mediating
the effects of Aspernolide A on osteoclast formation and
function could be the NF-«B pathway. As shown in Figure 64,

© Journal of Thoracic Disease. All rights reserved.

the phosphorylation level of NF-kBp65 increased after
stimulation with RANKL. Aspernolide A treatment slightly
impaired the phosphorylation activation of NF-xBp65 by
RANKL.

The MAPKs and AKT signaling pathways were also
important downstream pathways during osteoclastogenesis.
In the early stage of osteoclastic differentiation, activations
of MAPKs and AKT pathways are required for the
subsequent efficient and sustained induction of downstream
targets including key osteoclastic-specific transcription
factors c-Fos and NFATcl. The NFATcl factor was a
downstream target of c-Fos. As shown in Figure 4F the
expression of c-Fos and NFATcl was sustained throughout
the differentiation process. Treatment of cells with
Aspernolide A significantly suppressed the expressions of
both c-Fos and NFATcl during the differentiation process.
Furthermore, to understand the molecular mechanism of
Aspernolide A on early RANKL signaling events, BMMs
were pretreated without or with 20 pM Aspernolide A for
1 h prior to RANKL stimulation for the indicated times. As
shown in Figure 64, RANKL induced the phosphorylation
activation of ERK, P38, and AKT within 5 min. The

7 Thorac Dis 2021;13(10):5996-6011 | https://dx.doi.org/10.21037/jtd-21-1631
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expression of c-Fos and NFATc¢] in late stage of osteoclast. M-CSF-dependent BMIM cells were stimulated with 50 ng/mL RANKL and 30 ng/mL
M-CSF with or without 1pM Aspernolide A for 1, 2, 3, and 4 days. The relative expressions of c-Fos, and NFATcl bands were normalized and
expressed as the ratio against B-actin; (G) the expression of ATP6V042; (H) the expression of DC-STAMP; (I) the expression of CTSK; (J) the
expression of TRACP. All bar graphs are presented as the mean = SD. **, P<0.01; ***, P<0.005; ****, P<0.001 vs. untreated groups. BMM, bone
marrow-derived macrophages; RANKL, nuclear factor-«B ligand; DAPI, 46-diamidino-2-phenylindole.

© Journal of Thoracic Disease. All rights reserved. 7 Thorac Dis 2021;13(10):5996-6011 | https://dx.doi.org/10.21037/jtd-21-1631



Journal of Thoracic Disease, Vol 13, No 10 October 2021

high phosphorylation of those proteins in most cases
persisted for 20 min before returning to baseline levels.
The phosphorylation levels of ERK, AKT, and P38 in
response to RANKL were significantly decreased following
Aspernolide A treatment in BMMs. Interestingly, the
phosphorylation levels of ERK, P38, AKT, and P65 were
also decreased after Aspernolide A treatment in NSCLC
cells (Figure 6B).

Taken together, the results indicated that the anti-
osteoclastic effects of Aspernolide A were partly due to the
inhibition of RANKL-induced activation of the MAPKSs,
NF-«kB, and AKT signaling pathways.

Aspernolide A inhibited NSCLC-induced osteolysis in vivo

With our promising results iz vitro, we next evaluated the
effects of Aspernolide A on NSCLC-induced osteolysis
in vivo by establishing an experimental cancer-induced
bone osteolysis model. As shown in the Micro-CT 3D
reconstruction image of mice tibia bones, significant
bone destruction and bone loss were observed in the
control group (CTRL group) when compared to the
sham group. Aspernolide A treatment was protective
against the NSCLC-induced bone destruction in dose
dependent manner (Figure 7A). As shown in Figure 7B-7E,
quantitative analysis revealed that bone morphometric
parameters, including BV/Tissue Volume (TV) (%) and
Trabecular Number (Tb.N) were markedly increased in the
Aspernolide A treatment groups. Consistent with the micro-
CT results, TRACP staining revealed that the total TRACP
positive osteoclast number was significantly decreased in
high dose Aspernolide A treated groups compared with
the CTRL group (Figure 7F,7G). In conclusion, our results
showed that Aspernolide A had potential therapeutic effects
on NSCLC-induced osteolysis.

Discussion

It is very often that BM occur in patients with advanced
NSCLC (up to 40%) (15), which result in serious SREs
such as bone destruction and serious bone pain, impact
the patients’ quality of life, and cause increased mortality
(16,17). There was no significant correlation between the
age, gender, smoking history, pathological type and the
status of EGFR gene mutation and the occurrence of bone
metastasis in patients with NSCLC (5). While high alkaline
phosphatase activity, fibrinogen, and D-2 polymer content
are the prognostic factors of BM in patients with NSCLC

© Journal of Thoracic Disease. All rights reserved.
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(18,19). According to the National Comprehensive Cancer
Network cancer treatment guidelines, current recommended
treatment protocols for lung cancer with BM include
bisphosphonates, denosumab, and radioisotopes (20-22).
Osteolytic and osteosclerotic BM differ in mechanism. It
is known that BM in NSCLC mostly induces osteolytic
destruction (23). Cytokines from NSCLC cells promote
osteoclast activation and induce metastatic osteolysis, and in
turn the bone marrow microenvironment provides “fertile
ground” and enhances tumor cell proliferation. Javier De
Castro showed that Denosumab is indicated for prevention
of SREs in patients with NSCLC by disturbing tumor/
bone vicious cycle. However, more basic research is needed
to clarify the potential effects of denosumab to affect the
microenvironment between bone and tumor (24). Although
anti-osteoclast drugs are widely used in clinical practice,
screening and identification of novel agents with both anti-
NSCLC and anti-osteoclasts effects would be clinically
significant.

In this study, we reported that Aspernolide A, a soft coral-
derived small molecule compound, effectively suppressed
NSCLC-induced bone destruction via the inhibition
of both osteoclast activity and NSCLC invasiveness. A
previous study reported that Aspernolide A is derived
from the roots of Camptotheca acuminata Decne (25).
Parvatkar showed that Aspernolide A displayed weak
cytotoxicity against the NCI-H460 cell line (26).
Interestingly, studies have shown that Aspernolide A could
suppress the proliferation of laryngeal carcinoma cells
through the STAT3 signaling pathway (25). However,
further studies still need to be conducted to demonstrate
the anti-tumor effects of Aspernolide A. Nonetheless,
our experiments have provided clear evidence of the anti-
migration and anti-invasion effects of Aspernolide A on
NSCLC development via EMT signaling pathway. The
EMT is a critical phenotypic conversion during cancer
metastasis (27,28). Numerous signaling pathways are
involved in regulation of EMT such as NF-«xB, TGF-B,
Wnt, MAPK, and DNA damage pathways, influence
expression of E-cadherin, N-cadherin, and MMPs, which
finally modulate cancer progression (29,30). In the cell-
based assays conducted herein, Aspernolide A was shown
to inhibit expression of N-cadherin, MMP9, and MMP?7,
and simultaneously enhance the expression of E-cadherin in
both A549 and NCI-H460 cell lines. However, numerous
signaling pathways are involved in regulation of EMT, such
as the MAPKs, PI3K/AKT, and NF-kB signaling pathways.
Our biochemical assays showed that Aspernolide A could
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Figure 5 Aspernolide A inhibited the migration and invasion of A549 and NCI-H460 cells. (A) Cell migration was determined by wound

healing assays; (B) the number of crystal violet-stained invasive cells was counted; (C) the relative expressions of EMT related proteins band
were normalized to that of P-actin. All bar graphs are presented as the mean = SD. *, P<0.05; ****, P<0.001 vs. untreated controls. EMT,
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Figure 6 Aspernolide A suppressed RANKL-induced activation of the NF-kBp65, MAPKs, and AKT signaling pathway. Aspernolide A
also inhibited activation of the NF-xBp65, MAPKs, and AKT in both NCI-H460 and A549 cell lines. (A) The effects of Aspernolide A on
activation of ERK, P38, NF-kBp65, and AKT in early stage of osteoclast. Protein bands are shown; (B) effects of Aspernolide A or PD98059
on the activation of ERK, P38, NF-kBp65, and AKT. NCI-H460 and A549 cells were starved for 2 h, treated with or without 10 pM

Aspernolide A or PD98059 for 4 h. Total cell proteins were isolated and subjected to western blot analysis. Protein bands are shown.

suppress the phosphorylation of p38, ERK, NF-«Bp65,
and AK'T proteins, suggesting that Aspernolide A is a small
molecule natural compound with multi-target anticancer
activities. Further investigation is required to identify the
potential upstream targets of Aspernolide A.

Besides the anti-NSCLC activity, Aspernolide A could
also inhibit osteoclast activity via the c-fos/NFATCl1
signaling pathway. Complex signaling pathways are
involved in osteoclast formation and function. The binding
of RANKL to RANK in osteoclast precursor cells results
activation of osteoclast through signaling cascades including
NF«Bp65, MAPKs (ERK, JNK, and p38MAPK), and AKT
pathways (31,32). Osteoprotegerin (OPG) prevents RANKL
binding to RANK and inhibits bone resorption (33).
These signaling pathways are key regulators of cell
activities, including differentiation, migration, apoptosis,
and proliferation, and further, they are crucial in the
activation of key osteoclastic transcription factors such as
c-Fos and NFATcl. Recruitment of c-Fos is used to trigger
the auto-amplification of NFATc1 (34). Activation of NF-
kB and c-Fos are necessary for the induction of NFATcl.
Inhibition of c-Fos stability leads to NFATcl induction
failure. The factor NFATc1 regulates the transcription of
crucial osteoclast-specific genes including TRAP, cathepsin
K, ATP6V0d2, and Dc-stamp. A previous study showed

© Journal of Thoracic Disease. All rights reserved.

that c-fos deficient mice were blocked at the branching
point of differentiation of monocytes into osteoclasts, and
only macrophages were formed. All mice showed growth
retardation, osteosclerosis, bone remodeling disorders,
and tooth eruption defects, and hematopoietic function
was also altered (35). Wanger reported that treatment of
Fos protein could rescue the block effect during osteoclast
differentiation iz vitro (36). It is known that NFATcl is a
key downstream target gene of Fos, involved in osteoclast
differentiation and osteolysis (37). In agreement with the
aforementioned effects of Aspernolide A, QRT-PCR showed
that Aspernolide A reduced the expression of NFATcI-
regulated downstream genes including TRACP, DC-
STAMP, CTSK, and ATP6V0d2. Western blot showed that
Aspernolide A significantly inhibited RANKL-induced
osteoclastogenesis in BMMs via suppressing Nf-kBp65,
P38, ERK, and AKT activities. Besides, Butyrolactone I is
a CDK inhibitor as an Aspernolide A structural analogue
(26,38). Previous studies have shown that CDK inhibition
combined with endocrine therapy induced remission of BM
in patients with breast cancer (39-41).

In conclusion, our findings showed that soft coral-derived
Aspernolide A has inhibitory effects against osteoclasts
and NSCLC via the NF-«Bp65, AKT, and MAPKs/
c-Fos/NAFTcl signaling axis. Additionally, Aspernolide A
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Figure 7 Aspernolide A treatment protects against NSCLC-induced bone destruction in mice as assessed by micro-CT. (A) Representative
Micro-CT reconstructions of the tibia of mice from the Sham, CTRL (PBS), low (1 mg Aspernolide A /kg body weight), and high
(3 mg Aspernolide A /kg body weight); (B) quantitative morphometric analysis of the BS/BV (1/mm) (n=6 per group); (C) quantitative
morphometric analysis of the BV/TV (%) (n=6 per group); (D) quantitative morphometric analysis of the Tb.N (1/mm) (n=6 per group);
(E) quantitative morphometric analysis of the Tb.Sp (mm) (n=6 per group); (F) representative TRAP staining images of tibia sections from
the Sham, CTRL, Low and High groups; (G) the number of TRAP positive osteoclasts was determined (n=6 per group). All bar graphs
are presented as the mean = SD; *, P<0.05; **, P<0.01 vs. the CTRL. BS/BV, bone surface/bone volume; BV/TV, bone volume/trabecular
volume; Tb.N, trabecular number; Tb.S, trabecular separation; TRAP, tartrate-resistant acid phosphatase; NSCLC, non-small cell lung
cancer.
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protected mice against NSCLC-induced bone destruction
in a dose dependent manner. Our results provide evidence
for potential clinical application value of soft coral-derived
Aspernolide A in treating and preventing NSCLC patients
with BM.
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