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�� ONCOLOGY

GNAQ knockdown promotes bone 
metastasis through epithelial- 
mesenchymal transition in lung 
cancer cells

Aims
Bone metastasis ultimately occurs due to a complex multistep process, during which the interac-
tions between cancer cells and bone microenvironment play important roles. Prior to colonization 
of the bone, cancer cells must succeed through a series of steps that will allow them to gain migra-
tory and invasive properties; epithelial- to- mesenchymal transition (EMT) is known to be integral 
here. The aim of this study was to determine the effects of G protein subunit alpha Q (GNAQ) on 
the mechanisms underlying bone metastasis through EMT pathway.

Methods
A total of 80 tissue samples from patients who were surgically treated during January 2012 to De-
cember 2014 were used in the present study. Comparative gene analysis revealed that the GNAQ 
was more frequently altered in metastatic bone lesions than in primary tumour sites in lung can-
cer patients. We investigated the effects of GNAQ on cell proliferation, migration, EMT, and stem 
cell transformation using lung cancer cells with GNAQ- knockdown. A xenograft mouse model test-
ed the effect of GNAQ using micro- CT analyses and histological analyses.

Results
GNAQ- knockdown showed down- regulation of tumour growth through mitogen- activated pro-
tein kinase (MAPK) signalling in lung cancer cells, but not increased apoptosis. We found that 
GNAQ- knockdown induced EMT and promoted invasiveness. GNAQ- knockdown cells injected into 
the bone marrow of murine tibia induced tumour growth and bone- to- lung metastasis, whereas 
it did not in control mice. Moreover, the knockdown of GNAQ enhanced cancer stem cell- like 
properties in lung cancer cells, which resulted in the development of resistance to chemotherapy.

Conclusion
The present study reveals that the GNAQ- knockdown induced cancer stem cell- like properties.
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Article focus
�� The purpose of this study was to eval-

uate the relationship between G protein 
subunit alpha (GNAQ) and mechanisms 
underlying bone metastasis.

Key messages
�� By using human lung adenocarci-

noma A549_shGNAQ cells that stably 
suppressed GNAQ using lentiviral trans-
duction of short hairpin RNA (shRNA), 
this study confirmed the mechanisms 

involving GNAQ in lung cancer cell 
metastasis.
�� Knockdown of GNAQ may promote 

metastasis and resistance against 
chemotherapy by inducing epithelial- 
to- mesenchymal transition (EMT) and 
inducing cancer stem cell (CSC)- like 
properties.
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Strengths and limitations
�� This study reports for the first time that GNAQ- 

knockdown induced CSC- like properties.
�� A limitation of this study is that how GNAQ affects 

osteogenic differentiation in vivo needs to be studied 
further.

Introduction
Many cancers, including breast, prostate, lung, renal, 
and thyroid, have a high propensity to metastasize to 
bone.1,2 Bone metastasis causes spinal cord compres-
sion, fractures, and intractable pain, all of which 
decrease patients’ quality of life. Nevertheless, an 
actionable mutation specific to bone metastasis has not 
yet been uncovered. Identification of specific genes that 
are responsible for metastasis is crucial to elucidate the 
mechanisms underlying metastasis. As cancer refers to a 
heterogeneous population of cells, containing different 
genetic alterations in a single tumour,3 a specific alter-
ation in a given gene could help researchers to under-
stand why a certain cancer cell migrates to the bone 
and survives in the bone microenvironment.4 In this 
study, we examined a subpopulation of lung cancer 
cases that involved bone metastases and compared 
their genetic alterations with those from lung cancers 
in primary lung lesions using comparative gene anal-
ysis. We found that alterations in G protein subunit α 
Q (GNAQ) were specific to cancer cells sampled from 
metastatic bone lesions.

GNAQ is a proto- oncogene closely related to the α 
subunit of guanine nucleotide- binding proteins (G 
proteins) that serve as key intermediates between 
membrane- bound G- protein- coupled receptors 
(GPCRs) and GPCR signalling nodes.5 Aberrant expres-
sion and activity of G proteins and GPCRs are frequently 
associated with tumorigenesis. Recent studies show that 
oncogenic activating mutations in GNAQ are present 
in 80% of the melanomas.6 GNAQ mutations are asso-
ciated with poor prognosis in melanoma patients.7 
However, to date, associations between GNAQ and 
bone metastasis have not been studied.

Epithelial- mesenchymal transition (EMT) is a revers-
ible process of trans- differentiation in which epithelial 
cells lose their polarity and cell–cell interactions, and 
adopt a mesenchymal phenotype associated with the 
ability to migrate to distant body sites. EMT is driven 
by transcription factors, including Snail, ZEB, and Twist, 
which reportedly increase the invasiveness of epithelial 
cells.8 These processes are closely linked to a variety 
of other mechanisms enabling increased metastatic 
potential. Moreover, it has been shown that EMT induc-
tion enhances self- renewal and cancer stem cell (CSC)- 
like properties.9,10

The CSC theory assumes that tumours contain a 
subpopulation of cells with self- renewal potential, 
differentiation capacities, and tumorigenic proper-
ties.11,12 Moreover, several studies have demonstrated 

that CSCs are resistant to chemotherapy and radiation 
therapy, and are the main source of metastasis.13,14 
However, no studies have been conducted to further 
validate the direct association between GNAQ alter-
ations and CSCs.

Therefore, we sought to identify whether GNAQ 
alterations increase the metastatic potential of lung 
cancer tumours through EMT or CSC transformation. In 
the present study, we used a GNAQ- knockdown stable 
lung cancer cell line and evaluated: 1) EMT; 2) stem cell 
transformation and differentiation; and 3) the acquired 
resistance to chemotherapy compared to that in wild- 
type cells.

Methods
Patient samples. Patient studies were conducted with 
approved experimental protocols according to institu-
tional guidelines for use. A total of 80 tissue samples 
from patients who were surgically treated between 
January 2012 and December 2014 were used in the 
present study. Among them, 53 samples were from 
primary lung tumours (not bone), and 27 were tissues 
from lower limb bone metastases. We first performed 
the gene analysis in these non- paired samples. Each 
collected metastatic bone sample was frozen, sec-
tioned, and stained for cytokeratin. Samples were eligi-
ble for analysis if they contained > 50% epithelial cells 
(healthy bone should not contain any epithelial cells). 
Furthermore, samples were rejected if > 50% necrosis 
was observed after haematoxylin and eosin (H&E) stain-
ing. We obtained informed consent from all patients for 
the use of clinical specimens.
Comparative gene analysis. Non- paired samples from 
80 patients were analyzed using CancerSCAN Version 2, 
a targeted sequencing platform designed covering 381 
genes.15,16 GNAQ was also included in this gene panel. 
Data were further confirmed by Sanger sequencing.
Cell culture. All cells were obtained from the American 
Type Culture Collection (ATCC, USA). A549, NCI- H1299, 
NCI- H23, NCI- H1437, and HCC827 cells were cultured 
in RPMI 1640 medium (HyClone, USA) supplemented 
with 10% fetal bovine serum (FBS) and 1% antibiotic- 
antimycotic (Gibco, USA). NCI- H1739 cells were grown 
in DMEM:F12 medium containing 10% FBS and 1% 
antibiotic- antimycotic (Gibco). The cells were main-
tained in a humidified atmosphere containing 5% CO2 
at 37°C, and the culture medium was replaced every 
third day.
Lentivirus construction and transfection . Short hairpin 
(shRNA) (5′- CCGG CTAT GATA GACG ACGA GAAT ACTC 
GAGT ATTC TCGT CGTC TATC ATAGTTT TTG-3′) against 
human GNAQ (NM_002072.4) and a control (SHC002) 
shRNA were purchased from Sigma- Aldrich (USA). The 
recombinant GNAQ silencing and control plasmid were 
transfected into 293 T cells using a lentiviral packaging 
mix (Sigma- Aldrich) and Lipofectamin2000 according 
to the manufacturer’s protocol. After transfection for 48 
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hours, the lentiviral supernatant was harvested and the 
lentiviral particles were used to infect the A549 cells.
Establishment of the A549_GNAQ cell line. A549_shGN-
AQ cell line with a stable knockdown of GNAQ, and 
A549_shNC cell line, which served as the control, were 
established in this study. A549 cells were seeded at a 
density of 2 × 105 cells per well and transduced using 
shNC or shGNAQ lentiviral particles. After 48 hours of 
infection, cells were maintained in a selection media 
containing 0.5 μg/ml puromycin (Sigma- Aldrich), and 
grown until colony formation. Each colony was trans-
ferred after trypsinization to 96- well plates, 24- well 
plates, and then to six- well plates for continued culture. 
For colony selection, the cells were seeded in 60 mm 
culture dishes. After 24 hours, the cells were harvested 
to assess GNAQ silencing efficiency using quantitative 
reverse transcription polymerase chain reaction (RT- 
qPCR) and western blotting.
Cell proliferation and cytotoxicity assays. Cell prolif-
eration and cytotoxicity assays were conducted using 
the MTS (3-(4, 5- dimethylthiazol-2- yl)-5-(3- carboxyme
thoxyphenyl)-2-(4- sulfophenyl)- 2H- tetrazolium) assay, 
according to the manufacturer’s protocol (Promega, 
USA). Cells were seeded at a density of 5 × 103 cells/well 
in 96- well plates and then treated with doxorubicin for 
48 hours. After adding MTS, the plates were incubated 
at 37°C in a CO2 incubator for one hour, and absorb-
ance was read at 490 nm using a SPECTRA max PLUS 
384 instrument (Molecular Devices, Germany).
Soft agar colony formation assay. To examine 
anchorage- dependent cell growth, we used a soft agar 
colony formation assay according to a published proto-
col.17 Briefly, cells were seeded for colony formation in 
six- well plates at a density of 1 × 103 cells per well. Each 
well consisted of a top layer (0.3% agarose) and bot-
tom layer (0.5% agarose). After ten days, colonies were 
stained with crystal violet and counted under a light mi-
croscope. This experiment was performed in triplicate.
In vitro differentiation assay. Stable A549 cell lines were 
seeded in 24- well plates at a density of 5 × 103 cells/
well. Cells were cultured in osteogenic medium, which 
was refreshed every two to three days. Osteogenic in-
duction media comprised Dulbecco’s Modified Eagle 
Medium (DMEM; HyClone, USA) supplemented with 
10% FBS, 1% antibiotic- antimycotic (Gibco), 0.1 mM 
ascorbic acid, 10 mM glycerophosphate, and 100 nM 
dexamethasone (Sigma- Aldrich).18 Chondrogenic dif-
ferentiation media comprised DMEM supplemented 
with 2% FBS, 10 ng/ml transforming growth factor-β1 
(TGF-β1; R&D Systems, USA), 50 μM ascorbic acid, 100 
μM dexamethasone, and 6.25 μg/ml insulin (Sigma- 
Aldrich). Adipogenic differentiation medium comprised 
DMEM supplemented with 5% FBS, 1 μM dexameth-
asone, 10 μg/ml insulin, 0.5 mM isobutylmethylxan-
thine, and 200 μM indometacin (Sigma- Aldrich).19

Reverse transcription PCR and quantitative PCR 
analysis. Total RNA from cultured A549_shNC and 
A549_shGNAQ cells was reverse- transcribed into 

complementary DNA (cDNA) using oligo (dT) prim-
er, and PCR was performed using AccuPower Hotstart 
PCR PreMix (Bioneer, South Korea) following the man-
ufacturer’s protocol. RT- qPCR was performed on an 
Applied Biosystems 7900HT real- time PCR system. 
Glyceraldehyde 3- phosphate dehydrogenase (GAPDH) 
and ACTB were used to normalize the expression lev-
els in subsequent quantitative analyses. To amplify the 
target genes, the following primers were used: GNAQ 
forward, 5′-gcacaataaggctcatgcac-3′ and reverse, 
5′-tggaaccaggggtatgtgat-3′; Snail (SNAI1) forward, 
5′-tcaagatgcacatccgaagcca-3′ and reverse. 5′-gcttgtg-
gagcagggacattcg-3′; GAPDH forward, 5′-tgatgacatcaa-
gaaggtgg-3′ and reverse, 5′-tccttggaggccatgtgggc-3′; 
β-actin (ACTB) forward, 5′-tcatgaagtgtgacgtggac-3′ 
and reverse, 5′-gcagtgatctccttctgcat-3′; collagen type 
I (COL1A1) forward, 5′- gtgctaaaggtgccaatggt-3′ and 
reverse, 5′-accaggttcaccgctgttac-3′; osterix; (OSX) for-
ward, 5′-ggcacaaagaagccgtactc-3′ and reverse 5′-cag-
gtgaaaggagcccatta-3′; Sox9 forward, 5′-tacgactacac-
cgaccacca-3′ and reverse 5′-tcaaggtcgagtgagctgtg-3′; 
collagen type II (COL2A)1 forward, 5′-gggagtaatgcaa-
ggaccaa-3′ and reverse 5′-atcatcaccaggctttccag-3′; 
Oct4 forward, 5′-agtgagaggcaacctggaga-3′ and reverse 
5′-gcctcaaaatcctctcgttg-3′; Sox2 forward, 5′-accagctcg-
cagacctacat-3′; and reverse 5′-tggagtgggaggaagagg-
ta-3′; NANOG; forward, 5′-ttccttcctccatggatctg-3′; and 
reverse 5′-tctgctggaggctgaggtat-3′; c- Met forward, 
5′-aagagggcattttggttgtg-3′, reverse 5′-gatgattccctcggt-
cagaa-3′. PCR primers for osteopontin (OPN) and RUNX2 
were designed as described in a previous report.18

Western blotting. Cells were lysed in RIPA lysis buff-
er (Thermo Fisher Scientific, USA), following which 
they were centrifuged at 14,000× g for 15 minutes at 
4°C to obtain protein. Proteins were quantified using 
a BCA protein assay reagent (Pierce, Thermo Fisher 
Scientific), separated by sodium dodecyl sulphate 
(SDS)- polyacrylamide gel electrophoresis (PAGE), and 
transferred onto a polyvinylidene fluoride (PVDF) mem-
brane (Bio- Rad, USA) for western blotting. After block-
ing with 5% skim milk in TBST (50 mM Tris- Cl, pH 7.5; 
150 mM NaCl; and 0.1% Tween 20) for one hour, the 
membrane was incubated with primary antibodies 
against GNAQ (Abcam, UK), N- cadherin, β-actin, nucle-
ar factor-κB (NF-κB; Santa Cruz Biotechnology, USA), E- 
cadherin, Snail, β-catenin, β-tubulin p- NF-κB, p- Akt, Akt, 
ERK1/2, p- ERK1/2, STAT3, and p- STAT3 (Cell Signalling 
Technology, USA) at a dilution of 1:1,000 overnight at 
4°C. After the membrane was washed, it was incubat-
ed with secondary antibody conjugated to horseradish 
peroxidase (HRP) (Bio- Rad) in TBST containing 5% skim 
milk for one hour at room temperature (18°C to 25 °C).
Immunofluorescence. Cells were fixed in 4% paraform-
aldehyde for ten minutes at room temperature and 
then washed with PBS. Following permeabilization with 
0.5% Triton X-100, cells were incubated with 1% bovine 
serum albumin (BSA, South Korea) to block non- specific 
binding. Subsequently, cells were incubated with 
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anti- N- cadherin (Santa Cruz Biotechnology, USA) and 
firefly luciferase antibodies (Abcam), following which 
the cells were incubated with fluorescence- conjugated 
secondary antibodies (goat anti- mouse- Alexa 488 and 
goat anti- rabbit- Alexa 568; Invitrogen) for one hour at 
37°C. The cells were mounted using a solution con-
taining 4′,6- diamidino-2- phenylindole (DAPI) (Vector 
Laboratories, USA), and then visualized using a Zeiss 
LSM780 confocal microscope (Carl Zeiss, Germany). 
Images were analyzed using Vectra 3 inForm version 2.3 
software (PerkinElmer, USA).
Cell migration assay. Cell migration assays were per-
formed in triplicate in 24- well Transwells. Briefly, 1 × 
105 cells in 100 µl serum- free medium were seeded into 
the upper chamber of each well, while medium supple-
mented with 1% FBS (500 µl) was placed in the lower 
chamber. Following incubation at 37°C for 18 hours, 
cells adhering to the upper surface of the membrane 
were removed with a cotton swab. Cells which had mi-
grated through the filter and adhered to the lower sur-
face of the membrane were fixed in methanol at room 
temperature for five minutes and stained with H&E 
solution. The mean number of migratory cells was cal-
culated by counting six randomly selected fields under 
a light microscope at 200× magnification. The experi-
ments were repeated three times.
In vivo assay. A549_shNC and A549_shGNAQ cells (1 × 
106 cells/mouse) were injected into the calvarial bones 
(n = 10) and tail veins (n = 10) of eight- week- old BALB/c 
nude mice (Orient Bio, South Korea). Female mice were 
used for all animal experiments. The A549_shNC cells- 
injected group was used as a control. The calvarial bone 
injection method was as follows: the injection site was 
the centre between the parietal and interparietal. After 
loading the cells in an insulin syringe, the cells were 
injected subcutaneously over the calvaria. The syringe 
was then slowly withdrawn. Tumour size was measured 
at two and four weeks after injection, and the tumour 
was fixed in 4% paraformaldehyde. Subsequently, H&E 
staining and immunohistochemistry (IHC) were per-
formed according to a previously described protocol.20 
Luciferase- expressing A549_shNC_luc and A549_shGN-
AQ_luc cells (1 × 106 cells/mouse) were injected into 
the left tibia (n = 8), and then lung metastases were 
tracked using bioluminescent imaging. Mice were ad-
ministered 150 mg/kg D- luciferin via intraperitoneal 
injection, anaesthetized by isoflurane inhalation and 
imaged using the 560 nm filter.
Statistical analysis. All data were analyzed using 
GraphPad Prism 5 (GraphPad, USA) and are present-
ed as means and standard deviations. Mann- Whitney 
U test and two- tailed independent- samples t- test were 
used to detect the differences between groups. All in 
vitro experiments were repeated three times accord-
ing to the following significance thresholds: p < 0.05, 
p < 0.01, and p < 0.001. Our Supplementary Material 

includes an ARRIVE checklist to show that we have con-
formed to the ARRIVE guidelines.

Results
In order to understand the mechanisms involved in 
metastasis, it is necessary to identify the specific gene(s) 
responsible. We have identified genes associated with 
bone metastasis using CancerSCAN V2 in non- paired 
samples from 80 patients. We found GNAQ mutations 
in 40.7% (n = 11) of the lung cancer cases that involved 
metastasis to bone (Supplementary Table i). We also 
found that the GNAQ mutation rate in lung cancer is 
only 0.6% in the publicly accessible database from the 
Cancer Genome Atlas (TCGA), an open access reposi-
tory.21 In this study, we aimed to identify the potential 
roles and underlying mechanisms involving GNAQ in 
lung cancer cell metastasis. Using human lung adeno-
carcinoma A549 cells, we established A549_shGNAQ 
cells stably suppressing GNAQ using lentiviral transduc-
tion of shRNA (Figure 1).
GNAQ regulates tumour growth through MAPK signal-
ling but not does increase apoptosis. As GNAQ may af-
fect the growth rate of cancer cells,22 we evaluated cell 
proliferation capacity using the MTS assay. The results 
showed that proliferation of A549 cells with GNAQ- 
knockdown was significantly (p < 0.01) decreased in 
comparison with that of control cells (Figure 1b). To de-
termine the effects of GNAQ small interfering RNA (siR-
NA) on lung cancer cell growth, cells were transfected 
with siRNA or non- targeting siRNA (NC). As shown in 
Figure  1c, siNC- transfected cells presented a growth 
pattern similar to that of non- transfected cells, while 
siGNAQ reduced growth rates at two and seven days 
in NCI- H1299 and HCC827 cells, respectively. In vari-
ous cancer cells, the knockdown of GNAQ inhibited cell 
proliferation (Supplementary Figure a). To determine 
whether GNAQ affects the growth of tumour xenografts 
in nude mice, A549_shNC and A549_shGNAQ cells 
were transplanted into the calvarias subcutaneous tis-
sue of nude mice. We found that stable knockdown of 
GNAQ significantly (p = 0.008, two- tailed independent- 
samples t- test) inhibited the growth of A549 solid tu-
mours compared to those in control mice (Figure 1d). 
In parallel, knockdown of GNAQ retarded the growth 
of lung tumour nodules in a xenograft mouse model 
of lung cancer (Figure 1e). Signal transducer and acti-
vator of transcription-3 (STAT3) and MAPK are impor-
tant mediators of signal transduction during various 
cellular processes, including cell growth, proliferation, 
and apoptosis.23,24 We performed immunohistochem-
istry for phosphorylated extracellular signal- regulated 
kinase (p- ERK) to compare MAPK activity between 
GNAQ- knockdown tumours and control tumour tissues 
in the orthotropic model. Immunostaining for GNAQ 
revealed that GNAQ was present in the plasma mem-
brane of control tumours, but this signal was weak 
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in GNAQ- knockdown tumours. The levels of p- ERK in 
GNAQ- knockdown tumours were also suppressed com-
pared to those in control tumours (Figure 1f). We also 
performed western blotting to evaluate the levels of p- 
ERK and STAT3, and found that the levels were signifi-
cantly decreased in GNAQ- knockdown cells (Figure 1g). 
These results showed that the growth of tumour cells 
was suppressed through both the STAT3 and MAPK 
pathways in GNAQ- knockdown cells. However, our re-
sults further demonstrated that GNAQ- knockdown did 
not significantly alter the cell cycle, nor did it increase 
apoptosis (Figure 1h and Supplementary Figure b).

Promotion of EMT in response to knockdown of GNAQ. In 
lung cancer, metastasis is known to be associated with 
EMT.25,26 Given that GNAQ mutation is frequently as-
sociated with bone metastasis, we hypothesized that 
GNAQ- knockdown may promote EMT and cell migra-
tion in lung cancer. Therefore, we examined the expres-
sion of EMT markers E- cadherin, N- cadherin, vimentin, 
Snail, and beta- catenin in GNAQ- knockdown cells. 
The expression of the epithelial marker E- cadherin was 
downregulated in GNAQ- knockdown cells compared 
to that in control cells, while that of mesenchymal 
markers N- cadherin, vimentin, Snail, and beta- catenin 

Fig. 1

G protein subunit alpha Q (GNAQ) regulates tumour growth through mitogen- activated protein kinase (MAPK) signalling but does not increase apoptosis 
levels. a) GNAQ transcript levels in A549, A549_shNC, and A549_shGNAQ cells were measured by semiquantitative polymerase chain reaction (PCR) (left), 
and GNAQ protein expression was visualized by western blotting (right). b) Cell proliferation capacities in GNAQ- knockdown cells. c) GNAQ small interfering 
RNA (siRNA) was transfected into lung cancer cell line (A549, NCI- H1299, and HCC827), with negative siRNA serving as a control (upper panel). GNAQ 
transcript levels in cells were measured by semi- quantitative PCR (lower panel). d) Analysis of tumour growth for four weeks after injection of A549_shNC 
and A549_shGNAQ cells into the calvarial bone. Schematic diagram of location and the number of injected cells in mouse (left). Photographs show size 
comparisons of xenograft tumours in the different groups (n = 5 per group) (middle). A tumour growth curve was plotted based on the tumour volumes 
and the days elapsed (right). e) Representative images showing nodules on the lung surface and lung histology in mice. Mice (n = 5 per group) were 
injected via the tail vein with A549_shNC and A549_shGNAQ cells. Three months later, the mice were euthanized, and tumour nodules in the lungs were 
assessed. Two mice in the control group (A549_shNC) died before being euthanized. Lung nodules were visualized by haematoxylin and eosin (H&E) 
staining, magnification ×40 (Scanscope XT, Aperio, Leica Biosystems, USA). f) The expression of GNAQ and phosphylated extracellular signal- regulated kinase 
(p- ERK) in each group is shown by immunohistochemical staining of the xenograft tumours, magnification ×40 (Scanscope XT). g) The phosphorylation 
status of ERK1/2 and signal transducer and activator of transcription 3 (STAT3) was determined by western blotting. GAPDH, glyceraldehyde 3- phosphate 
dehydrogenase; shNC, negative control short hairpin RNA; siNC, negative control small interfering RNA.
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was markedly upregulated in GNAQ- knockdown 
cells compared to that in control cells (Figure  2a). 
Immunofluorescence revealed that N- cadherin ex-
pression was also significantly increased in GNAQ- 
knockdown cells (Figure 2b). To further delineate how 
knockdown of GNAQ promotes EMT, we sought to 
assess the activity of the protein kinase B (Akt)/NF-κB 
signalling pathway, one of the pathways most com-
monly involved in EMT.27,28 We found that the levels of 
phosphorylated Akt and phosphorylated NF-κB were 
significantly increased upon the knockdown of GNAQ 
(Figure 2c). In order to improve our understanding of 
the effects of GNAQ on the metastasis of lung cancer 
cells, Transwell assays were performed. As shown in 
Figure 2d, the number of migrated cells was > two- fold 
higher in GNAQ- knockdown cells than that in control 

cells. These results demonstrated that GNAQ plays an 
important role in the motility of lung cancer cells via 
EMT.

We next investigated the effects of GNAQ on bone 
to lung metastasis by injecting luciferase- labelled cells 
into the bone marrow of murine tibia, followed by eval-
uation of tumour growth and metastasis using biolumi-
nescent imaging. Bone to lung metastasis was observed 
only in mice with GNAQ- knockdown tumours (three 
out of four cases). Consistently, H&E staining showed 
metastatic nodules in the lungs of mice with GNAQ- 
knockdown tumours. Moreover, metastasis to other 
bones was identified in mice with GNAQ- knockdown 
tumours (A549_shGNAQ_luc #2), which was not seen 
in control mice. We stained the mitochondria of human 
cells to confirm that the tumour in the right tibia of 

Fig. 2

Promotion of epithelial- to- mesenchymal transition (EMT) by the knockdown of G protein subunit alpha Q (GNAQ). a) Expression of EMT markers. Epithelial 
and mesenchymal markers were determined by western blotting. β-tubulin is used as an internal control. b) Representative images demonstrating the 
expression of N- cadherin in control (A549_shNC) or GNAQ- knockdown (A549_shGNAQ) cells. c) Protein kinase B (Akt) and nuclear factor-κB (NF-κB) 
expression was determined by western blotting. β-tubulin served as a loading control. d) Representative microscopy images of migrating quantified by 
haematoxylin and eosin (H&E) staining. Transwell assays were conducted to detect cell migration. Significant differences are marked by asterisks (p = 0.014, 
two- tailed independent- samples t- test). e) Representative images of lung metastases monitored using bioluminescent signal imaging (left panel, n = four 
per group). Imaging times vary due to saturation at later acquisition time. Representative H&E- stained images of mouse lung (right panel). Arrows indicate 
metastatic nodules in the lungs. Scale bars, 500  μm. A549_shGNAQ_luc cells metastasized to other bone sites (bottom, left panel) (○ indicates bone 
metastasis site). Representative images of human mitochondria level (indicated by the arrows) by immunohistochemistry (IHC) of the bone (bottom, right 
panel); scale bars, 100 μm. Mice were euthanized 60 days after tibia injection with A549_shNC_luc and A549_shGNAQ_luc cells. DAPI, 4′,6- diamidino-2- 
phenylindole. shNC, negative control short hairpin RNA.
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A549_shGANQ_luc #2 had metastasized (Figure 2e and 
Supplementary Figure c). These findings showed that 
knockdown of GNAQ increased the metastatic potential 
of lung cancer cells.
Knockdown of GNAQ enhances stem cell-like properties 
in lung cancer cells. The stem cell markers Oct4, Sox2, 
NANOG, and cMET are key cellular factors that have 
been used for identifying CSCs. These transcription 

factors are capable of reprogramming adult human so-
matic cells into pluripotent stem cells.29 To test whether 
knockdown of GNAQ results in production of character-
istics associated with CSCs, stem cell markers were eval-
uated at the messenger RNA (mRNA) level. We found 
that Oct4 was significantly upregulated in response to 
the knockdown of GNAQ, but that the expression of 
other genes was not significantly affected (Figures  3a 

Fig. 3

a) Knockdown of G protein subunit alpha Q (GNAQ) enhances stem cell- like properties in lung cancer cells. Real- time quantitative polymerase chain reaction 
(PCR) analysis of Oct4, SOX2, NANOG, and cMet messenger RNA (mRNA) expression in A549 cells. b) Control and GNAQ- knockdown cells were cultured on 
soft agar. The number of colonies was counted 14 days after plating. c) An overlaid histogram representing the expression of CD44 in GNAQ- knockdown 
cells compared to that in the control cells analyzed by flow cytometry. Cells were stained with anti- CD44- PE. d) For determination of dose- dependency, 
cell viability after treatment with various concentrations of doxorubicin (0, 0.25, 0.5, and 1 μM) for 48 hours was measured by MTS assays. e) Proportion 
of cells in response to treatment with doxorubicin. Control and stably luciferase- expressing GNAQ- knockdown cells were 1:1 co- cultured and treated 
with doxorubicin at concentrations ranging from 0.25 μM to 1 μM for 72 hours. The expression of luciferase (red) was analyzed by immunofluorescence. 
4′,6- diamidino-2- phenylindole (DAPI)‐stained nuclei (blue) are represented in the middle panel, and the left panel shows a merged image. The images were 
acquired using the same exposure times. shNC, negative control short hairpin RNA.

Fig. 4

Knockdown of G protein subunit alpha Q (GNAQ) enhances stem cell- like properties in lung cancer cells. Real- time quantitative polymerase chain reaction 
(PCR) analysis of Oct4, SOX2, NANOG, and cMet messenger RNA (mRNA) expression in lung cancer cell lines (NCI- H1793, NCI- H1299, NCI- H1437, NCI- H23, 
and HCC827). si, small interfering.
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and 4). Soft agar colony formation assays indicated 
that knockdown of GNAQ significantly (p = 0.029, two- 
tailed independent- samples t- test) promoted the self- 
renewing potential of cancer cells (Figure  3b). CD44, 
a transmembrane receptor, is a CSC marker and also 
a critical regulator of stemness and metastatic poten-
tial.30 To investigate stem cell properties, we compared 
the expression of CD44 using flow cytometric analysis. 
Knockdown of GNAQ resulted in significant upregu-
lation of CD44 on day 7 (Figure  3c). Previous studies 
have demonstrated that CSCs are the main players in 
the development of chemoresistance to a variety of 
drugs, including doxorubicin, in many cancers.31,32 To 
confirm whether GNAQ plays a role in doxorubicin- 
induced drug resistance, we assessed the effects of 
GNAQ on cell survival in response to doxorubicin treat-
ment. Cells were treated with various concentrations of 
doxorubicin, and cell viability was measured using MTS 
assays. Doxorubicin treatment decreased cell viability 
in a concentration- dependent manner in both control 
and GNAQ- knockdown cells. Knockdown of GNAQ sig-
nificantly (p = 0.050, two- tailed independent- samples 
t- test) increased cell viability in the background of high 
doses of doxorubicin compared to that in controls 
(Figure  3d). CSCs comprise a small proportion of the 
total number of cells in heterogeneous tumours. As 
conventional anticancer agents usually target rapidly 
growing cancer cells, slow- growing CSCs can persist 
and increase in proportion. This may be the main cause 
of relapse and resistance to chemotherapy.33,34 To mimic 
heterogeneous tumours, we established co- cultures of 
both GNAQ- knockdown cells and control cells. To iden-
tify the proportion of GNAQ- knockdown cells, we used 
GNAQ- knockdown cells expressing luciferase, and con-
trol cells lacking luciferase. Due to the differences in sen-
sitivity to doxorubicin between GNAQ- knockdown cells 
and control cells, the proportion of GNAQ- knockdown 
cells remaining in the co- culture was increased in a 
dose- dependent manner after treatment with doxoru-
bicin (Figures 3e and 5).
Knockdown of GNAQ promotes the further differentia-
tion of carcinoma into mesenchymal tissue. In order to 
evaluate whether GNAQ regulates further mesenchy-
mal differentiation, we attempted to assess osteogen-
ic differentiation markers using quantitative real- time 
PCR. At 14 days post- osteogenic induction, GNAQ- 
knockdown had significantly induced the upregulation 
of COL1A1 (9.7- fold) and RUNX2 (2.7- fold) compared to 
control. The expression of OSX and OPN was upregu-
lated to a maximal level (1.4- fold and 4.2- fold higher, 
respectively) relative to that in the control at day 10 af-
ter induction of osteogenic differentiation (Figure 6aA). 
Quantitative PCR also demonstrated that the expression 
of bone markers was increased significantly in GNAQ- 
knockdown cells compared to that in control cells. SOX9 
and COL2A1, a regulator of chondrogenic differentiation, 

also exhibited increased mRNA levels at day 14 in chon-
drogenic differentiation media (Figure 6bB). However, 
the expression of PPARγ, C/EBPα, and adiponectin 
(ADIPOQ), markers of adipogenic differentiation, was 
not significantly increased in either GNAQ- knockdown 
or control cells (data not shown).

Discussion
Little is known regarding the genetic alterations in non- small 
cell lung cancer (NSCLC), a malignancy associated with 
bone metastasis. Previous studies have described a positive 
correlation between mutant GNAQ and metastasis in mela-
nomas.35 However, the role of GNAQ in the mechanisms 
underpinning metastasis has not been previously described. 
Recent studies have shown that not only specific gene muta-
tions, but also their target organ specificity are relevant to 
a tumour’s potential to migrate.36,37 It is known that K- RAS 
mutations are often present in bone, brain, and lung metas-
tases of colon cancer.38,39 As for breast cancer, overexpression 
of CXCR4 is known to cause bone metastasis via interactions 
with the bone microenvironment.40 Furthermore, a previous 
study demonstrated that high expression of RUNX2 in solid 
tumours such as prostate, breast, pancreatic, and lung cancer 
is associated with bone metastases.41 Identifying an associa-
tion between mutant genes and a metastatic site will help 
the clinicians identify patients at a high risk of disease spread. 
Bone metastases are generally categorized as osteolytic, 
osteoblastic, and mixed lesions.42 The activation of osteoclasts 
is an important prerequisite of osteolytic bone metastasis.43 
Our previous study demonstrated significant upregulation 
of receptor activator of nuclear factor-κB ligand (RANKL) and 
increased macrophage colony- stimulating factor (M- CSF) in 
GNAQ- knockdown cells. It was revealed that RANKL expres-
sion in metastatic bone cancer is regulated by GNAQ.44 In 
this study, we first identified GNAQ- knockdown induced 
mesenchymal stem cell (MSC)- like properties, and further 

Fig. 5

The corresponding graph for Figure 3e: proportion of cells in response to 
treatment with doxorubicin. Control and stably luciferase- expressing G 
protein subunit alpha Q (GNAQ)- knockdown cells were 1:1 co- cultured and 
treated with doxorubicin at concentrations ranging from 0.25 μM to 1 μM 
for 72 hours. shNC, negative control short hairpin RNA.
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osteogenic differentiation of lung cancer cells. The molec-
ular mechanisms through which GNAQ regulates MSCs 
have not previously been reported. MSCs residing in the 
bone marrow differentiate into various lineages: osteogenic, 
chondrogenic, or adipogenic.45 COL1 is among the earliest 
markers expressed by the osteoblast lineage. RUNX2 plays a 
major role, along with OSX and OPN in driving the differen-
tiation of mesenchymal precursor cells into osteoblasts, and 
is involved in skeletal morphogenesis.46,47 The current study 
found that GNAQ- knockdown upregulated the expression 
of osteogenic markers, including COL1, RUNX2, OSX, and 
OPN in cancer cells, which is strong evidence that GNAQ is 
related to osteogenesis. β‐catenin is involved in early differen-
tiation, and is also required for osteogenesis.48 Interestingly, 
we noticed that knockdown of GNAQ induced the activation 
of β‐catenin, which is expected to affect not only the EMT but 
also osteogenic differentiation. In previous studies, a series 

of processes, including CD44 expression, were found to 
contribute to the metastatic homing of cancer cells in various 
organs.49,50 Our study suggested that CSCs with a potential 
for osteogenic differentiation and high CD44 expression are 
likely to metastasize to the bone. Activation of Akt and NK-κB 
signalling has been proposed to be involved in metastasis.27,28 
Consistently, our data showed that knockdown of GNAQ 
induced hyper- phosphorylation of both Akt and NF-κB. 
Recent studies show that STAT3 inhibits the expression of 
mesenchymal markers in tumour cells.51,52 Suppression of 
GNAQ was shown to inhibit the activation of STAT3, which 
may also promote EMT. When compared with controls, 
GNAQ knockdown effectively inhibited the phosphorylation 
of ERK in vitro and in vivo, consistent with reports that GNAQ 
mutation negatively regulates cell growth.22 However, 
GNAQ suppression did not promote cancer cell apoptosis. 
Such GNAQ inhibition is closely related to the suppression of 

Fig. 6

Knockdown of G protein subunit alpha Q (GNAQ) promotes the differentiation of carcinoma into mesenchymal tissue. a) COL1a1, RUNX2, OSX, and OPN 
messenger RNA (mRNA) expression was determined by quantitative real- time polymerase chain reaction (PCR) at five, ten, and 14 days after osteogenic 
differentiation (left). Osteogenic marker mRNA expression examined via semi- quantitative PCR at ten days after osteogenic differention (right). b) Quantitative 
real- time analysis of Sox9 and COL2A1 on days 4, 7, and 14 during chondrogenic differentiation induction. The results were normalized to glyceraldehyde 
3- phosphate dehydrogenase (GAPDH) mRNA expression. Values are means and standard deviations (n = 4). shNC, negative control short hairpin RNA.
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tumour growth. CSCs comprise a slow- growing proportion 
of cells in heterogeneous tumours, which are the main cause 
of tumour recurrence and chemoresistance, because the 
conventional chemotherapeutic agents usually target rapidly 
growing cells.53,54 The current study also showed that GNAQ- 
knockdown increased chemoresistance. Our tumorous 
heterogeneity model showed that the proportion of GNAQ- 
knockdown cells was higher, compared to that of the highly 
proliferating control cells during chemotherapy. This result 
indicated that GNAQ- knockdown cells acquire stem cell- like 
properties associated with resistance against chemotherapy 
and subsequent tumour relapse. Therefore, inhibiting G- pro-
tein activity may regulate cell growth and increase cellular 
stemness by protecting cancers from hostile environments, 
such as those induced by chemotherapy.

Collectively, our findings suggest that knockdown of 
GNAQ may promote metastasis and resistance against 
chemotherapy by inducing EMT and inducing CSC- like 
properties. This study provided an in- depth insight into 
GNAQ with respect to metastasis, and we hope that 
future studies will unravel further mechanisms involving 
GNAQ and metastasis.

Supplementary material
  Figures showing the effect of G protein subunit 

alpha Q (GNAQ)- knockdown on the proliferation, 
cell cycle, apoptosis, and metastasis of various 

types of cancer cells. Table showing GNAQ status in 
patient- derived cancer cells from patients with primary 
lung cancer and bone metastasis of lung cancer.
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