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Abstract. Lung cancer is one of the most common causes of 
morbidity and mortality among malignant tumors worldwide. 
The poor prognosis of patients with lung adenocarcinomas 
is primarily due to its strong ability to invade and 
metastasize. Recent research has indicated that RNA‑binding 
protein 10 (RBM10) is mutated in lung adenocarcinoma, and 
is closely associated with tumor proliferation and apoptosis; 
however, the precise role of RBM10 in lung adenocarcinoma 
remains unclear. Our preliminary experiments (unpublished 
data) revealed that RBM10 expression was upregulated in 
lung adenocarcinoma cell lines and tissues. In this study, we 
first detected the protein expression level of RBM10 in lung 
adenocarcinoma cells and tissues, and we then examined the 
effects of RBM10 overexpression and downregulation (via 
small interfering RNA) on the proliferation and apoptosis 
of stable lung adenocarcinoma cells, along with its possible 
mechanisms of action. We also used clinical samples of lung 
adenocarcinomas to verify our results. We found that RBM10 
protein was overexpressed in lung adenocarcinoma cells 
and tissues, and it reduced p53 expression (as detected by 
immunofluorescence assay and western blot analysis) in A549 
cells and inhibited apoptosis (as shown by flow cytometric assay). 
RBM10 also promoted cell growth and proliferation in vitro 
and increased cell migration in a cell wound scratch assay. 
Furthermore, we found that RBM10 activated key proliferative 
signaling pathways [such as the epidermal growth factor 
receptor (EGFR), mitogen‑activated protein kinase (MAPK) 
and phosphoinositide 3‑kinase (PI3K)‑AKT pathways] and 
inhibited apoptotic pathways. In addition, we demonstrated that 
a high expression of RBM10 protein in patient tissue samples 

was associated with a shorter overall survival time and a poor 
prognosis. On the whole, the findings of this study indicate that 
RBM10 may function as an oncogene in lung cancer, and may 
thus prove to be a novel therapeutic target for the prophylaxis 
and treatment of lung adenocarcinomas.

Introduction

Lung cancer is the most common malignant carcinoma 
worldwide (1). Due to its complex etiological mechanisms, 
rapid disease progression and lack of effective therapeutic 
drugs, it has become the main cause of cancer‑associated 
mortality. Therefore, finding methods with which to effectively 
delay the progression of lung cancer, or treat the disease, is of 
great clinical concern.

Lung adenocarcinoma is the most common type of 
lung cancer  (2,3). The proliferation and metastasis of lung 
adenocarcinoma is key for disease progression (4). The excessive 
activation of multiple cell factors, oxidative stress factors 
and signaling pathways is known to contribute to tumor cell 
proliferation and metastasis (5,6). However, the precise reason 
for the proliferation and metastasis of lung adenocarcinoma 
remains unclear.

Elevated epidermal growth factor receptor (EGFR)‑mediated 
proliferative signaling is an independent factor leading to tumor 
progression (6), although anti‑EGFR therapies fail to exhibit 
satisfactory efficacy in some patients with lung cancer (7). In 
addition to EGFR mutations, recent studies have found that a 
mutation in the RNA‑binding protein 10 (RBM10) gene is also 
an important event in tumor progression in certain types of 
cancer (2,8‑12). RBM10 is involved in the tissue damage repair 
and various cell processes (13,14). RBM10 mutations can result 
in the continuous proliferation and infiltration of tissues and 
cells (14,15), and therefore accelerate disease progression. It 
was thus hypothesized that RBM10 protein overexpression 
may be essential, not only for causing tumor cell proliferation 
and metastasis, but also for the proliferation of stromal cells in 
the tumor microenvironment and epimatrix deposition.

Based on previous studies, we hypothesized that apoptosis 
would be inhibited and multiple proliferative signaling pathways 
would be excessively activated (likely due to inflammation or 
oxidative stress) in lung adenocarcinomas. However, whether 
RBM10 represents a common target for controlling the activity 
of such pathways, or for promoting apoptosis, is unclear.

In this study, we examined the effects of RBM10 
overexpression and downregulation on lung tumor proliferation 
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and apoptosis in vitro and in vivo. We also determined whether 
RBM10 expression is associated with the prognosis of lung 
cancer. This study provides important insight into the effects 
caused by RBM10 gene mutations in lung adenocarcinomas.

Materials and methods

Cells, cell culture and passage. Human lung adenocarcinoma 
cell lines (A549 and H1299) and human lung fibroblast 
cells (HLF), were purchased from the American Type Culture 
Collection (ATCC, Manassas, VA, USA) and maintained in 
the Central Laboratory of Dalian Medical University (Dalian, 
China). The H1299 and A549 cells were grown in RPMI‑1640 
medium, which contained 10% fetal bovine serum and the HLF 
cells were cultured in DMED/F12 medium. All the cells were 
maintained in a 37˚C incubator under an atmosphere of 5% CO2. 
The medium was changed every day and passaged when the 
cells grew to 80% confluence following trypsinization.

Lung tissue specimens. Lung tissue specimens were collected 
from patients with lung adenocarcinoma (n=6) and adjacent 
non‑cancerous tissues (NCTs) (n=6) were also collected for 
use in immunohistochemistry and western blot analysis (all 
samples were collected from April, 2015 to October, 2015). 
These patients were operated and diagnosed as having lung 
adenocarcinoma at the First Affiliated Hospital of Dalian 
Medical University. None of the patients had received chemo-
therapy or radiotherapy prior to surgery. The samples were 
stored at ‑80˚C until use in the experiments. Informed consent 
was obtained from all patients. This study was approved by 
the Human Research Ethics Committee of the First Affiliated 
Hospital of Dalian Medical University.

Lung adenocarcinoma tissue microarray. Survival data 
from a lung adenocarcinoma tissue microarray (90  lung 
adenocarcinoma tissues and 90  NCTs) were provided by 
Shanghai Outdo Biotech (Shanghai, China). None of the 
patients received chemotherapy or radiotherapy prior to 
surgery and had completed 5 years of follow‑up.

Construction and transfection of high and low RBM10 expres‑
sion cell strains. The pcDNA3.1RBM10 plasmid vector and 
RBM10 siRNA were constructed by ShangHai GenePharma 
Co. (Shanghai, China). The sequences of RBM10 siRNA were 
as follows: RBM10 siRNA‑1, 5'‑CCGAGAGAAGUGCUUCA 
AATT‑3'; RBM10 siRNA‑2, 5'‑CCACACAGCACCAUGGAU 
UTT‑3'; RBM10 siRNA‑3, 5'‑GGACAUGGCCUCCAA 
UGAATT‑3'. The sequence of the negative control (mock) 
siRNA was as follows: 5'‑UUCUCCGAACGUGUCACG 
UTT‑3'. RBM10 shRNAs were purchased from Sigma‑Aldrich 
(St. Louis, MO, USA). The sequences of RBM10 shRNA were 
as follows: RBM10 shRNA‑D1, 5'‑CCGGCAAGGGTTCTA 
AGAGGGACATCTCGAGATGTCCCTCTTAGAACCCTTG 
TTTTTG‑3'; RBM10 shRNA‑D2, 5'‑CCGGCAAGACCAT 
CAATGTTGAGTTCTCGAGAACTCAACATTGATGGTCT 
TGTTTTTG‑3'; RBM10 shRNA‑D3, 5'‑CCGGGACATGGAC 
TACCGTTCATATCTCGAGATATGAACGGTAGTCCATG 
TCTTTTTG‑3'; RBM10 shRNA‑D4, 5'‑CCGGGCCCGCAG 
TCTCAACAAACAACTCGAGTTGTTTGTTGAGACTGCG 
GGCTTTTTG‑3'.

The A549 and H1299 cells in the third generation logarithmic 
growth phase were selected. A total of 2x103 cells per well 
were inoculated in a sterile 24‑well culture plate for 12 h. 
For the overexpression of RBM10, the cells were transfected 
with the pcDNA3.1RBM10 plasmid with liposome particles. 
To inhibit RBM10 expression, the cells were transfected with 
RBM10siRNA or RBM10 shRNA, using Lipofectamine 2000 
(Invitrogen/Thermo Fisher Scientific, Waltham, MA, USA). A 
mock transfection was also performed using an empty vector. 
At 48 h following transfection, protein expression was exam-
ined by western blot analysis.

Western blot analysis. The cells were harvested following 
trypsinization and washed 3  times using PBS. A total 
of 1x107  cells were incubated in RIPA lysis buffer for 
60 min at 4˚C. The cells were pipetted every 10 min during 
incubation and centrifuged at 20,800 x g for 2 min at 4˚C. The 
supernatant was harvested and the protein concentration was 
measured using the BCA kit (GenePharma Co.) according to 
manufacturer's instructions, prior to storage at ‑20˚C.

A 5% stacking gel and 12.5% acrylamide separating gel 
were used in the procedure. A 10 µl sample was then mixed with 
5X loading buffer at a 4:1 ratio. Following denaturation by boiling, 
the samples were loaded and resolved via 10% SDS‑PAGE 
followed by transfer onto a nitrocellulose membrane. The 
membrane was blocked in 5% non‑fat milk in PBS for 1 h at 
room temperature and incubated with the primary antibody 
overnight at 4˚C, followed by the addition of the secondary anti-
body for 2 h at room temperature. The membrane was washed 
for 5 min in TBST 3 times, and then visualized using the cECL 
kit (Zhong Shan‑Golden Bridge Biological Technology, Beijing, 
China). Quantification of the bands was carried out using the 
Molecular Imager Chemi Doc XRS + Imaging System (Bio‑Rad 
Laboratories, Hercules, CA, USA).Western blot analysis was 
repeated 3 times. The antibodies used were as follows: Rabbit 
anti‑RBM10 (ab72423, 1:2,000 dilution), rabbit anti‑p53 
(ab131442, 1:500 dilution), rabbit anti‑EGFR (ab131498, 1:500 
dilution), rabbit anti‑Bax (ab182733, 1:1,000 dilution), rabbit 
anti‑Bcl‑2 (ab32124, 1:1,000 dilution), rabbit anti‑caspase‑8 
(ab25901, 1:1,000 dilution) and rabbit anti‑GAPDH (ab37168, 
1:1,000 dilution) antibodies were obtained from Abcam 
(Cambridge, MA, USA). Rabbit anti‑α‑tubulin (2144, 1:1,000 
dilution), rabbit anti‑AKT (4691, 1:1,000 dilution), rabbit 
anti‑phospho‑AKT (4060, 1:1,000 dilution), rabbit anti‑MEK1 
(9146, 1:1,000 dilution), rabbit anti‑phospho‑MEK1 (98195, 
1:1,000 dilution), rabbit anti‑ERK1/2 (4695, 1:1,000 dilution), 
rabbit anti‑phospho‑ERK1/2 (4370, 1:1,000 dilution), rabbit 
anti‑c‑Raf (9422, 1:1,000 dilution) and rabbit anti‑phospho‑c‑Raf 
(9421, 1:1,000 dilution) antibodies were purchased from Cell 
Signaling Technology (Danvers, MA, USA). Goat anti‑rabbit IgG 
(H+L), HRP antibody (31460, 1:10,000 dilution) was obtained 
from Thermo Fisher Scientific.

Immunofluorescence assay. RBM10 antibody (1:200), anti‑p53 
antibody (1:200), or anti‑EGFR antibody (1:200) (these anti-
bodies were the same as the ones mentioned above) were added 
to the cells, followed by incubation with FITC‑goat anti‑rabbit 
antibody (1:200; ZF‑0311, Zhongshan Biotechnology, 
Zhongshan, China) for 40  min at 23˚C (away from light). 
After washing the cells in 0.1 M PBS, the expression levels of 
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RBM10, EGFR and p53 were observed under a fluorescence 
confocal microscope (Olympus BX63; Olympus, Tokyo, Japan).

Immunohistochemistry. The samples from the tissue 
microarray (the thickness of each section was 3 µm) were 
deparaffinized, endogenous peroxidase activity was quenched 
in 3% H2O2 for 10 min, and the sections were washed in 
PBS. They were then incubated with RBM10 antibody 
(1:300 dilution) for 1  h, followed by incubation with the 
appropriate biotinylated secondary antibodies (Vector 
Laboratories, Burlingame, CA, USA) and treatment with 
avidin‑biotin‑coupling (ABC) reagent (Vector Laboratories), 
as recommended by the manufacturer. Color development 
was achieved with the substrate diaminobenzidine. Two 
independent pathologists reviewed and scored the degree of 
immunohistochemical staining according to the criteria below 
using a light microscope (Carl Zeiss, Thornwood, NY, USA).

Scoring method of immunohistochemical staining. For the 
90 lung adenocarcinoma tissue samples, the protein expres-
sion level of RBM10 was evaluated as follows: for RBM10 
staining in the nucleus and cytoplasm, the staining intensity 
was scored as 0/1+/2+/3+ (0, no; 1+, light yellow; 2+, yellow; 
3+,  brown‑yellow) and the staining positive rate scores 
(0, negative; 1, 1‑25%; 2, 26‑50%; 3, 51‑75% and 4, 76‑100%) 
were calculated (i.e., cancer tissues compared to the NCTs). 
ImageJ software (National Institutes of Health, Bethesda, 
MD, USA) was used here. The ‘staining intensity scores’ were 
multiplied by the ‘staining positive rate scores’ to yield a total 
score, by which patients were then grouped; that is, a sample 
with a score of ≤1 was placed in the low expression group and 
a score of >1 was placed in the high expression group.

Cell wound scratch assay. Lines were drawn on the back of 
a 6‑well plate with a marker pen, and the transverse lines 
were drawn uniformly at distances of 1 cm between the lines 
and 3 lines in each well. A total of 2x105 cells (H1299) were 

seeded into the plate and cultured at 37˚C in an atmosphere of 
5% CO2. When the cells grew to 80% confluence, the medium 
was discarded and the cells were washed with PBS 3 times. 
Subsequently, a scratch was placed in the middle of the well 
with a sterile 200 µl pipette tip, and the cells were then washed 
with PBS 3 times. The cells were then cultured in RPMI‑1640 
medium containing 2% FBS and 100 IU/ml penicillin/genta-
mycin at 37˚C. Images were captured using a DSC‑HX1 digital 
camera (Sony Corp., Tokyo, Japan). Experiments were carried 
out in triplicate and repeated 3 times.

Cell colony formation assay. A total of 800 cells (A549 and 
H1299) were seeded into each well of 6‑well plates and grown 
overnight, and were then transfected with the shRNAs. The 
cells were allowed to form colonies at the 4 day and then fixed 
with 4% paraformaldehyde for 15 min, stained with crystal 
violet for 15 min at room temperature, and then washed 3 times 
with dH2O. The cells were photographed with a digital camera 
(Leica, Wetzlar, Germany) , and experiments were performed 
in triplicate and repeated 3 times.

Statistical analysis. Data are expressed as the means ± standard 
deviation  (SD) values. A Student's t‑test was applied to 
compare 2 groups of independent data. One‑way ANOVA 
with Tukey's post hoc test was used for multiple comparisons. 
The Chi‑square test was used to evaluate the differences in 
the categorical variables. Survival curves were carried out 
using the Kaplan‑Meier method and were compared between 
groups using the log‑rank test. Statistical significance was set 
at P<0.05. All statistical analyses were performed using the 
SPSS 17.0 software package (SPSS lnc., Chicago, IL, USA).

Results

RBM10 is overexpressed in lung adenocarcinoma cell lines and 
tissue samples. First we examined whether RBM10 protein was 
expressed in lung adenocarcinoma cell lines (A549 and H1299) 

Figure 1. Protein expression of RBM10 in cells and tissues. (A) Protein expression of RBM10 examined by immunofluorescence assay; magnification, x400 and 
quantitative analysis of immunofluorescence assay (*P<0.01, A549 cells vs. the HLF cells and #P<0.01, H1299 cells vs. the HLF cells. (B) Expression of RBM10 
examined immunohistochemistry in tumor tissues and NCTs (n=6); magnification, x400. (C) Expression of RBM10 in tumor tissues and NCTs examined by 
western blot analysis and quantitative analysis; #P<0.05 vs. NCT. NCT, (adjacent) non‑cancerous tissues; HLF cells, human lung fibroblast cells.
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using the green fluorescent protein RBM10. As shown in 
Fig. 1A, RBM10 was overexpressed in the lung adenocarcinoma 
cells near the cell nucleus compared to the HLFs (P<0.01); this 
result indicated that RBM10 may be overexpressed in the cell 
nucleus of lung adenocarcinoma cells.

To verify the expression of RBM10 in vitro, we further 
examined 6 pairs of lung adenocarcinoma tissues and the 
corresponding NCTs. Immunohistochemical staining of 
RBM10 protein revealed that the protein expression level of 
RBM10 in the lung adenocarcinoma tissues was significantly 
higher than that in the NCTs, and was mainly located in the 
nucleus (Fig.  1B). These results revealed that the protein 
expression of RBM10 in human lung adenocarcinoma tissues 
was markedly upregulated compared with that in the NCTs.

We also used western blot analysis to detect the protein 
expression of RBM10 in the 6 pairs of lung adenocarcinoma 

tissues and NCTs. The results revealed that the protein expres-
sion of RBM10 in the tumor tissues was significantly higher 
than that in NCTs (Fig. 1C), and the results of quantitative 
analysis revealed statistically significant differences between 
the 2 groups (P<0.05). It was further verified by quantitative 
analysis that the protein expression level of RBM10 in the lung 
adenocarcinoma tissues was higher than that in the normal 
tissues adjacent to the carcinoma.

Upregulation of RBM10 expression inhibits the apoptosis 
of lung adenocarcinoma cells. We then examined the 
effects of the upregulation (using a pcDNA3.1 plasmid) 
and downregulation (using an siRNA technique) of RBM10 
expression on the apoptosis of A549 cells. At 48 h following 
transfection, the cells were stained using immunofluorescence. 
First, we examined the effect of RBM10 on the key tumor 

Figure 2. Effects of RBM10 protein on the apoptosis of tumor cells. (A) Effects of the downregulation or upregulation of RBM10 protein on p53 protein 
expression examined by immunofluorescence assay in A549 cells; magnification, x400. (B) Effects of the downregulation or upregulation of RBM10 on p53 
expression in A549 cells examined by western blot analysis and quantitative analysis of the western blots. #P<0.05, RBM10 pcDNA3.1 group compared with the 
control or mock group and *P<0.05, RBM10 siRNA group compared with the control or mock group. (C) The level of cell apoptosis following the knockdown of 
RBM10 protein, examined by flow cytometry and the apoptotic rate in A549 cells and H1299 cells. ,#P<0.05 vs. control or RBM10 siRNA (‑) group.
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suppressor protein, p53; when RBM10 expression was 
upregulated in the A549 cells, the protein expression of p53 
was decreased. However, when RBM10 protein expression 
was silenced, p53 protein expression was increased (Fig. 2A). 
The same results were obtained by western blot analysis, and 
exhibited statistical significance (P<0.05; Fig. 2B).

Subsequently, we examined the effect of RBM10 on cell 
apoptosis by flow cytometry. At 48 h following transfection 
with RBM10 siRNA, the apoptotic rate of the A549 and 
H1299 cells markedly increased [P<0.05 vs. control or RBM10 
siRNA (‑) groups] (Fig. 2C). This result indicated that the 
upregulation of RBM10 protein may inhibit the apoptosis of 
the lung cancer cells.

Downregulation of RBM10 expression inhibits the prolifera‑
tion of lung adenocarcinoma cells. We then investigated the 
association between RBM10 expression and the proliferation 
of lung adenocarcinoma cells. We transfected the A549 and 
H1299 cells with either RBM10 shRNA (with varying DNA 
sequences) or with a PLKO.1 carrier for 48 h and verified 
the transfection by western blot analysis. We found that the 
untransfected A549 and H1299 cells (control group), along 
with the PLKO.1 carrier‑infected A549 and H1299 cells, grew 
to a medium extent in soft agar. Conversely, after the silencing 
of RBM10 expression with different DNA sequences (D1, D2, 
D3 and D4), the growth of the clones in soft agar culture 
medium and their ability to form cell colonies had weakened 
compared with that of the control group or the PLKO.1 carrier 
group (Fig. 3).

Downregulation of RBM10 expression inhibits the migration 
of lung adenocarcinoma cells. Tumor cell migration is impor-
tant in the metastasis of lung adenocarcinomas. Therefore, we 
examined the effects of RBM10 on cell migration using a cell 
wound scratch assay. We found that at 24 h following transfec-
tion of the H1299 cells with RBM10 shRNA, the migration of 
the tumor cells was weaker compared with that of the control 
group and PLKO.1 vector control group (Fig. 4). This indicates 
that the downregulation of RBM10 protein expression in the 
lung adenocarcinoma cells inhibits cellular migration, whereas 
a high expression of RBM10 protein can promote tumor cell 
migration.

Upregulation of RBM10 expression increases EGFR expres‑
sion in lung adenocarcinoma cells. EGFR is the key protein 
in the tumor proliferative signaling pathways. In this study, we 
examined the effect of RBM10 on the expression of EGFR 
by immunofluorescence staining. We found that the upregula-
tion of RBM10 expression (via pcDNA3.1) increased EGFR 
expression in the cytosolic membrane of the A549 and H1299 
cells, while the downregulation of RBM10 expression (via 
siRNA) decreased EGFR expression (Fig. 5A and B).

To further verify the results of immunofluorescence 
staining, we performed western blot analysis. We found that 
transfection with RBM10 siRNA downregulated the expres-
sion of EGFR in the lung adenocarcinoma cells compared 
with the control or mock groups (P<0.05) and transfection 
with RBM10 pcDNA3.1 upregulated the expression of EGFR 
(P<0.05; Fig. 5C and D).

Figure 3. Evaluation of the proliferative ability of lung adenocarcinoma cells following the knockdown of RBM10 expression examined by cell colony formation 
assay. (A) In A549 cells, western blot analysis was used to verify the successful transfection of different DNA sequence cells and the cell proliferation on soft 
agar. (B) In H1299 cells, western blot analysis was used to verify the successful transfection of different DNA sequence cells and the cell proliferation on soft 
agar.
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Figure 4. Effect of the knockdown of RBM10 expression on H1299 cell migration examined by cell wound scratch assay. Verification of decreased RBM10 
levels after silencing by shRNA in H1299 cells by western blot analysis and cell migration compared with the control and vector control (PLKO.1) examined 
by cell wound scratch assays at 0, 12 and 24 h.

Figure 5. Effects of the upregulation or downregulation of RBM10 expression on EGFR expression. (A) Effects of RBM10 expression on EGFR expression in 
A549 cells examined by immunofluorescence assay; magnification, x400. (B) Effects of RBM10 expression on EGFR expression in H1299 cells examined by 
immunofluorescence assay; magnification, x400. (C) Effects of RBM10 expression on EGFR expression in A549 cells examined by western blot analysis and 
quantitative analysis of the western blots. (D) Effect of RBM10 expression on EGFR expression in H1299 cells examined by western blot analysis and quantitative 
analysis of the western blots. #P<0.05, RBM10 pcDNA3.1 group vs. control or mock group and ##P<0.05, RBM10 siRNA group vs. control or mock group.
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Upregulation of RBM10 expression stimulates proliferative 
signaling pathways in lung adenocarcinoma cells. The 
EGFR‑mediated activation of key signaling pathways is 
important for the proliferation of lung adenocarcinomas. 
Therefore, we then examined the effects of RBM10 expression 
on proteins within key proliferative signaling pathways 
(MAPK and PI3K) by western blot analysis. We found that 

p‑Akt, p‑c‑Raf, p‑Erk, and p‑MEK1 proteins were expressed at 
similar levels in the A549 and H1299 cells in the control or mock 
groups. RBM10 overexpression upregulated the expression 
levels of these proteins (P<0.05), while the downregulation 
of RBM10 expression by RBM10 siRNA downregulated the 
expression levels of these proteins, particularly those of p‑Akt, 
p‑Erk and p‑MEK1 (P<0.01). No significant differences were 

Figure 6. Effects of RBM10 protein levels on proliferative signaling pathways. Expression levels of key proteins in MAPK and PI3K signaling pathways 
following the upregulation or downregulation of RBM10 protein expression examined by western blot analysis and quantitative analysis of relative protein 
expression in A549 cells and H1299 cells. *P<0.05 and **P<0.01, compared with control or mock groups.
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observed in the total levels of Akt, c‑Raf, Erk and MEK1 
between the different groups in the two cell lines (Fig. 6). 
These findings indicate that the protein expression of RBM10 
in lung adenocarcinoma cells can activate key proliferative 
signaling pathways.

Upregulation of RBM10 expression inhibits the stimulation 
of the apoptotic signaling pathways in lung adenocarcinoma 
cells. Studies have shown that the inhibition of classical 
apoptotic signaling pathways plays an important role in the 
pathogenesis of lung adenocarcinoma (16‑18). In this study, 
we used western blot analysis to detect the expression levels 
of key proteins of apoptotic signaling pathways (including 
Bax, Bcl‑2 and caspase‑8) following the upregulation or 
downregulation of RBM10 expression. The overexpression of 
RBM10 decreased the expression levels of the pro‑apoptotic 
proteins, Bax and caspase‑8, whereas it increased the expres-
sion of the anti‑apoptotic protein, Bcl‑2 (P<0.05). However, 
RBM10 silencing increased the protein expression of Bax 
and caspase‑8, and decreased the protein expression of Bcl‑2 
(P<0.05; Fig. 7). These results indicate that a high expression 
of RBM10 protein may reduce the stimulation of the apoptotic 
signaling pathways in lung adenocarcinoma cells.

Associations of the levels of RBM10 protein expression with 
the clinicopathological characteristics of patients with lung 
adenocarcinomas. In order to better evaluate the associations 

of RBM10 protein expression levels and clinicopathological 
parameters in lung adenocarcinomas, we analyzed the case 
numbers of high expression and low expression of RBM10 
protein in the nucleus and cytoplasm of lung adenocarcinomas, 
and the association analysis was performed on the TNM stage 
according to the 7th edition of lung cancer (19) (Table I). The 
results revealed that the level of RBM10 protein expression 
was not related to sex and age, respectively (P>0.05, χ2 test), 
but was associated with T stage and N stage (P=0.012 and 
0.046, respectively; P<0.05, χ2 test).

A s s o c i a t i o n  b e t w e e n  R B M 10  e x p re s s i o n  i n 
lung adenocarcinomas and cl in ica l  prognos is. 
Immunohistochemical experiments were carried out in the 
tissue chip containing 90  cases of lung adenocarcinoma 
tissues and NCTs. We found that in the lung adenocarcinoma 
tissues, both in the nucleus and in the cytoplasm, the protein 
expression levels of RBM10 were higher than those in NCTs 
(P<0.05; Table  II); the high expression levels of RBM10 
protein were more than those in NCTs.

We also obtained follow‑up data of the 90 patients 5 years 
post‑operatively and analyzed the survival rates in the 
RBM10‑high and RBM10‑low expression groups. We found 
that the protein expression of RBM10 in the tumor tissues, 
both in the nucleus and cytoplasm, was significantly associated 
with the patient survival time. Patients with a high expression 
level of RBM10 had a shorter overall survival time and a poor 

Figure 7. Effects of the upregulation or downregulation of RBM10 expression on apoptotic proteins (Bax, Bcl‑2 and caspase‑8). (A) Effects of RBM10 on 
apoptotic proteins examined by western blot analysis and quantitative analysis of relative protein expression in A549 cells. (B) Effect of RBM10 on apoptotic 
proteins examined by western blot analysis and quantitative analysis of relative protein expression in H1299 cells. P<0.05, compared with the control or mock 
group (*Bax protein, #Bcl‑2 protein, ##caspase‑8 protein).
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prognosis compared to those with a low expression level of 
RBM10 (P<0.05; Fig. 8).

Discussion

Recent studies have indicated that RBM10 gene is mutated 
in certain types of tumor, including pancreatic cancer, breast 
cancer, colon cancer and melanoma  (10‑12,20). It is also 
mutated in up to 21% of invasive lung adenocarcinomas (9) 
and 7% of lung adenocarcinomas (21). In a study on pancreatic 
cancer (10) remarkably, RBM10 gene mutations were associated 
with an enhanced survival, although all RBM10‑mutated 
cases were of high grade. Of note, as they observed (10) in 

the RBM10‑mutated tumors, cases harbouring mutations at 
codon 61 paradoxically exhibited histological and clinical 
features indicative of poor survival. It can be speculated from 
the above that the effect of RBM10 mutations on the opposite 
prognosis may be related to the differential expression of 
mutations, some of which are highly expressed and some are 
low expression in tumors.

As RBM10 can influence cellular proliferation and 
apoptosis  (11,14,22), some studies have suggested that it 
functions as a tumor suppressor gene (11,22‑24), while others 
consider it to be an oncogene (15,25). To clarify the role of 
RBM10 in lung adenocarcinomas, we carried out related 
research.

In this study, we confirmed the association between RBM10 
and lung adenocarcinomas both in vitro and in vivo. RBM10 was 
upregulated in lung adenocarcinoma cells and lung adenocarci-
noma tissues, compared with normal lung cells and normal lung 
tissues adjacent to the tumor. Our findings are consistent with 
other findings (21,22,25,26). We also demonstrated that RBM10 
was mainly expressed in the cell nucleus, and to the best of our 
knowledge, this is the first time this has been reported.

We then examined the role of RBM10 in lung 
adenocarcinomas. By immunofluorescence assay and western 

Figure 8. Associations of the different protein expression levels of 
RBM10 with the clinical prognosis of patients with lung adenocarci-
noma. (A) Kaplan‑Meier analysis of overall survival of patients with lung 
adenocarcinoma with different levels of RBM10 expression in the nucleus 
(P<0.05, log‑rank test). (B) Kaplan‑Meier analysis of overall survival of lung 
adenocarcinoma patients with different levels of RBM10 expression in the 
cytoplasm (P<0.05, log‑rank test).

Table I. Associations of the protein expression levels of RBM10 
with the clinicopathological characteristics of patients with 
lung adenocarcinoma.

	 Total	 RBM10	 RBM10	 P‑value
	 (n=69)	 high expression	 low expression
		  (n=55)	 (n=14)

Sex
  Male	 39	 29	 10	 0.566
  Female	 30	 26	   4
Age (years)
  ≥60	 36	 32	   4	 0.434
  <60	 33	 23	 10
N stage
  N0	 44	 32	 12	 0.046
  N1 + N2	 25	 23	   2
T stage
  T1 + T2	 50	 42	   8	 0.012
  T3 + T4	 19	 13	   6

A value of P<0.05 was considered to indicate a statistically significant 
difference.

Table II. Expression levels of RBM10 in tumors and NCTs.

	 Patient no. (90)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 Tumors	 NCTs

Nucleus
  RBM10 (high)	 60	 28
  RBM10 (low)	 30	 62
  P‑value	 0.037
Cytoplasm
  RBM10 (high)	 72	   2
  RBM10 (low)	 18	 88
  P‑value	 0.042

A value of P<0.05 was considered to indicate a statistically significant 
difference. NCTs, (adjacent) non‑cancerous tissues.
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blot analysis, we found that the overexpression of RBM10 
reduced the expression of p53, which mainly affects the cell 
cycle and inhibits tumor cell invasion and proliferation by 
promoting apoptosis (27). Our flow cytometry experiments 
further verified that the downregulation of RBM10 expression 
led to the increased apoptosis of lung adenocarcinoma cells. 
Therefore, we hypothesized that RBM10 promotes the 
proliferation of lung adenocarcinomas by inhibiting apoptosis 
and may be a oncogene, which was also confirmed by other 
studies (15,22).

The clone formation assay and cell wound scratch assay 
are experimental methods used to visually evaluate cell 
biological abilities. Our findings indicated that the abilities 
of cell proliferation and growth, as well as invasiveness and 
metastasis, were reduced following the downregulation of 
RBM10, which further indicates that, a high expression of 
RBM10 can promote the proliferation and metastasis of lung 
adenocarcinoma cells. Thus, we hypothesized that RBM10 is 
an oncogene in lung adenocarcinomas. Some researchers have 
also come to this conclusion (15,20).

EGFR protein is at the head of one of the most important 
signaling pathways in mammalian cell physiology and 
oncogenesis  (6). First, we demonstrated that RBM10 
expression is positively associated with EGFR expression. 
We then detected several key proteins (p‑AKT, p‑c‑RAF, 
p‑ERK and p‑MEK) in the MAPK and PI3K signaling 
pathways activated by EGFR, which play key roles in tumor 
proliferation (6). Likewise, we found that the level of RBM10 
expression was positively related to these key proteins, which 
indicates that RBM10 plays a functional role in stimulating 
proliferation in lung adenocarcinoma. This finding is in line 
with some previous findings (25), although others have found 
opposite results (28).

In this study, there may be such a question: RBM10 is 
mainly expressed in the nucleus, and EGFR is mainly expressed 
on the cell membrane. The mechanism through which RBM10 
affect EGFR should be considered. We consider the following: 
i) There may be some type of crosstalk between RBM10 and 
EGFR in the lung adenocarcinoma cells that express RBM10 
and EGFR; ii) research has indicated that in specific cases, 
EGFR can be translocated to the nucleus to play a role, although 
the specific mechanisms are not clear (29,30), and iii) in some 
cases, RBM10 can sometimes appear in the cytoplasm (31).

Subsequently, we detected the effects of RBM10 on 
tumor apoptosis. We found that the overexpression of RBM10 
decreased the expression levels of pro‑apoptotic proteins, 
such as Bax and caspase‑8, whereas it increased that of the 
anti‑apoptotic protein, Bcl‑2. However, the silencing of 
RBM10 increased the protein expression levels of Bax and 
caspase‑8, and decreased the protein expression of Bcl‑2. This 
finding is supported by previous findings (25). Thus, it can be 
hypothesized that RBM10 plays a role in promoting apoptosis 
in lung adenocarcinoma. Some scholars have come to the 
opposite conclusion (23,28,32); that is, the anti‑apoptotic effect 
of RBM10. At the same time, there are also studies showing 
that RBM10 does not affect the selective splicing of caspase‑9, 
caspase‑3, caspase‑2 and c‑FLIP, which does not affect their 
expression levels (33).

Finally, when examining the clinical samples of 90 cases 
from a tissue microarray, we found that the expression level of 

RBM10 in the nucleus and cytoplasm of lung cancer tissues 
was higher than that of normal tissue adjacent to the tumor. 
This is in line with our cytological experiments. In addition, 
the expression of RBM10 in NCTs was also consistent with 
the low expression of our cytological experiments in HLFs. 
As RBM10 can affect the metabolism of DNA molecules 
and a variety of cellular processes, it is necessary for the 
development  (34,35), growth and metabolism of normal 
cells (14,36).

In this study, we also examined the associations between 
the expression of RBM10 and the clinicopathological 
indicators of lung adenocarcinoma, such as sex, age, T stage 
and N stage. RBM10 was highly expressed in males and in 
patients >60 years of age, although there was no statistical 
association. The high expression level in males was consistent 
with the results of gene sequencing of 230  cases of lung 
adenocarcinoma with the cancer genome research network, 
that is, the RBM10 mutation is greater among males (2). The 
association between RBM10 and age has not been reported, 
at least to the best of our knowledge. We demonstrated that 
the expression of RBM10 was higher in older aged patients, 
and it may also be associated with the increase in age and 
the increased incidence of lung adenocarcinoma. In addition, 
the deletion of RBM5 and RBM6 in other family members 
can be observed in smokers  (37); however, to the best of 
our knowledge, there is no study available on RBM10 and 
smoking. Due to the incomplete information on smoking in 
this study, it is impossible to carry out the related analysis. 
In combination with the similarity between RBM10 and the 
structure of RBM5 and RBM6, the above‑mentioned results 
can not exclude the effect of smoking in some patients. Of 
course, the experimental results that we obtained may also be 
related to our small sample size.

The high expression of RBM10 was associated with the 
T stage and N stage of lung adenocarcinoma, indicating that 
RBM10 can promote tumor growth, proliferation and lymph 
node metastasis, and increase the malignant biological behavior 
of the tumor, that is to play the role of an oncogene, which 
is consistent with the results of our cytological experiments. 
Similar studies have been conducted on breast cancer. 
Elevated levels of RBM6 and RBM10v2 RNA are associated 
with the progression of tumor grade, increased tumor size, 
progression of intraductal carcinoma in situ carcinoma and 
the loss of progesterone receptor expression. It is suggested 
that a coordinated expression of specific RBM6 and RBM10v2 
variables is important for the occurrence of breast cancer (11). 
It is also suggested that the expression and function of RBM10 
in tumors are not isolated, but also influenced by other RNA 
splicing proteins in the family.

The most important method for evaluating the clinical 
efficacy of an index is the survival curve. Therefore, in this 
study, through the analysis of the high and low expression 
of RBM10 in the tissue microarray of lung adenocarcinoma, 
we found that patients with high levels of RBM10 expression 
(in the nucleus and cytoplasm) had a shorter overall 
survival and a poorer prognosis. This is consistent with the 
clinicopathological findings, that is, the higher the T stage level 
is, the higher the lymph node metastasis is in patients with 
RBM10 high expression of lung adenocarcinoma. Therefore, 
it is suggested that the high expression of RBM10 is a poor 
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prognostic indicator. To the best of our knowledge, we are the 
first to analyze the association between RBM10 expression 
and the survival of patients with lung adenocarcinoma. This 
result is in line with the findings of a previous study on breast 
cancer (11), and opposite to the findings of another study on 
pancreatic cancer (10).

At present, there are different opinions about whether 
RBM10 is a cancer‑suppressor gene or an oncogene. In 
previous studies, opposing results have been found (22,26,38); 
however, the current study can partly explain the contradictory 
findings. RBM10 has three variants (RBM10v1, RBM10v2 
and RBM10v3), with RBM10v1 and RBM10v2 playing the 
leading roles (11,23,39). In addition, RBM10v1 can promote 
proliferation, while RBM10v2 increases apoptosis  (25). 
Thus, we hypothesized that the reason why RBM10 plays 
differential roles in the progression of lung adenocarcinoma 
may be associated with the composition ratio between the two 
RBM10 variants. As the composition ratio of RBM10v1 and 
RBM10v2 is diverse among different mutated lung adeno-
carcinomas, and even among other tumor types, the resulting 
effects of RBM10 will differ. In future experiments, we aim 
to investigate the composition ratio of these two variants in 
lung adenocarcinomas.

In conclusion, this study confirms that RBM10 plays an 
important role in the progression of lung adenocarcinomas 
by regulating both proliferative and apoptotic signaling path-
ways. We propose that RBM10 may be an oncogene, and may 
represent a novel therapeutic target for the treatment of lung 
adenocarcinomas.
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