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Abstract. RSK2 (90 kDa ribosomal S6 kinase) is a downstream 
effector of the Ras/ERK (extracellular signal-regulated kinase) 
signaling pathway that has major functions in cell biological 
activities, including regulating nuclear signaling, cell cycle 
progression, cell proliferation, cell growth, protein synthesis, 
cell migration and cell survival, and is expressed in most types 
of human malignant tumors, including lung cancer, prostate 
and breast tumors, skin cancer and osteosarcomas (OS). RSK2 
was found to be essential for osteosarcoma formation. To 
investigate whether RSK2 is expressed at high levels in human 
osteosarcome tissues and whether its expression is correlated 
with the aggressive biological behavior of osteosarcoma cell 
line (OCLs), we assessed the association between RSK2 
expression and OS cell progression, as well as the effects of 
RSK2 inhibition on the biological activities of osteosarcoma 
cells. We performed immunohistochemistry to analyze the 
expression of RSK2 in specimens from 30 humans with osteo-
sarcoma, and 15 normal tissues. RSK2 gene expression levels 
in 30 specimens with osteosarcoma were significantly higher 
than those of normal tissues. We performed RNA interference 
on three OCLs to evaluate cell apoptosis, cell growth, cell 
proliferation, cell motility, chemosensitivity and oncogenicity. 
After transfection with RSK2 shRNA, increased cell apop-
tosis, cell growth inhibition, cell cycle progression, weaker 
cell proliferation, cell migration and weaker tumor formation 
were observed in all OCLs. These results suggested that RSK2 
expression may mediate the biological activities of OS cells 

and RSK2 may be an effective therapeutic target for the treat-
ment of osteosarcomas. The AKT/mTOR, MAPK/ERK/c-Fos 
and Bcl2/Bax pathways were analysed to clarify the mecha-
nisms involved.

Introduction

Osteosarcoma is the most common malignant bone tumor with 
a 5-year survival rate <70% (1). Most patients present with 
lung metastatic lesions (2,3) or bone metastatic lesions and 
are incurable. Hence, a better understanding of the biological 
processes underlying osteosarcoma cell motility, survival, 
proliferation, invation and metastasis is needed to improve 
patient survival. New gene targeting therapy is a strong hope 
for osteosarcoma individual tumors.

The 90-kDa ribosomal S6 kinase (RSK) family, first puri-
fied in 1985 (4), is activated by the MAPK (mitogen-activated 
protein kinase) family members ERK1/2 (extracellular signal-
regulated kinase 1/2) in response to growth factors, phorbol 
esters and other agonists (5-7). The human RSK family 
contains four isoforms (RSK1-4) (8). RSKs are characterised 
by the existence of two kinase domains that come into close 
proximity following activating phosphorylation events and 
connected by a regulatory linker region. Their downstream 
substrates include a number of cytoplasmic and nuclear targets 
(CREB, c-Fos, c-Jun, TSC2 and filamin A) (8) that explain 
their involvement in diverse cellular processes, such as cell 
proliferation and survival. Increased expression of RSKs was 
shown in breast (9) and prostate cancer (10), and RSK2 activity 
has been linked to cell transformation (11,12). RSKs have been 
shown to phosphorylate filamin A (13), glycogen synthase 
kinase-3 (14-16) and p27Kip (17), and also Bad (18), c-Fos (19) 
and estrogen receptor (20). Evidence from human and mouse 
has identified an important role for RSK2 in osteoblast differ-
entiation and function through phosphorylation of activating 
transcription factor-4 (21) and in stimulation of white adipose 
tissue mass via an unknown mechanism (22).

In this study, immunohistochemical staining revealed that 
RSK2 was overexpressed in osteosarcoma samples compared 
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with normal matched tissues. Then we performed an shRNA 
in three human osteosarcoma cell lines (MG-63, U2-OS, 
143B) and demonstrated that RSK2 silencing increased 
apoptosis and chemosensitivity, reduced proliferation, migra-
tion and oncogenesis. This could potentially be explained by 
activation of Bax and inhibition of Bcl2, c-Fos phosphoryla-
tion and AKT, mTOR phosphorylation, a series of cell factors 
that are associated with cell viability and apoptosis. Thus, in 
osteosarcomas, our results suggest that knockdown of RSK2 
increased cell apoptosis, enhanced cell chemosensitivity, 
inhibits proliferation and migration, and weakened tumor 
formation, RSK2 might be a potential target of biotherapy to 
osteosarcomas.

Materials and methods

Reagents. Fetal bovine serum (FBS) and DMEM were 
purchased from Gibco (San Francisco, CA, USA). Primary 
antibodies: rabbit anti-human RSK2 was from Bioworld 
(USA). Rabbit anti-human total c-Fos, rabbit anti-human total 
AKT, rabbit anti-human total mTOR, and phosphorylated 
ERK, phosphorylated AKT, phosphorylated mTOR were from 
Cell Signaling Technology (Boston, MA, USA). Rabbit anti-
human Bax, Bcl2, caspase-3, rabbit anti-human Ki67 nuclear 
antigen, mouse anti-human PCNA, mouse anti-human β‑actin 
and mouse anti-human glyceraldehydes-3-phosphate dehydro-
genase (GAPDH) were from Santa Cruz Biotechnology (San 
Francisco, CA, USA). Horseradish peroxidase-conjugated goat 
anti-rabbit and goat anti-mouse secondary antibodies were 
from Zhong Shan Golden Bridge Biotechnology (Beijing, 
China).

shRNA. The RSK2 shRNA were designed and synthesized by 
Genechem Co. Ltd. (Shanghai, China) and the sequences 
targeting RSK2 were 5'-TGCCACAATACCAACTAAA-3'. A 
non-specific scrambled shRNA with a sequence of 5'-TTCTC 
CGAACGTGTCACGT-3' was used as a negative control. 
Transfection with shRNA was accomplished using cationic 
liposome (Lipofectamine 2000; Invitrogen, Carlsbad, CA, 
USA), according to the manufacturer's instructions.

Specimen collection. Specimens were collected from 
30  patients with osteosarcomas by excisional or needle 
biopsy at initial medical examinations in Cancer Hospital 
of Guizhou Medical University between October 2012 
and September 2015. All tumor biopsies were collected by 
excisional biopsy or needle core biopsy at the time of initial 
diagnosis, before preoperative chemotherapy or radiotherapy, 
with informed consent from patients/guardians and approval 
from the relevant institutional Research Ethics Committees. 
All specimens were confirmed by histopathological examina-
tion. The patients were divided into IA, IB, IIA, IIB and III 
grade according to the GTM staging (data not shown).

Immunohistochemistry (IHC). Antigen retrieval on the 
deparaffinized sections was performed by immersing the 
specimens in 0.1  M citrate buffer (pH  6.0), boiling the 
sections in the microwave for 10 min, and then allowing the 
sections to cool to room temperature. Endogenous peroxidase 
activity was blocked by immersing the sections in methanol 

containing 3%  hydrogen peroxide for 10 min. Then the 
sections were blocked in FCS for 10 min at room tempera-
ture. The sections were incubated overnight at 4˚C with the 
RSK2 antibody (1:50), washed in phosphate-buffered saline 
(PBS) three times for 5 min each. The sections were incubated 
with the secondary antibody at 37˚C for 30 min, washed in 
phosphate-buffered saline (PBS) three times for 5 min each. 
Streptavidin conjugated peroxidase was added for 10 min at 
room temperature. Diamino-benzidine substrate was added 
for 5 min for visualizing. Immunohistochemical staining of 
RSK2 was calculated as both percentage of positive cells and 
color intensity. The percentage of the positivity of staining was 
graded as 0 (negative), 1 (<10%), 2 (10-50%) and 3 (>50%). The 
intensity of staining was scored as 0 (absent), 1 (light yellow), 
2 (yellowish brown) and 3 (brown). The staining index (SI) 
was used for assessing the expression of RSK2. SI, proportion 
score x intensity score: 0-2 was categorized as negative (1-2 as 
low expression), 3-9 was positive (3-4 as moderate expression, 
6 and 9 as high expression).

Cell lines and cell culture. Three human OS cell lines (MG63, 
143B and U2OS) were recently purchased from Shanghai Life 
Academy of Sciences cell library (Shanghai, China). All cells 
were cultured and maintained in Dulbecco's modified Eagle's 
medium (DMEM; Hyclone, Logan, UT, USA) supplemented 
with 10% heat-inactivated fetal bovine serum (FBS; Hyclone) 
and antibiotics (100 IU/ml penicillin and 100 mg/ml strepto-
mycin; Hyclone) in a humidified incubator with 5% CO2 at 
37˚C.

Knockdown of RSK2 in OS cells. OS cells were seeded with 
DMEM supplemented with 10% FBS in 96-well plates (Costar 
Corning Inc., NY, USA) at 1-2x105 cells/well or 6-well plates 
(Costar Corning Inc.) at 1-2x106 cells/well and incubated over-
night in an incubator with 5% CO2 at 37˚C. RSK2 shRNA and 
scrambled shRNA were diluted in deionized distilled water 
(DDW) according to the manufacturer's instructions. Diluted 
shRNAs were complexed in 0.5  ml of cationic liposome 
dissolved in 1 ml DDW for 96-well plates (10 ml of cationic 
liposome for 6-well plates) and were incubated at room 
temperature for 20 min. Then, 0.5 ml of shRNA/liposome 
complexes were added to each well in 96-well plates (10 ml for 
6-well plates), and cells were incubated in an incubator with 
5% CO2 at 37˚C.

Measurement of cell proliferation. The change of cell prolif-
eration was observed with Cell Counting Kit-8 (CCK-8) assay. 
All cells were seeded in 96-well cell culture cluster plates 
at a density of 2x104 cells/well in 100 µl culture after trans-
fecting RSK2-shRNA and control shRNA. Then, 10 µl CCK-8 
(Beyotime Institute of Biotechnology, Beijing, China) reagents 
were added to each well for 2-h incubation at 37˚C according 
to the manufacturer's instructions after 24, 48, 72, 96 and 
120 h. The absorbance value was read at 450 nm using an 
enzyme-labeled instrument. The experiments were repeated 
three times.

Flow cytometry analysis (FCM) of cell cycle distributions. 
OS cells were transfected with RSK2-shRNA and scramble 
shRNA, then collected at 48 h after transfection in suspension 
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to each tube. For cell cycle analysis, starvation-refeeding model 
was used. To begin with, OS cells were incubated without fetal 
bovine serum for 48 h to synchronize cells, then changed into 
complete medium and collected cells. Furthermore, cells were 
fixed in 70% ethanol for ≥24 h at -20˚C. Subsequently, the cells 
incubated with 1 mg/ml RNase (Sigma, St. Louis, MO, USA) 
for 30 min at 37˚C in PBS, stained with 50 µg/ml propidium 
iodide (Sigma) in PBS-Triton X-100 for an additional 20 min 
at 4˚C, and analyzed using a Becton-Dickinson flow cytometer 
BD FACScan (San Jose, CA, USA) as well as CellQuest acqui-
sition and analysis programs. For cell apoptosis analysis, OS 
cells were transfected with RSK2-shRNA and control shRNA, 
then the above cells were collected in suspension to each tube 
and 60 µl Muse™ Annexin V and Dead Cell Reagent (part no. 
4700-1485, 100 tests/bottle) was added, incubating for 20 min. 
The apoptosis assay was completed by flow cytometer evalua-
tion (BD Bioscience, Franklin Lakes, NJ, USA).

Cell migration assay. The Transwell chambers (Corning 
Inc.) were used to analyse the migration of OS cells. The 
cells (2x105) were seeded in the upper of the 8-µm pore size 
Transwell chambers in 0.6 ml DMEM without serum and 
incubated in 6-well-plates with 2 ml 10% FBS supplemented 
DMEM. Non-migrated cells were removed by cotton swab 
after incubated for 24 h. The cells were washed twice with 
phosphate-buffered solution (PBS) and fixed with 4% parafor-
maldehyde in PBS (pH 7.4) for 30 min at 4˚C and stained with 
100 ng/ml crystal violet for 10 min at room temperature. Cells 
were washed twice with PBS and examined by a fluorescence 
microscope.

Semi-quantitative rt-PCR. Total RNA in cells was extracted 
using RNAiso Plus (Invitrogen). The concentration of these 
RNA samples was then measured using spectrophotometer at 
260 and 280  nm (A260/280) and the RNA samples were 
reverse-transcribed into cDNA using the Primescript RT 
reagent kit (Takara Biotechnology, Dalian, China). The 
primer sequence for RSK2 was 5'-GGGACCAACTGCCACA 
ATAC-3' (forward) and 5'-TGACTGATTACGGTTCAAA 
GCA-3' (reverse), and for GAPDH, was 5'-CTTTGGTATCGT 
GGAAGGACTC-3' (forward) and reverse 5'-GTAGAGGCA 
GGGATGATGTTCT-3. Amplification conditions were as 
follows: 95˚C for 30 sec, followed by 40 cycles at 95˚C for 
15  sec, and 60˚C for 45 sec in a final volume of 25 µl containing 
2x PCR Mi x 12.5 µl, 20 µmol specific forward and reverse 
primers 1.0  µl, ddH2O 9.5  and 1  µl cDNA as a template. 
Products were electrophoresed on a 2% agarose gel, and densi-
tometric analysis of DNA bands was tested by Quantity One 4.6 
computer software (Bio-Rad, Hercules, CA, USA).

Western blotting. Cells were treated with shRNA in 100-mm 
cell culture dishes (Costar Corning Inc.). Cells were harvested 
at 24, 48, and 72 h after transfection with shRNA. Cells were 
washed twice ice-cold phosphate buffer saline (PBS, pH 7.4; 
Sigma-Aldrich) and lysed with 100 µl lysis buffer (Beyotime 
Institute of Biotechnology) containing phosphatase inhibitors, 
proteinase inhibitor and PMSF. The protein concentration of 
each lysate was determined by Bradford protein assay using 
bovine serum albumin (Beyotime Institute of Biotechnology) 
and were denatured with SDS-PAGE loading buffer. Proteins 

(30  mg for each sample) were subjected to SDS-PAGE 
using 10% polyacrylamide gels (Beyotime Institute of 
Biotechnology) and electro-transferred into polyvinylidene 
difluoride membrane (PVDF, 0.45). Membranes were blotted 
with 5%  BSA (Beyotime Institute of Biotechnology) or 
5% skimmed milk powder in PBST for 2 h at room tempera-
ture. Membranes were incubated overnight at 4˚C with primary 
antibodies against β‑actin (ABM-0001, Zoonbio, Nanjing, 
China) and RSK2 (Bioworld, USA) at a dilution of 1:1,000 in 
antibody dilution solution. Membranes were washed 3 times 
for 10 min each with Tween-PBS and incubated with goat anti-
rabbit or mouse horseradish peroxidase conjugate IgG Abgent 
(San Diego, CA, USA) at a dilution of 1:3,000 in Tween-PBS. 
The Fusion computer software (Vilber Lourmat, French) was 
used for visualization.

Xenograft tumor model. In this study, the male nude mice 
(4 weeks) were purchased from the experimental animal center 
of Chongqing Medical University. All the mouse experiments 
were approved by the Ethics Committee of Chongqing Medical 
University. The OS cells were injected subcutaneously into the 
nude mice at a density of 5x106 cells per 100 µl PBS. Tumor 
volume was measure at 7, 14, 21, 28 days after injection. 
Mice were sacrificed on day 28, the xenograft tumors were 
dissected and embedded in paraffin for HE staining and IHC 
as described above.

Proliferation index in xenograft tumors. IHC staining for 
the expression of Ki67 and PCNA (proliferating cell nuclear 
antigen) xenograft tumor tissues were carried out. The prolif-
eration index (Ki-67 and PCNA index) was measured (the 
percentage of positive cells from five randomly fields under a 
light microscopy at x400 magnification).

Chemosensitivity. The change of cell chemosensitivity was 
observed with a CCK-8 colorimeter. Cells were divided into 
two groups (pre-transfection and post-transfection). All cells 
were seeded onto 96-well plates at a density of 2,000 cells/
well, cisplatin and doxorubicin with different concentrations 
and 10 µl CCK-8 were added to each well. The absorbance 
value was read at 450 nm using an enzyme-labeled instru-
ment.

Statistical analysis. Data were expressed as the mean ± 
standard deviation. Student's t-test, one-way ANOVA or 
Chi-square test followed by the Tukey post-hoc test for data 
with multiple comparisons was performed using commercial 
statistical software (SPSS Inc., Chicago, IL, USA) to deter-
mine significant differences between groups, and P-values at 
<0.05 were considered statistically significant.

Results

Overexpression of RSK2 gene in human specimens. The 
expression levels of RSK2 gene in osteosarcomas and normal 
bone tissues were comparatively analyzed using IHC. The 
expression of RSK2 (not shown) in osteosarcomas was signifi-
cantly higher than normal bone tissues. The positive rate was 
86.67 and 26.67% respectively, the difference was statistically 
significant (P<0.01) (Table I and Fig. 1).
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Knockdown of RSK2 in OS cell lines. To verify the transfec-
tion efficiency of the shRNA, RSK2 mRNA expression was 
measured at 48 h after transfection (Fig. 2). RSK2 mRNA 
expression was significantly decreased after transfection with 
shRNA, while scramble shRNA had only negligible effects on 
RSK2 expression. Western blot analysis confirmed that RSK2 
protein was significantly down regulated in all OS cells at 
48 h after transfection with RSK2 shRNA (Fig. 3); scrambled 
shRNA did not affect RSK2 protein expression in any cell 
lines. According to the results above, RSK2 shRNA could 
effectively knock down the RSK2 gene in mRNA level and 
the protein level.

Influence of RSK2 inhibition on cell apoptosis and cell  
cycle progression. At 48 h after transfection with shRNA, 
Annexin V-PI staining was performed to detect apoptotic 

Table I. Expression of RSK2 protein in osteosarcomas and 
normal tissues.

	 Positive	 Negative	 Total

OS	 26	   4	 30
Normal	   4	 11	 15
Total	 30	 15	 45

The expression levels of RSK2 protein in osteosarcomas (OS) and 
normal bone tissues were comparatively analyzed using IHC. The 
percentage of the positivity of staining was graded as 0 (negative), 
1 (<10%), 2 (10-50%) and 3 (>50%). The intensity of staining 
was scored as 0 (absent), 1 (light yellow), 2 (yellowish brown) 
and 3  (brown). The staining index  (SI) was used for assessing the 
expression of RSK2. SI, proportion score x intensity score: 0-2 was 
categorized as negative (1-2 as low expression), 3-9 was categorized 
as positive (3-4 as moderate expression, 6 and 9 as high expression).

Figure 1. Expression of RSK2 protein in osteosarcomas. (A-C) Protein expression of RSK2 collected in 30 patients with osteosarcomas were analysed using 
immunohistochemical staining (IHC). The RSK2 was mainly located in the cell nucleus and endochylema. The strongly positive cells are brown, positive 
cells are brown-yellow, and  the negative blue. (D) Positive rate of RSK2 in osteosarcomas and normal tissues. Each bar represents the positive rate of RSK2 
in osteosarcomas and normal tissues respectively. **P<0.01 for OS vs. the normal bone tissues (Chi-square tests).
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cells and cell cycle progression. After transfection with 
RSK2 shRNA, apoptosis was significantly increased in all 
OS cells compared to cells without transfection (Fig. 4). The 
cell cycle analysis showed that cells were arrested in the 

G1/S phase, while blockage was not observed in the untrans-
fected OS cells.

Influence of RSK2 inhibition on cell proliferation. At 48 h 
after transfection with shRNA, cell viability was evaluated 
(Fig. 5). After transfection with RSK2 shRNA, the viability 
of all OS cells was significantly decreased as compared to that 
of the control. In contrast, cells transfected with scrambled 
shRNA exhibited no changes in cell viability as compared to 
the control. Of the OS cell lines, three exhibited no difference 
in cell viability compared to each other.

Influence of RSK2 inhibition on cell chemosensitivity. The 
sensitivity of OS cells to cisplatin and doxorubicin after 
transfection with shRNA were evaluated. After transfection 
with RSK2 shRNA, the IC50s of cisplatin and doxorubicin 
decreased in all three cell lines. In contrast, the IC50s of these 
drugs were not significantly affected by transfection with 
scrambled shRNA in any cell line (data not shown) (Table II).

Inf luence of RSK2 knockdown on migration activity. 
The migration activity of OS cells after transfection with 
RSK2 shRNA at 48 h was weaker than that of control. In addi-
tion, the three cell lines showed no difference by naked eye 
and the differences were not significant (Fig. 6).

Influence of RSK2 inhibition on protein expression. At 
48 h after transfection with RSK2 shRNA, expression of 
related proteins were altered in OS cell lines as compared to 
control and scrambled shRNA-transfected cells. In addition, 
RSK2 knockdown weakened the expression of p-AKT, and 
p-mTOR (Fig. 7). Knockdown of RSK2 also weakened the 
expression of Bcl2, enhanced the expression of Bax, but did 
not influence the expression of caspase-3 (Fig. 8). In addi-
tion, inhibition of RSK2 influenced the expression of c-Fos, 
but could not reversely stimulate the expression of p-ERK 
(Fig. 9).

Influence of RSK2 knockdown on xenograft tumors. The 
activity of OS cells to produce xenograft tumor was tested 
in nude mice. The cells after transfection with RSK2 shRNA 
were considered to produce less xenografted tumors than 
that of the control group. In addition, the tumors of the 

Figure 2. Expression of RSK2 mRNA in OS cell lines after transfected with 
RSK2 shRNA. (A) RSK2 mRNA expression in OS cell lines was evaluated 
by semi-quantitative rt-PCR at 48 h after transfection with RSK2 shRNA. 
The expression of RSK2 mRNA in all three OS cell lines was decreased 
significantly with respect to RSK2 shRNA compared to control group or 
scrambled shRNA. (B) The relative density of RSK2 mRNA is expressed as 
the ratio (RSK2/GAPDH). Data represent the mean ± SD of three indepen-
dent experiments. **P≤0.01 versus control.

Figure 3. Expression of RSK2 protein in OS cell lines after transfection 
with shRNA. (A) RSK2 protein expression in OS cell lines was evaluated by 
western blotting at 48 h after transfection with scrambled and RSK2 shRNA. 
(B) The relative density of RSK2 protein are expressed as the ratio (RSK2/
β‑actin). Data represent the mean ± SD of three independent experiments. 
*P≤0.05, **P≤0.01 versus control.

Table II. The 50% inhibitory concentrations of cisplatin and 
doxobubicin in OS cell lines.

	 Cisplatin (ng/µl)	 Doxorubicin (ng/µl)
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Cell lines	 Prea	 Postb	 Prea	 Postb

MG-63	 4.66	 3.4	 2.08	 1.11
143B	 4.71	 3.91	 2.13	 1.04
U2-OS	 4.83	 3.79	 2.05	 1.10

The 50% inhibitory concentration was detected with the CCK-8 
colorimeter at 450  nm using an enzyme-labeled instrument. aPre, 
no treatment. bPost, at 48 h after transfection with RSK2 shRNA.
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Figure 4. OS cell apoptosis and cell cycle were analysised by Annexin V-PI staining. (A) Representative images showing gross increased counts of apoptotic 
cell in three OS cell lines. (B) Representative images showing cell cycle arrest induced by RSK2 shRNA at 48 h in three OS cell lines. (C) The percentage of 
OS cells in 4 quadrants respectively. Q1, dead cells, Q2, late apoptotic cells, Q3, early apoptotic cells, and Q4, live cells. The values represent the means ± SD 
of three experiments performed in triplicate. *P≤0.05, **P≤0.01, versus control as determined by the Student's t-test. (D) The percentage of cell cycle phase. The 
cells were fixed by 70% ethylalcohol before detection. The values represent the means ± SD of three experiments performed in triplicate. *P≤0.05, **P≤0.01 
versus control, as determined by the Student's t-test.
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control group were smaller than the experimental group. 
The expression of proliferating cell nuclear antigen and pi67 
in the xenograft tumor induced by OS cell transfection with 
RSK2 shRNA was significantly lower than that of the untrans-
fected cells (Fig. 10).

Discussion

The prognosis of OS patients remains unsatisfactory despite 
the development and advances in the diagnosis, and treatment 
technology. The patients with OS often have high metastasis 
rate postoperatively, and chemoresistance. To explore an effec-
tive therapy method is necessary, and also a huge challenge. 

Figure 5. The effects of RSK2 shRNA on the proliferation of OS cells. The 
OS cell lines were treated with RSK2 shRNA. The cell proliferation was 
assessed at 24, 48, 72, 96, 120, 144 and 168 h after transfection.

Figure 6. The ability of migration was tested by transwell chambers. (A and B) Representative images showing the cells in RSK2 shRNA groups were signifi-
cantly decreased compared to the control groups by naked eye. (C) The average number of cells in 5 fields of vision. The values represent the means ± SD of 
three experiments performed in triplicate. **P≤0.01 versus control, as determined by the Student's t-test.
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Tumorigenesis of OS is associated with biological events 
involved in the process of OS. Several studies have shown that 
RSK2 is overexpressed in prostate cancer tissues and stimulate 
proliferation in prostate cancer cells (10,23), multiple myeloma 
(12,24), non-small cell lung cancer (NSCLC) (25), skin cancer 
(26), mammary cancer (27), and in head and neck squamous 
cell carcinoma (28). Mutations in the human X chromosomal 
gene, RSK2 (RPS6KA3), cause the Coffin-Lowry syndrome 
(29-32).

Our study showed that median expression levels of RSK2 
protein in clinical specimens collected from 30 patients with 
osteosarcoma were significantly elevated compared to the 
expression levels of para-tumor tissue and normal bone tissues. 
The expression was mostly located in the cell nucleus and 
cytoplasm, effectly supporting that RSK1/2/3 are present in 
the cytoplasm of quiescent cells, but translocate to the nucleus 
after stimulation (33-37). However, the result are based on a 

small number of samples, and a limited geographical area. 
More specimens need to be collected for further study.

We investigated the effects of RSK2 knockdown in 
OS cell lines in order to determine the potential efficacy 
of RSK2-targeted therapy for the treatment of OS. As the 
expression of RSK2 was most significantly decreased at 48 h 
after transfected with shRNA (data not shown), the differ-
ence in the viability of the three OS cell lines was detected 
at 48 h after transfection with RSK2 shRNA, as well as the 
other phenomena, including chemosensitivity, apoptosis and 
migration.

Cell viability was decreased in all OS cell lines following 
transfection with RSK2 shRNA. The percentage of apoptotic 
cells, assayed by flow cytometry, was obviously higher than the 
control group and the empty vector transfected group. RSK2 
protein is synthesized and expressed at high levels during 
the G1/S-phase of the cancer cell division cycle, effectively 

Figure 7. Phosphorylated Akt (p-Akt), Akt, mTOR and phosphorylated mTOR in OS cells detected by western blotting. (A) The amounts of phosphorylation of 
Akt at Thr450 and mTOR at Ser2481 are decreased after transfected with RSK2 shRNA. (B and C) The relative density of p-Akt and p-mTOR are expressed 
as the ratio (p-Akt/β‑actin, p-mTOR/β‑actin). Data represent the mean ± SD of three independent experiments. **P≤0.01 versus control. ◆, no difference versus 
control.
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supporting that the RSK2 could regulate G1 phase progres-
sion by controlling the activity of the CDK2 (cyclin-dependent 
kinase 2) inhibitor p27kip1 and negatively regulating GSK3, 
which targets c-Myc and cyclin D1 for degradation (15,38).

Further study demonstrated that the expression levels of 
apoptosis related genes, including Bax, Bcl2, and caspase-3, 
were affected by knockdown of RSK2 by shRNA in three OS 
cells lines, increasing expression of Bax, reducing expression 
of Bcl2, explaining the increased apoptosis. Several groups 
have shown that RSK activation or overexpression inhibited 
cell death via inactivation of the Bcl-2 homology 3-only pro-
apoptotic protein, Bad (18,39,40). RSK2 could interact with 
PEA-15/PED, increased its expression and reduced apoptosis 
(37,41,42). In our study, we suggested that inhibition of RSK2 
might induce a preferential decrease in cell viability by 

apoptosis and delay the progressive pathological process of 
different types of OS cells.

After transfection with RSK2 shRNA, the sensitivity of OS 
cells to cisplatin and doxorubicin was increased as compared 
to that of control. Other groups have found that RSK2 
activity was regulated by its interaction with PEA-15 and 
ERK, increased expression of PEA-15/PED could reduce the 
sensitivity of tumor cells (37,42,43). RSK2 stimulated the phos-
phorylation of IκB and activated the NF-κB signaling pathway 
(43,44). Moreover, activated NF-κB induced the production of 
chemoresistance genes and proteins, including P-glycoprotein 
and ABC transporters (45-47). In this study, Bcl2, downstream  
of NF-κB and one of the indicators of apoptosis, was down-
regulated after transfected with RSK2 shRNA, while Bax was 
upregulated. So we considered that the potential mechanism of 

Figure 8. Caspase-3, Bax and Bcl2 in OS cells detected by western blotting. (A) The amount of Bcl2 was decreased after transfected with RSK2 shRNA. 
RSK2 shRNA inhibits the expression of Bax and Bcl2. The amount of caspase-3 was not changed after transfected with RSK2 shRNA. RSK2 shRNA did not 
inhibit the expression of caspase-3. The amounts of Bax was increased after transfected with RSK2 shRNA. RSK2 shRNA enhances the expression of Bax. 
(B-D) The relative density of Caspase-3, Bcl2 and Bax are expressed as the ratio (Caspase-3/β‑actin, Bcl2/β‑actin, Bax/β‑actin). Data represent the mean ± SD 
of three independent experiments. **P≤0.01 versus control. ◆, no difference versus control.
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increased chemosensitivity was related with the activation of 
NF-κB/Bcl2/Bax pathway. Further studies, including related 
gene expression, related protein expression and functional 
assessment based on RSK2 inhibition, are required to deter-
mine the molecular mechanisms through which RSK2 affects 
chemosensitivity in OS cells.

Some research groups have reported that regulation of 
c-Fos by RSK2 was shown to play important roles in bone 
homoeostasis and tumorigenesis. In the absence of RSK2, 
c-Fos-dependent osteosarcoma formation is impaired (48). The 
lack of c-Fos phosphorylation leads to reduced c-Fos protein 
levels, which are thought to be responsible for decreased prolif-
eration and increased apoptosis of transformed osteoblasts (49). 
c-Fos transgenic mice crossed with RSK2 null mice produce 
offspring whose tumors have increased levels of apoptosis 
and decreased proliferation compared to c-Fos transgenic 
animals expressing wild-type RSK2 (50). Interestingly, our 
data supported the hypothesis that RSK2 inhibition induced 
downregulation of c-Fos protein in OS cell lines, resulting in 
decreased proliferation and increased apoptosis, effectively 
supporting that RSK2 is essential for c-Fos transactivation 
because it stabilizes c-fos protein (19,48,51).

It has been verified that RSK2 could promote the expression 
of AKT through the increased combination with keratinocyte 
growth factor receptor (KGFP) on epithelial cells (52). mTOR 
(a downstream factor of AKT) is an essential regulator of ribo-
some biogenesis, mRNA translation and cell growth, and its 
activity is controlled by several growth-regulating pathways. 
Activated RSKs promotes mTOR signaling through the 
phosphorylation of TSC2 on Ser1798, which prevents its GAP 
(guanine nucleotide-activating protein) activity towards the 
small GTPase Rheb (53-55). More recently, RSK was shown to 
phosphorylate Raptor, an important mTORC1 (mTOR complex 
1) scaffolding protein, providing another link between the 
Ras/MAPK and mTOR signaling pathways (56). In this study, 
inhibition with RSK2 shRNA induced downregulated expres-
sion of phosphorylated AKT and mTOR. RSK2 shRNA acted 
on the OS cells through AKT/mTOR signaling pathway.

PCNA and Ki67 are key controllers of multiple processes 
in DNA and chromatin metabolism, regulating replication, 
repair and chromatin assembly through interaction with a huge 
number of partner proteins. They exist only in proliferative 
cells and tumor cells and are used to detect the cell's prolifera-
tive activity. In our study, the rate of positive cells of PCNA 

Figure 9. Phosphorylated ERK (p-ERK), and c-Fos in OS cells detected by western blotting. (A) The amount of phosphorylation of ERK at Ser473 was not 
changed after transfected with RSK2 shRNA. RSK2 shRNA did not inhibit phosphorylation of ERK at Ser473. The amount of c-Fos was decreased after 
transfected with RSK2 shRNA. RSK2 shRNA inhibited the expression of c-Fos. (B and C) The relative density of p-ERK and c-FOS are expressed as a ratio 
(p-ERK/β‑actin, c-Fos/β‑actin). Data represent the mean ± SD of three independent experiments. **P≤0.01 versus control. ◆, no difference versus control.
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and Ki67 in xenografted tumors induced by untransfected 
cells are obviously higher than in the transfected groups. This 
verified that knockdown of RSK2 inhibited the proliferation of 
OS cells in nude mice.

There are now three different potent and highly specific 
inhibitors of RSK2 (BI-D1870, SL0101, FMK) (57). However, 
we did not study their effects on OS cells. Further studies are 
required to verify whether RSK2 inhibitors may be effective 
for all types of OS and whether there are side effects of RSK2 
inhibitors in vivo.

In conclusion, this study demonstrated that inhibition 
of RSK2 decreased cell viability through the induction of 
apoptosis, blocked the cell cycle progress, enhanced chemo-
sensitivity, and weakened migration in OS cell lines. These 
findings suggested that RSK2 may partially support cell 
survival and maintain the aggressive biological behavior in OS. 
Therefore, RSK2 may be an effective target for novel thera-
peutics or combination therapies with conventional anticancer 

drugs for OS. Further studies are required to fully elucidate 
the mechanism of RSK2 in OS, and to verify whether RSK2 
plays a role in vivo.
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