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Abstract. An increasing body of evidence suggests that 
ribosomal proteins may have ribosome-independent functions 
and may be involved in various physiological and pathological 
processes. To examine the role of ribosomal protein L34 
(RPL34) in cancer transformation, we assessed its expression 
in gastric cancer cell lines and found it highly expressed. 
We further used lentivirus-mediated small interfering RNAs 
(siRNAs) to knockdown RPL34 expression in the human 
gastric cancer cell line SGC-7901. RNA interference (RNAi)-
mediated inhibition of RPL34 expression in SGC-7901 cells 
significantly suppressed cell proliferation, increased apoptosis 
and arrested cells in the S phase. The results of the present 
study suggest that RPL34 plays a critical role in cell prolifera-
tion, cell cycle distribution and apoptosis of human malignant 
gastric cells.

Introduction

Gastric cancer (GC) is the second most common cancer in Asia 
and particularly in Eastern Asia (1,2), and is still the third most 
frequent cause of cancer-related deaths, after lung and liver 
cancer in males and breast and lung cancer in females (3-5). 
The survival of patients with GC has improved along with 
marked advances in diagnostic and therapeutic modalities. 
However, the high rate of relapse and metastasis of GC results 
in poor long-term survival (6,7). Thus, there is an urgent need 
to develop new treatment strategies for GC.

In eukaryotes, ribosomes contain ~80 different ribosomal 
proteins (RPs). Evidence has demonstrated that appropriate 
regulation of RP genes is crucial for normal ribosome 
biosynthesis (8), and their activity is required for the growth 
and maintenance of all types of cells (9,10). Loss of normal 
regulation of RPs has been associated with pathological 
conditions, such as neoplasia (11) and Turner syndrome (12). 

The gene encoding ribosomal protein L34 (RPL34) has been 
identified in the human (13,14), mouse (15) and rat (13,16,17). 
However, no functional information has been available to date 
for RPL34 in human cancer and GC in particular.

In the present study, we confirmed that RPL34 is highly 
expressed in GC cell lines. Subsequently, we employed the 
lentivirus-delivered small interfering RNA (siRNA) technique 
to examine the effect of RPL34 knockdown on human GC cell 
growth in vitro.

Materials and methods

Cell lines. Human gastric adenocarcinoma cell lines SGC-7901, 
MGC80-3, BGC-823 and MKN-45 and human renal epithelial 
293T cells were purchased from the Shanghai Cell Bank 
(Shanghai, China). Cell lines were cultured in RPMI-1640 
medium, supplemented with 10% fetal bovine serum (FBS), 
sodium pyruvate, non-essential amino acids, L-glutamine, a 
2-fold vitamin solution (all from Gibco®, Shanghai, China), 
100 U/ml penicillin and 0.1 mg/ml streptomycin (Sangon Co., 
Ltd., Shanghai, China) at 37˚C in a 5% CO2 incubator.

Quantitative RT-PCR. Total RNA from the 4 cell lines, 
SGC-7901, MGC80-3, BGC-823 and MKN-45, was extracted 
using the TRIzol reagent (Invitrogen, Shanghai, China), 
according to the manufacturer's instructions and was then 
used for RT reaction. Briefly, 2 µg of total RNA from each 
sample was reverse transcribed to single-stranded cDNA. One 
microliter of cDNA was used as a template for the following 
PCR. The primers used were as follows: for RPL34 forward, 
5'-GTT TGA CAT ACC GAC GTA GGC-3' and reverse, 
5'-GCA CAC ATG GAA CCA CCA TAG-3'; and for GAPDH 
forward, 5'-TGA CTT CAA CAG CGA CAC CCA-3' and 
5'-CAC CCT GTT GCT GTA GCC AAA-3'. The quantitative 
RT-PCR comprised an initial denaturation at 95˚C for 15 sec, 
then 45 cycles at 95˚C for 5 sec and 60˚C for 30 sec. The PCR 
products of RPL34 and GAPDH were 241 and 121 bp, respec-
tively. All samples were examined in triplicates.

Recombinant lentiviral vector production and cell infection. 
The complementary DNA sequence (CCTAAAGTTCTTA 
TGAGAT) of RPL34 was designed from the full-length RPL34 
sequence (GenBank no. CR542242.1) by GeneChem Co. Ltd. 
(Shanghai, China). After testing knockdown efficiencies, the 
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stem-loop oligonucleotides were synthesized and inserted into 
the lentivirus-based pGCSIL-GFP (GeneChem Co. Ltd.) with 
AgeI/EcoRI sites. Lentivirus particles were prepared as previ-
ously described (18).

For lentivirus infection, SGC-7901 cells were cultured 
into 6-well plates and then the RPL34-siRNA-lentivirus or 
negative control (NC) lentivirus was added according to 
a multiplicity of infection (MOI). After 72 h of infection, 
the cells were observed under a fluorescence microscope 
(MicroPublisher 3.3RTV; Olympus, Tokyo, Japan). After 120 h 
of infection, the cells were harvested to determine knockdown 
efficiency by quantitative RT-PCR.

Western blot analysis. The cells were collected and lysed using 
ice-cold lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% 
SDS, 1  mM EDTA, 1% NP-40) containing 1  mM protein 
inhibitor and 1 mM PMSF, for 30 min on ice. The lysates were 
centrifuged at 10,000 x g at 4˚C for 10 min and the supernatants 
were collected. Protein concentration was measured using the 
BCA protein assay (HyClone-Pierce, Rockford, IL, USA). Equal 
amounts of total protein of each treatment were separated using 
12.5% SDS-PAGE according to Laemmli's method (19), and 
were then transferred onto PVDF membranes. Membranes were 
incubated with mouse anti-FLAG or anti-GAPDH antibodies 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). Western 
blotting was developed using horseradish peroxidase‑conju-
gated goat anti-mouse IgG (Santa Cruz Biotechnology) and 
was detected by enhanced chemiluminescence (ECL) reagent 
(ECL-Plus/Kit; Amersham, Piscataway, NJ, USA).

Cell growth assay. Cell growth was measured using multi-
parametric high-content screening (HCS) similarly to and as 
described by Zhou et al (20) with some modifications. Briefly, 
SGC-7901 cells at the logarithmic phase after being infected 
with either the NC lentivirus or RPL34-siRNA lentivirus were 
seeded at 2,000 cells/well into 96-well plates; the cells were 
then incubated at 37˚C with 5% CO2 for 5 days. The cells in 
the plates were counted using the Cellomics ArrayScan™ VT1 
HCS automated reader (Cellomics, Inc., Pittsburgh, PA, USA) 
for each day's analysis. In each well, at least 800 cells were 
analyzed. Each experiment was performed in triplicates.

Analysis of cell cycle distribution and apoptosis. Flow cytom-
etry (FCM) analysis was used to determine the cell cycle 
distribution or detect apoptosis and was performed as previ-
ously described (21). Briefly, SGC-7901 cells were infected 
with RPL34-siRNA or NC plasmids and incubated at 37˚C for 
1, 2, 3, 4 or 5 days. At the indicated time point, adherent cells 
were collected, washed twice with ice-cold phosphate-buffered 
saline (PBS), fixed with ~0.5 ml of ice-cold 70% ethanol at 
4˚C for 1 h, and stained with propidium iodide (PI; 50 µg/ml, 
Sigma-Aldrich® Co. LLC., St. Louis, MO, USA) in the pres-
ence of RNase A (100 µg/ml; Fermentas®, Shanghai, China). 
The suspension was filtered through a 300-mesh, and the DNA 
content of the stained nuclei was analyzed for the cell cycle 
phase by BD FACSCalibur flow cytometer (BD Biosciences, 
San Diego, CA, USA). Each experiment was performed in 
triplicates.

Cell apoptosis was assayed by staining with Annexin V-APC 
(eBioscience, San Diego, CA, USA) and detected by FCM. 

For analysis of apoptosis, SGC-7901 cells were cultured into 
6-well plates. After 48 h of transfection with RPL34-siRNA 
or NC plasmids, the cells were collected and washed twice 
with ice-cold PBS. The cell concentrations were adjusted to 
1x106/ml with 1X staining buffer. One-hundred microliters 
of cell suspension was stained with 5 µl Annexin V-APC at 
room temperature in the dark for 15 min. Cells were analyzed 
using FCM within 1 h. All experiments were performed in 
triplicates.

Statistical analysis. The Student's t-test was used for raw 
data analysis. Statistical analysis was performed using SPSS 
for Windows version 16.0 (SPSS, Inc., Chicago, IL, USA). 
The statistical data for each group were presented as the 
mean ± SD. A value of p<0.05 was accepted as statistically 
significant.

Results

RPL34 mRNA detection in four GC cell lines. The expression 
of RPL34 mRNA was assessed in gastric cancer cell lines 
SGC-7901, MGC80-3, BGC-823 and MKN-45 by RT-PCR. 
The results showed that RPL34 mRNA was expressed in all 
four cell lines (Fig. 1).

Figure 1. RPL34 mRNA levels in four gastric cancer cell lines. Expression 
of RPL34 mRNA was measured by RT-PCR in the indicated cell lines. A 
constitutively expressed GAPDH gene was used as an internal control.

Figure 2. Knockdown of RPL34 protein expression in 293T cells. RPL34 
protein expression was analyzed by western blotting in control-transfected 
(NC) and RPL34-siRNA-transfected 293T cells. GAPDH was used as a 
loading control.
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Knockdown efficiency determined by western blot analysis. 
Human embryonic kidney 293T cells were infected with 
RPL34-siRNA lentivirus or NC lentivirus. As shown in Fig. 2, 
RPL34 protein expression was detected by western blotting 
in these cells, but was greatly reduced in the RPL34-siRNA 
infected cultures, indicating effective knockdown of the target 
sequence.

Lentivirus-mediated knockdown of RPL34 in the human GC 
cell line SGC-7901. To explore the role of RPL34, we knocked 
down RPL34 in the SGC-7901 cell line. As shown in Fig. 3, by 
day 3 post infection, the proportion of infected cells was >80% 
for both the RPL34-siRNA and NC lentivirus. RPL34 mRNA 
levels were assessed by real-time PCR at day 5 post infection 
with either the RPL34-siRNA or NC lentivirus. RPL34-siRNA 
lentivirus-infected cultures had significantly lower levels of 
RPL34 mRNA compared to levels in the cultures infected 
with the NC lentivirus (Fig. 4).

Knockdown of RPL34 in SGC-7901 cells inhibits cell prolif-
eration. To examine the effect of RPL34 on cell growth, 
SGC-7901 cells expressing either the RPL34-siRNA or NC 
lentivirus were seeded into 96-well plates and analyzed by 
Cellomics every day for 5 days. As illustrated in Fig. 5A and 
confirmed by quantification in Fig. 5B, control-transfected 
cells greatly expanded over the 5 days of the experiment, while 
the number of RPL34-siRNA-transfected cells did not change. 
The cell growth rate was defined as: Cell count at 9 days/cell 
count at first day, where n=2, 3, 4 and 5 (Fig. 5B). The results of 
the present study showed that RPL34 knockdown significantly 
inhibited proliferation of the SGC-7901 cells.

Knockdown of RPL34 in SGC-7901 cells leads to cell cycle 
arrest. To determine whether RPL34 is necessary for cell 
cycle progression in SGC-7901 cells, we assessed the cell cycle 
phases in SGC-7901 cells by flow cytometry (Fig. 6A). The 

NC group displayed the following distribution: (G0/G1 phase, 
52.02±0.87%; S  phase, 41.95±0.98%; and G2/M  phase, 
6.03±1.40%), and the RPL34-siRNA group displayed the 
following: (G0/G1 phase, 67.65±1.00%; S phase, 25.02±0.91%; 
and G2/M phase, 7.33±0.14%). As shown in Fig. 6B, compared 
to the control cultures, RPL34-siRNA lentivirus cultures 
displayed a significant decrease in the percentage of cells 
in the S phase (p<0.01) and an increase in the percentage of 
cells in the G2/M phase (p<0.01). Taken together, these data 
suggest that RPL34 regulates cell growth and blocks cell cycle 
progression in the G2/M phase.

Knockdown of RPL34 in SGC-7901 cells increases cell apop-
tosis. To test whether RPL34 expression affects apoptosis in 
GC cells, we knocked down RPL34 in SGC-7901 cells. Cell 
apoptosis was determined by Annexin V staining followed 

Figure 3. Assessing efficiency of infection of SGC-7901 cells with RPL34‑siRNA or NC lentivirus vectors. SGC-7901 cells were infected with RPL34‑siRNA 
or NC lentivirus and examined by fluorescent microscopy and light microscopy at day 3 post infection. Note that most of the cells express GFP. Magnification, 
x100. Representative images of the cultures are shown.

Figure 4. Confirmation of RPL34 knockdown in SGC-7901 cells. SGC-
7901 cells were infected with RPL34-siRNA or NC lentivirus and RPL34 
mRNA levels were analyzed using real-time PCR at day 5 post infection. 
Note that the RPL34 mRNA level decreased significantly after RPL34 
knockdown. **p<0.01.
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Figure 5. Effect of RPL34 knockdown on SGC-7901 cell growth. (A) Cells were infected with the control or RPL34-siRNA lentivirus and high content cell 
imaging was applied every day as indicated to acquire raw images (unprocessed by software algorithm) of cell growth. (B) Cells were seeded into 96-well 
plates and infected with the control or RPL34-siRNA lentivirus and cell growth was assayed every day for 5 days (NC vs. RPL34-siRNA, p<0.05).

Figure 6. RPL34 knockdown leads to cell cycle arrest. (A) Cell cycle of SGC-7901 cells was analyzed by flow cytometry. Each group is shown in triplicates. 
Note S-phase arrest in the knockdown sample. (B) Cell cycle phases determined by flow cytometry. Compared with NC, RPL34‑siRNA cultures showed a 
significant decrease in the proportion of cells in the S phase (**p<0.01); however, there was a significant increase in the proportion of cells in the G2/M phase 
(**p<0.01), compared with the NC group.
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by flow cytometry  (Fig.  7A). As shown in Fig.  7B, cell 
apoptosis was significantly increased in the RPL34‑siRNA 
group compared to the NC group (NC 3.05±0.10% vs. 
RPL34-siRNA 8.46±0.43%, p=0.001). These results indicate 
that RPL34 expression is a determinant of cell apoptosis in 
SGC-7901 cells.

Discussion

Gastric cancer (GC) is one of the most common cancers and 
the third leading cause of cancer-related death in both genders 
worldwide (1,2,22). Gene therapy is being studied as a poten-
tial therapeutic modality for treating cancer (23). However, 
the development and progression of GC remain poorly under-
stood. Therefore, it is particularly important to identify novel 
factors associated with gastric malignant transformation and 
to unravel the underlying mechanisms (24).

Ribosomal proteins (RPs), encoded by essential house-
keeping RP genes, are constitutively expressed in most 
eukaryotic cells. While the interest in identifying human RPs 
comes from results indicating their involvement in human 
cancer (14,25), most research thus far has focused on the expres-
sion and function of RPL34 in bacteria (26-28), Drosophila (26), 
mosquito (29) and amphioxus (30). However, RP expression and 
function in human GC have not yet been studied.

In the present study, we first determined the expression 
levels of RPL34 mRNA in four GC cell lines and found that it 
was expressed in all of them. Lentiviral vector is an efficient 
gene delivery vehicle due to its unique capability to deliver 

target molecules into the host cell DNA and replicate in non-
dividing cells (31). In order to assess RPL34 function in GC 
cell lines, we constructed the RPL34‑siRNA lentiviral vector, 
which efficiently silenced RPL34 in the SGC-7901 cell line. 
Compared to the control-infected cells, RPL34-siRNA‑treated 
cells showed decreased proliferation and a significant decrease 
in the proportion of cells in the S  phase. A significantly 
increased G2/M phase population was also detected. In addi-
tion, we found that knockdown of RPL34 increased apoptosis 
in the SGC-7901 cells. Taken together, these results suggest 
that RPL34 promotes SGC-7901 cell growth. Further study is 
ongoing to validate the anti-apoptotic role of RPL34 in other 
GC cell lines.

In conclusion, in the present study we demonstrated that 
downregulation of RPL34 expression by RNAi in SCG-7901 
cells inhibited cell proliferation and induced cell apoptosis. 
Therefore, knockdown of RPL34 by lentivirus-siRNA may be 
a candidate approach for treatment of GCs in which RPL34 is 
overexpressed.
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