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Abstract. – OBJECTIVE: Ribosomal protein 
S15A (RPS15A) has been implicated in tumori-
genesis, but its role in colorectal cancer (CRC) 
is not fully studied. The objective of this study 
was to investigate the role of RPS15A in CRC 
carcinogenesis.

PATIENTS AND METHODS: RBSP15A expres-
sion was detected in 120 colorectal adenocarci-
noma biopsies by immunohistological staining, 
and we examined the association of RSP15A ex-
pression with clinicopathological outcomes. We 
generated RPS15A stable knockdown CRC cell 
lines using shRNAs and assessed cell prolif-
eration by MTT assays, clonogenicity by colo-
ny formation assays, and apoptosis and cell cy-
cle arrest by flow cytometric analyses. A mouse 
tumor xenograft model was used to confirm the 
influence of RPS15A expression on CRC in vivo.

RESULTS: RPS15A expression was predictive 
for poor disease-free survival. Knockdown of RP-
S15A expression significantly inhibited cell pro-
liferation and colony formation and augment-
ed apoptosis in both the RKO and SW620 CRC 
cell lines. Moreover, RPS15A knockdown arrest-
ed RKO cells at the G2/M phase and SW620 cells 
at the G0/G1 phase. KEGG pathway analysis of 
785 genes differentially expressed between wild-
type and shRPS15A RKO cells showed enrich-
ment for the pathway in cancer and MAPK signal-
ing pathway KEGG terms. RPS15A knockdown 
induced apoptosis via regulation of BIRC3, p38 
MAPK, and Chk1. Consistently, RPS15A knock-
down significantly impaired the growth of subcu-
taneous CRC xenografts in nude mice.

CONCLUSIONS: These results indicate that 
RPS15A is a novel, potentially oncogenic gene 
involved in colorectal carcinogenesis. RPS15A 
knockdown may be an attractive strategy for 
treating CRC with gene therapy.

Key Words:
Colorectal cancer, RPS15A, SiRNA, Proliferation, Mi-

croarray.

Introduction

Colorectal cancer (CRC) is the third most com-
mon cancer and the second most frequent cause 
of cancer-related deaths globally1-3. Despite recent 
implementation of national screening programs 
and advances in diagnostic and therapeutic ap-
proaches, the prognosis for CRC patients whose 
tumor is not detected until it has been advanced 
remains poor4. Consequently, there is an urgent 
need to develop novel therapeutic strategies for 
treating patients with advanced CRC.

Eukaryotes have 80S ribosomes, each consist-
ing of a 40S subunit and a larger 60S subunit. 
The three-dimensional structures of the RNA 
molecules within the 40S subunit facilitate the in-
teraction between mRNA codons and tRNA anti-
codons, whilst those of the 60S subunit catalyzes 
peptide-bond formation5. Ribosomal biogenesis 
is a highly ordered cellular process for producing 
ribosomes needed for protein translation and is 
therefore essential for cell growth and prolifera-
tion6. Consequently, interference with ribosomal 
biogenesis can severely delay cell growth and 
proliferation and impairs larval development in 
Drosophila7,8. Several ribosomal proteins (RPs) 
play pivotal roles in cell transformation and tu-
morigenesis, presumably arising from their in-
volvement in DNA replication and repair, auto-
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regulation of RP synthesis and translation, and 
RNA processing9. Overexpression of RPS3a, 
for example, induces the transformation of NI-
H3T3 cells and the formation of tumors within 
nude mice10. RPS13, meanwhile, is overexpressed 
in colon11, gastric12, and small cell lung cancer 
cells13; RPS27 is overexpressed in hepatocellular 
carcinoma14; RPS2, RPL7A, RPL23A, RPS14, 
and RPL19 are overexpressed in malignant pros-
tate cancer cell lines and tissue biopsies15. 

RPS15A is one of ~33 RPs that assemble with 
an 18S RNA to form the 40S subunit. RPS15A 
promotes the binding of capped mRNA to the 40S 
subunit early in translation16 and interacts with Ca2+ 
and calmodulin to modulate ribosome assembly and 
translation17. RPS15A is also implicated in tumori-
genesis. As a gene expression classifier, differential 
expression of RPS15A in combination with 34 other 
genes can differentiate between ductal carcinoma in 
situ and invasive breast cancer, implying a potential 
role in breast cancer progression18. Moreover, RP-
S15A is downregulated in androgen-independent 
prostate cancer after exposure to 17β estradiol19. 
RPS15A is overexpressed in response to the hepa-
titis B X antigen and plays a marked role in the de-
velopment of hepatocellular carcinoma (HCC)20,21. 
RPS15A is also a transforming growth factor (TGF) 
β1-responsive gene and promotes cell prolifera-
tion in the A549 lung adenocarcinoma cell line22, 
while RPS15A inhibition impairs the proliferation 
of A549 cells23. Consistently, RPS15A is also over-
expressed in lung cancer samples23. With regards to 
CRC, RPS15A has been determined to involve in 
the development of colorectal cancer 24-26.

Patients and Methods

Human CRC Specimens
The present study enrolled 120 patients with col-

orectal adenocarcinoma who were diagnosed and 
treated at the Renji Hospital, Shanghai Jiao Tong 
University School of Medicine, from January to 
December of 2012. The guidelines of the Chinese 
Society of Clinical Oncology (2018 version) were 
strictly followed for CRC diagnosis27. A biopsy of 
diseased tissue was obtained from each patient via 
surgical excision. All samples were obtained with 
informed consent and used with approval from the 
Review Board of Renji Hospital. The ages of the 
patients at diagnosis ranged from 39 to 81 years, 
with a median age of 69 years. Colorectal samples 
were classified as a carcinoma, normal carcino-
ma-adjacent tissue or adenocarcinoma. 5 µm-thick 

of slides were created from available formalin-fixed 
paraffin-embedded tissue in accordance with the 
protocol of the Department of Pathology at Renji 
Hospital. Data for the age at diagnosis, gender, 
tumor location, tumor grade, TNM stage, and vital 
status of patients relative to disease-specific surviv-
al at the time of follow-up (median follow-up time = 
36 months) were obtained.

Immunohistochemistry
Immunohistochemical staining of RPS15A 

was conducted on 5 µm-thick formalin-fixed 
paraffin-embedded samples. First, the slides 
were heated at 60°C, deparaffinized and hy-
drated by sequential washes in xylene, graded 
alcohol, and phosphate-buffered saline (PBS). 
The RPS15A antigen was retrieved via incuba-
tion with 0.1 mol/L citrate buffer (pH 6.0) for 
30 min at 95°C. The slides were then washed 
with PBS and incubated with 3% (v/v) H2O2 
for 10 min at room temperature to quench 
endogenous peroxidase activity. Following an 
additional three washes with PBS, the slides 
were blocked against non-specific epitopes via 
incubation with 10% (w/v) normal goat serum 
diluted in 1 part (w) bovine serum albumin 
(BSA, Sangon Biotechnology, Shanghai, Chi-
na) and 99 parts (v) PBS for 30 min at room 
temperature. The slides were then incubated 
with 1 part anti-RPS15A monoclonal antibody 
(Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) and 999 parts blocking solution over-
night at 4°C. The slides were then washed three 
times with PBS, incubated in block solution for 
10 min at room temperature and labeled with 
a biotinylated secondary antibody and horse-
radish peroxidase (HRP)-labeled streptavidin 
(1:1000 dilution, Santa Cruz Biotechnology) for 
1 h at 37°C. Finally, the enzymatic reaction was 
developed with 3, 3’-diaminobenzidine (DAB, 
Sangon Biotechnology) for 3 to 5 min, and then 
the slides were counterstained with hematoxy-
lin (Sigma-Aldrich, St. Louis, MO, USA) for 30 
sec and subsequently washed with PBS for 3 to 
5 min at room temperature. 

The immunostaining of slides with the RPS15A 
antibody was scored independently by two pathol-
ogists. Scoring of RPS15A expression was based 
on two variables as previously described28: the 
percentage of positively stained tumor cells (0 to 
<5% positively stained cells = 0, 5-25% positively 
stained cells = 1 or >50% positively stained cells = 
2) and the staining intensity (absent or low staining 
= 0, moderate staining = 1 or high staining = 2). 
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The scores for the two variables were then added 
together to obtain an overall score for each speci-
men and dichotomized into negative (scores of 0-1) 
or positive (scores of 2-12) classifications.

Cell Lines
Human CRC cell lines (RKO, SW480, HCT-

116, DLD1, HT-29, and SW620) were purchased 
from the Shanghai Cell Bank (Shanghai, China). 
All cell lines were maintained in Dulbecco’s 
Modified Eagle’s Medium (DMEM; Gibco™, 
Carlsbad, CA, USA) supplemented with 10% fe-
tal bovine serum (Gibco™) and 0.1% gentamicin 
sulfate (Sangon Biotechnology) at 37°C in a 5% 
CO2 humidified incubator. All experiments were 
performed using cells grown to >75% confluence.

RNA Extraction and Real-Time 
Quantitative PCR 

RNA was extracted from cells using the TRIzol® 
reagent (Thermo Fisher Scientific, Waltham, MA, 
USA) and synthesized into cDNA with the M-MLV 
reverse transcriptase (Promega, Madison, WI, 
USA) according to the manufacturer’s instruc-
tions. Real-time quantitative PCR (qPCR) of cDNA 
was completed as per the manufacturer’s protocol 
(Promega). The sequences of the GAPDH internal 
control primers were 5′-TGA CTT CAA CAG CGA 
CAC CCA-3′ (forward) and 5′-CAC CCT GTT GCT 
GTA GCC AAA-3′ (reverse). The sequences of RP-
S15A primers were 5′-CTC CAA AGT CAT CGT 
CCG GTT-3′ (forward) and 5′-TGA GTT GCA CGT 
CAA ATC TGG-3′ (reverse). Each qPCR reaction 
consisted of an initial denaturation step at 95°C 
for 30 secs, followed by 40 cycles of denaturation 
at 95°C for 5 s and extension at 60°C for 30 s. The 
PCR products of RPS15A and GAPDH were 161 
and 121 bp, respectively. All samples were tested in 
triplicate. Relative quantitation of gene expression 
was calculated using the 2-ΔΔCT method.

Construction of Lentiviral Vector and 
Cell Transfection

The siRNA against the human RPS15A gene 
(GenBank no. NM_001019) was designed using the 
full-length RPS15A sequence from GeneChem Co. 
Ltd (Shanghai, China). The siRNA sequence was 5′-
GCA ACT CAA AGA CCT GGA A-3′. For testing 
the knockdown efficiency, stem-loop-stem oligonu-
cleotides were synthesized and inserted into a pGC-
SIL-GFP vector (GeneChem Co. Ltd). Lentiviral 
particles were packaged as previously described29.

For cell transduction, RKO and SW620 cells 
(50,000 cells/well) were seeded into 6-well plates 

and transduced with the recombinant shRPS15A 
lentivirus or a negative-control (shCtrl) lenti-
virus at a multiplicity of infection of 20. Cells 
were incubated at 37°C in a 5% CO2 humidified 
incubator. After 72 h, the cells were observed un-
der a fluorescence microscope (MicroPublisher™ 
3.3RTV, Olympus Corporation, Tokyo, Japan). 
After 5 days, the knockdown efficiency was de-
termined by qPCR and Western blot.

MTT Assay
The proliferation of RKO and SW620 CRC 

cell lines transduced with either a shRPS15A or 
an empty plasmid was determined with the MTT 
assay. Transduced RKO and SW620 cells (1,000 
cells/well) within the logarithmic phase were seed-
ed in 96-well plates and incubated at 37°C with 
5% CO2 for 5 consecutive days. Next, 10 μL of 5 
mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide, DingGuoBio, Beijing, 
China) was added to each well and incubated for 
4 h at each termination of culture. Afterward, the 
supernatant was discarded, whereupon 100 μL of 
dimethylsulfoxide (DMSO, Sinopharm, Shanghai, 
China) was added to each well and incubated in an 
air bath shaker at 37°C for 10 min. The A490 nm 
was measured with an Elx-800 microplate reader 
(Biotek, Winooski, VT, USA).

Colony Formation Assay
The effect of RPS15A knockdown on subse-

quent colony formation was determined in par-
allel with a negative control. Transfected RKO 
and SW620 cells (1,000 cells/well) were seeded 
in 6-well plates and incubated for 10 days to form 
colonies. The medium was renewed every 2 days. 
Cells were washed with PBS (pH 7.2) and fixed 
with 4% paraformaldehyde (Sangon Biotechnolo-
gy) for 30-60 min. The fixed cells were washed 
with PBS and then stained with 100 µl of Giemsa 
staining solution (Chemicon International, Teme-
cula, CA, USA) for 20 min at room temperature. 
The total number of colonies consisting of >50 
cells was counted using light microscopy. 

Flow Cytometric Analyses of Cell Cycle 
Stage and Apoptosis

The effect of RPS15A knockdown on cell cycle 
progression and apoptosis was determined by flow 
cytometry (FCM). Four days post lentiviral infec-
tion, RKO and SW620 cells were reseeded in 6-cm 
dishes at a density of 1×106 cells/dish. Cells were 
harvested when the coverage rate of cells was >70% 
and subsequently fixed with 70% ice-cold ethanol 
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for 1 h at 4°C. The cells were then washed with PBS 
(pH 7.2), and then DNA was stained by incubation 
with 1.5 mL PBS containing 50 μg/mL propidium 
iodide (PI, Sigma-Aldrich) and 100 μg/mL RNase 
A (Thermo Fisher Scientific) in the dark for 30 min 
at room temperature. The suspension was filtered 
through a 45-µm mesh prior to FCM analysis using 
a FACS Calibur FCM instrument (BD Biosciences, 
San Diego, CA, USA) to determine the cell cycle 
phase. All experiments were performed in triplicate.

To identify cells undergoing apoptosis, RKO and 
SW620 cells were cultured in 6-well plates. Five days 
post lentiviral infection, transduced cell lines were 
collected and washed with ice-cold PBS (pH 7.2). 
Then, the cell concentrations were adjusted to 1×106/
mL with 1× staining buffer. 100 μL of suspended 
cells were stained with 5 μL of Annexin V-APC 
(eBioscience, Cat no.88-8007, San Diego, CA, USA) 
and incubated in the dark at room temperature for 10-
15 min. Cells were analyzed by FCM within 1 h. All 
experiments were performed in triplicate.

RNA Isolation and Microarray Analysis
The expression status of 20,000 genes in in-

dividual microarrays (GeneChip Primeview Hu-
man Gene Expression Array; Cat No. 901838, 
Affymetrix, Santa Clara, CA, USA) was deter-
mined for RKO cells transfected with either the 
shRPS15A or shCtrl lentiviruses. Initially, RNA 
was isolated from RKO cells 72 h post trans-
fection using the Trizol reagent (Thermo Fisher 
Scientific). For gene expression profiling, indi-
vidual microarrays were used for each sample. 

Briefly, 0.5 μg of RNA was used to synthesize 
cDNA. Biotin-labeled amplified RNA was syn-
thesized from a double-stranded cDNA using the 
GeneChip® 3′ IVT labeling kit (Affymetrix). The 
wash and staining protocols were performed with 
the GeneChip® Hybridization Wash and Stain Kit 
(Affymetrix) using a GeneChip® Fluidics Station 
450 (Affymetrix) according to the manufactur-
er’s instructions. Finally, the probe arrays were 
scanned directly using a GeneChip® Scanner 
3000 (Affymetrix) post hybridization.

Microarray Data Normalization 
and Analysis

The GeneSpring v11 software (Agilent Technol-
ogies, Santa Clara, CA, USA) was used to analyze 
microarray data. Initially, data were normalized 
using the GeneSpring software according to the 
manufacturer’s instructions. The normalized data 
were used to generate lists of genes differentially 
expressed by at least ±1.5-fold and also deemed 
statistically significant (p ≤ 0.05) according to the 
Student’s t-test relative to the negative control. A 
list of transcripts that were differentially expressed 
as a function of treatment was generated, which 
was clustered hierarchically using the GeneSpring 
software based on the manufacturer’s instruc-
tions. Enriched pathways were identified using the 
KEGG and BIOCARTA software. Finally, gene 
sets with meaningful and significantly different 
expressions were utilized to identify molecular 
functions using qPCR and Western blot. The prim-
ers used for qPCR are listed in Table I.

Table I. The qPCR primers used in the present study.

 GenBank no. Gene  Primers  Fragment size (bp)

NM_002392 MDM2 Forward:GAATCATCGGACTCAGGTACATC
  Reverse:TCTGTCTCACTAATTGCTCTCCT 167
NM_001010935 RAP1A Forward:CGTGAGTACAAGCTAGTGGTCC
  Reverse:CCAGGATTTCGAGCATACACTG 166
NM_032991 CASP3 Forward:GTTCATCCAGTCGCTTTGTGC 
  Reverse:ATTCTGTTGCCACCTTTCGG  98
NM_001195054 DDIT3  Forward:CTTCTCTGGCTTGGCTGACTGA
  Reverse:TGACTGGAATCTGGAGAGTGAGG  88
NM_002881 RALB Forward:TCATCAGGAAAGGAGCACT
  Reverse:GAGGGGATACAGGATTGTT 189
NM_001165 BIRC3 Forward:TTTCCGTGGCTCTTATTCAAACT
  Reverse:GCACAGTGGTAGGAACTTCTCAT  96
NM_002228 JUN  Forward:CGCCAAGAACTCGGACCTC
  Reverse:CCTCCTGCTCATCTGTCACG 164
NM_001143820 ETS1 Forward:CCTCACCGCCAACTCTGT
  Reverse:TCTCACCTGACATCCTACCG 232
NM_005252 FOS Forward:GAAGCCAAGACTGAGCCG
  Reverse:GCGGGTGAGTGGTAGTAAGAG 231
NM_006908 RAC1  Forward:ATGTCCGTGCAAAGTGGTATC
  Reverse:CTCGGATCGCTTCGTCAAACA 249
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Western Blot
The expression of genes related to apoptosis 

was determined at the protein level by targeted 
immunostaining with specific antibodies. 48 h 
post lentiviral infection, cells were lysed using 
ice-cold lysis buffer (100 mM Tris, pH 6.8, 2% 
b-mercaptoethanol, 20% glycerol, and 4% SDS). 
The lysates were centrifuged for 10 min at 12,000 
g and 4°C, whereupon the supernatants were 
collected, and protein concentrations determined 
using a BCA Protein Assay Kit (HyClone-Pierce, 
Logan, UT, USA). Equal amounts (20 μg) of 
protein samples of each treatment were separat-
ed by 10% sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE) accord-
ing to Laemmli’s method30 and transferred to 
polyvinylidene difluoride (PVDF) membranes. 
Membranes were incubated in TBST (25 mM 
Tris, pH 7.4, 150 mM NaCl and 0.1% Tween-20) 
containing 5% skimmed milk for 1 h at room 
temperature. Next, the membranes were incu-
bated overnight at 4°C with the following prima-
ry antibodies: mouse monoclonal anti-Flag® M2 
(1:1,000 dilution, Cat no. F1804, Sigma-Aldrich), 
rabbit polyclonal anti-FOS (1:200 dilution, Cat 
no. Ab7963, Abcam, Cambridge, MA, USA), 
rabbit monoclonal anti-Casp3 (1:1,000 dilution), 
rabbit anti-cleaved Casp3 (1:5,000 dilution, Cat 
no. #9664, Cell Signaling Technology, Bever-
ly, MA, USA), mouse monoclonal anti-RAP1A 
(1:1,000 dilution, Cat no. Ab55741, Abcam), rab-
bit polyclonal anti-RAC1 (1:500 dilution, Cat 
no. Ab97568, Abcam), rabbit monoclonal an-
ti-BIRC3 (1:1,000 dilution, Cat no. Ab32059, 
Abcam), mouse monoclonal anti-RALB (1:4,000 
dilution, Cat no. Ab156799, Abcam) and mouse 
monoclonal anti-GAPDH (1:2,000 dilution, Cat 
no. sc-32233, Santa Cruz Biotechnology). Finally, 
Western blots were incubated with a goat an-
ti-mouse (1:5,000 dilution, Cat no. sc-2005, Santa 
Cruz Biotechnology) or goat anti-rabbit horserad-
ish peroxidase (1:5,000 dilution, Cat no. sc-2004, 
Santa Cruz Biotechnology) secondary antibody 
for 1 h at 37°C. Signals were detected with an 
ECL-PLUS kit (Cat no. RPN2132, Amersham, 
Arlington Heights, OH, USA) according to the 
manufacturer’s instructions. GAPDH was used as 
the internal control.

Stress and Apoptosis Signaling 
Antibody Array 

Cell lysates were prepared from RKO cells 
transduced with either the shRPS15A or shCtrl 
lentiviruses. Stress and apoptosis signaling mol-

ecules were detected using a PathScan® stress 
and apoptosis signaling array kit (Cell Signaling 
Technology, #12856) according to the manufac-
turer’s instructions.

Mouse Tumor Xenograft Model
Tumor engraftment in nude mice was done 

as described previously31. Briefly, two groups 
of 4-week old nude mice were subcutaneously 
injected at the right axilla with cells successful-
ly transduced with either the shRPS15A or the 
control lentivirus. The average tumor size was 
determined by physical measurement of the ex-
cised tumor at the time of mouse sacrifice. With 
the exception of mice with large tumors, ani-
mals were sacrificed 4 weeks after injection. All 
procedures were performed in accordance with 
standard guidelines as described in the Guide 
for the Care and Use of Laboratory Animals (US 
National Institutes of Health 85-23, revised 1996). 
All animal protocols were agreed with the local 
Institutional Animal Care and Use Committee of 
Shanghai Jiao Tong University.

Statistical Analysis
All categorical data are expressed as a fre-

quency. The associations between RPS15A ex-
pression in human samples and clinical vari-
ables were analyzed using the Fisher’s exact 
test and ROC curve analysis. The association 
between tumor expression of RPS15A and pa-
tient disease-specific survival was fitted with 
Kaplan-Meier survival curves and assessed 
with a log-rank test. A Cox proportional haz-
ards model was fitted for multivariable analysis. 
Numerical data are expressed as the mean ± SD, 
for which the Student’s t-test was used to deter-
mine significance. All statistical analyses were 
conducted using the SPSS v.16 software (SPSS, 
Inc., Chicago, USA). A p-value less than 0.05 
was considered statistically significant.

Results

RPS15A Expression in Human 
Colorectal Carcinomas

To explore potential associations between 
RPS15A expression and clinicopathological out-
comes of human colorectal carcinoma diagnoses, 
we first used immunohistochemical staining to 
assess RPS15A expression in tumors resected 
from 120 patients diagnosed with colorectal ade-
nocarcinoma. Of the 120 cancer specimens, 104 
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Figure 1.  RPS15A expression in 120 human colorectal carcinoma biopsies. A-D, Representative RPS15A immunohistochemical 
staining in human colorectal tumor samples (x100 magnification). Negative (A score = 0; B score = 1) and positive scores (C 
score = 9; D score = 12). (E) Kaplan-Meier and (F) Cox regression models of disease-specific mortality for patients whose 
colorectal tumors expressed positive and negative levels of RPS15A. The log-rank test (two-sided) was used to compare 
differences between groups.

Table II. Univariate analysis of clinicopathological variables and RPS15A expression.

                                     RPS15A expression*
   
 Variable Total Negative (%) Positive (%) χ2 p†

Age    0.163 0.687
  ≤ 60 47 7 (14.9) 40 (85.1)  
  > 60 73 9 (12.3) 64 (87.7)  
Gender    1.816 0.197
  Male 71 7 (9.9) 64 (90.1)  
  Female 49 9 (18.4) 40 (81.6)  
Location    1.662 0.197
  Rectum 84 9 (10.7) 75 (89.3)  
  Colon 36 7 (19.4) 29 (80.6)  
Grade    11.209 0.004
  High 24 10 (41.7) 14 (58.3)  
  Mediate 42 5 (11.9) 37 (88.1)  
  Low 54 1 (1.9) 53 (98.1)  
TNM stage    5.140 0.023
  0-I 32 8 (25.0) 24 (75.0)  
  II-III 88 8 (9.1) 80 (90.9)  

*RPS15A expression was dichotomized into negative (overall score 0-1) and positive (2-12) groups for analysis. Overall score 
was obtained by adding the assigned values for RPS15A staining intensity (range 0-2) and percentage of tumor cells staining 
for RPS15A (range 0-2).  †Fisher exact test (two-sided).

(86.7%) were positive for RPS15A expression 
(Figure 1A-D). The clinicopathological data for 

these 120 patients is presented in Table II. The 
median age at diagnosis was 61 years (ranging 
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from 39 to 81 years). Positive tumor RPS15A 
expression was significantly associated with ad-
vanced tumor stage (p=0.023) and high tumor 
grade (p=0.004). There was no association be-
tween tumor RPS15A expression and age at diag-
nosis, gender nor tumor location.

Next, the association between RPS15A expression 
within tumors and patient survival outcomes was 
evaluated. The median survival for patients positive 
and negative for tumor RPS15A expression was 22 
and 32 months, respectively (p=0.022; Figure 1E). 
Furthermore, Kaplan-Meier models showed a great-
er cumulative mortality from CRC for patients with 
RPS15A-positive tumors. Additionally, positive 
tumor RPS15A expression remained significantly 
associated with patient survival and tumor location, 
stage and grade after Cox regression analysis (Table 
III). Patients with medium (HR=6.70, 95% CI=1.86 
to 24.18) or high-grade tumors (HR=3.43, 95% 
CI=1.10 to 10.72; p=0.011) had increased hazards of 
mortality relative to those with low-grade tumors. 
High RPS15A expression was significantly associ-
ated with poor disease-free survival (HR=3.55, 95% 
CI=1.05 to 12.06; p=0.042; Figure 1F). Patients with 
colon cancer had lower hazards of related mortal-
ity (HR=0.27, 95% CI=0.15 to 0.49; p<0.001) than 
those with rectal cancer. 

RPS15A mRNA Expression in 
Six CRC Cell Lines 

RPS15A mRNA expression in the RKO, 
SW480, HCT116, DLD1, HT-29, and SW620 CRC 
cell lines were determined by RT-PCR. The RKO, 

HT-29, and SW620 cell lines showed the highest 
expression of RPS15A (Figure 2A).

Decreased Expression of RPS15A in 
RKO and SW620 CRC Cells Transduced 
with shRPS15A

To elucidate the function of RPS15A in CRC, 
RPS15A expression was knocked down in RKO 
and SW620 cells by transduction with a lentivirus 

*HR = hazard ratio of death from colorectal cancer; CI = 
confidence interval. †Two-sided, from Cox proportional 
hazards model (verified to conform to proportional hazards 
assumptions).

Table III. Multivariable analysis of the associations between 
clinicopathological variables and disease-specific survival in 
CRC patients*.

 Variable HR (95% CI) p†

Gender  0.113
 Female 1.00 (baseline) 
 Male 0.58 (0.30-1.14) 
Location  < 0.001
 Rectum 1.00 (baseline) 
 Colon 0.27 (0.15-0.49) 
Grade  0.011
 Low 1.00 (baseline) 
 Medium 6.70 (1.86-24.18) 
 High 3.43 (1.10-10.72) 
TNM Stage  0.859
 0-I 1.00 (baseline) 
 II-III 0.92 (0.37-2.28) 
RPS15A expression  0.042
 Positive 1.00 (baseline) 
 Negative 3.55 (1.05-12.06) 

Figure 2. RPS15A mRNA levels in six CRC cell lines. A, Expression of RPS15A mRNA was measured by RT-PCR in 
the indicated cell lines. GAPDH mRNA expression was used as an internal control. B, Representative micrographs of GFP 
expression in control and shRPS15A groups (×200 magnification). C, RT-qPCR analysis of RPS15A knockdown efficacy in 
RKO and SW620 cells transfected with shRPS15A. **p<0.01 compared to control cells. D, Assessment of RPS15A knockdown 
efficacy by Western blot in RKO cells transduced with shRPS15A.
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delivering an siRNA payload specifically target-
ing human RPS15A (shRPS15A). The efficacy 
of this transduction was >70% (Figures 2B). To 
evaluate the knockdown efficacy, we isolated 
mRNA and protein from RKO and SW620 cells 
transduced with either a shRPS15A or a control 
payload and subsequently determined the expres-
sion of RPS15A mRNA and protein by RT-qPCR 
and Western blot, respectively. As shown in Figure 
2C, the levels of RPS15A mRNA were markedly 
lower in the shRPS15A group than in the shCtrl 
group. The results suggested that siRNA knock-
down was specific to the target gene and that RP-
S15A loss-of-function was not possibly caused by 
an off-target effect. Consistently, RPS15A protein 
expression was reduced by RPS15A knockdown 
(Figure 2D). These results suggested that shRP-
S15A could significantly down-regulate RPS15A 
expression in RKO and SW620 CRC cells.

RPS15A Knockdown in RKO Cells 
Inhibits Cell Proliferation

To examine the effect of RPS15A expression 
on cell growth, RKO and SW620 cell lines trans-

duced with either a shRPS15A or control lentivi-
ruses were seeded in 96-well plates and analyzed 
by Cellomics every day for 5 days. As illustrated 
in Figures 3A and 3D and confirmed by quanti-
fication in Figures 3B and 3E, cells transfected 
with the control lentivirus greatly expanded over 
the 5 days of observation, while the number of 
shRPS15A-transfected cells remained static. The 
results of the study showed that RPS15A knock-
down significantly inhibited the proliferation of 
RKO and SW620 cells. Furthermore, determina-
tion of cell proliferation by MTT assays showed 
that control cells proliferated almost four-fold 
from their original number within 5 days, whilst 
proliferation of RPS15A-knockdown cells was 
markedly lower by comparison (p<0.01, Figures 
3C and 3F). Therefore, the proliferation of RKO 
and SW620 cells was significantly impeded by 
RPS15A knockdown.

Knockdown of RPS15A Restricts 
Formation of RKO Colonies

The influence of RPS15A knockdown on the 
abilities of RKO and SW620 cells to form colo-

Figure 3. Influence of RPS15A knockdown on RKO and SW620 cell growth. A and D, Cells were infected with either a 
control or shRPS15A lentivirus (×200 magnification). High content cell imaging was applied every day as indicated to acquire 
raw images (unprocessed by software algorithm) of cell growth. B and E, Cells were seeded in 96-well plates and infected with 
control or shRPS15A lentivirus, and cell growth was assayed every day for 5 days. p<0.05 (control vs. shRPS15A). Cell growth 
rate was monitored on the 1st, 2nd, 3rd, 4th, and 5th days. p<0.05 (control vs. shRPS15A). C and F, Growth curves of control and 
shRPS15A groups as measured by MTT assays. **p<0.01 compared to control cells.
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nies was determined. The impairment of colony 
formation by RPS15A knockdown was apparent, 
as presented in Figures 4A and 4B. Consistently, 
the total number of colonies produced from RP-
S15A-knockdown cells was significantly lower 
than those formed by control cells (p<0.01; Fig-
ure 4C and 4D).

Knockdown of RPS15A in RKO Cells 
Leads to Cell Cycle Arrest 

To determine the contribution of cell cycle 
arrest to the observed growth inhibition, we 
determined the cell cycle distributions of RKO 
and SW620 cells using FCM. The knockdown 
of RPS15A decreased the number of cells in the 
G0/G1 and S phases and arrested RKO cells in 
the G2/M phase, where the proportion of cells 

within this phase was over 1.5-fold greater than 
control cells. However, knockdown of RPS15A 
in SW620 cells arrested their progression in the 
G0/G1 phase, with fewer cells in the G2/M phase 
(Figure 4E, F). Collectively, these results suggest 
that RPS15A knockdown is able to arrest the cell 
cycle progression of RKO and SW620 cells, lead-
ing to decreased cell growth. 

Knockdown of RPS15A in RKO and 
SW620 Cell Lines Increases Apoptosis

To determine whether RPS15A knockdown 
induced apoptosis in CRC cell lines, we deter-
mined the number of cells undergoing apoptosis 
by Annexin V staining and FCM (Figures 4E). 
As shown in Figure 4F, cell apoptosis was sig-
nificantly greater in RPS15A knockdown cells 

Figure 4. Decreased RPS15A expression impedes colony formation of CRC cells. A and B, Representative micrographs of 
colony number in control and shRPS15A groups. C and D, Colony formation in RKO and SW620 cells transduced with either 
a shRPS15A or control payload (×40 magnification). **p<0.01 compared to control cells. E, RPS15A knockdown increases 
apoptosis in the CRC cells. Representative micrographs of SW620 cells are shown. Each group is shown in triplicates. F, 
Proportions of RKO and SW620 cells transduced with either a shRPS15A or control payload undergoing apoptosis. Note the 
significant increase in apoptosis in the shRPS15A cultures compared to control cells (**p < 0.01).
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compared to control cells (p<0.01). These results 
indicate that RPS15A expression is a determinant 
of cell apoptosis in RKO and SW620 cells.

RPS15A Knockdown in RKO Cells 
Significantly Alters Gene Expression

Twenty-thousand genes were microarrayed to 
determine the influence of RPS15A knockdown 
on downstream gene expression. Relative to the 
shCtrl RKO cells, 785 genes were differentially 
expressed in RPS15A-knockdown RKO cells (± 
1.5-fold change; p<0.05), 631 of which were up-
regulated whilst the remaining 154 were down-
regulated genes (Figure 5A). KEGG pathway 
enrichment analysis of these 785 differentially 

expressed genes identified several pathways de-
regulated in cancer, including the pathway in 
cancer, MAPK signaling pathway, P53 signaling 
pathway, and cell cycle KEGG terms (Figure 5B).

Knockdown of RPS15A Promotes Cell 
Apoptosis Via Regulation of BIRC3, p38 
MAPK, and Chk1

To understand the molecular mechanisms un-
derlying RPS15A-mediated RKO cell growth, 
qPCR was used to detect the expression levels 
mRNA transcripts of apoptosis molecules in 
RKO cells following RPS15A knockdown (Fig-
ure 5C). The expression levels of the MDM2, 
RAP1A, CASP3, DDIT3, RALB, BIRC3, JUN, 

Figure 5. Knockdown of RPS15A in RKO cells significantly alters gene expression. A, Hierarchical clustering of differentially 
expressed transcripts. B, KEGG pathway enrichment of differentially expressed genes in RKO cells transduced with the 
shRPS15A lentivirus compared to control cells. C, Quantitative PCR and D, western blot confirmation of mRNA expression 
of MDM2, RAP1A, CAP3, DDIT3, RALB, BIRC3, JUN, ETS1, FOS and RAC1 in RKO cells transfected with either a control 
or shRPS15A lentivirus. E, Quantitative PCR  of mRNA expression of BIRC3, RALB and c-CASP3 in RKO cells transfected 
with control lentivirus and shRPS15A lentivirus. Data represented as the mean ± SD of arbitrary densitometric values of 
targets/GAPDH. * p < 0.05.
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ETS1, FOS, and RAC1 mRNAs were downreg-
ulated following RPS15A knockdown. These 
results suggest that RPS15A knockdown could 
significantly inhibit the growth of RKO cells 
by blocking the activities of these genes. Fur-
thermore, Western blot showed that knockdown 
of RPS15A led to a marked decrease in BIRC3 
and CASP3 expression, whereas the expression 
of cleaved CASP3 was markedly increased (Fig-
ures 5D and 5E). The results from the PathScan® 
stress and apoptosis signaling array showed that 
the knockdown of RPS15A increased expres-
sion of phosphorylated p38 MAPK (Thr180/
Tyr182) but decreased expression of phosphory-
lated Chk1 (Ser345). These results suggest that 
knockdown of RPS15A in RKO cells caused cell 
apoptosis via regulation of BIRC3, phospho-p38 
MAPK, and phospho-Chk1. 

RPS15A Knockdown Inhibits Tumor 
Growth In Vivo

Finally, to determine the potential of shRP-
S15A as a therapeutic tool for treating CRC, nude 

mice were subcutaneously injected with cells 
successfully transduced with either the shRP-
S15A or control lentiviruses. One week following 
injection, tumors from mice injected RPS15A 
knockdown cells were smaller compared to the 
tumors from mice that received control cells 
(Figures 6A and 6B). Furthermore, the volumes 
of RPS15A knockdown tumors increased very 
little up to 10 days after the injection (Figure 6C). 
This result suggests that shRPS15A suppressed 
RPS15A expression in vivo. These data indicate 
that targeting RPS15A with shRPS15A lentivirus 
could have an inhibitory effect on CRC growth 
in vivo.

Discussion

Several lines of evidence suggest a potential 
role of RPS15A in tumor biology, particularly 
in tumor development and progression. Overex-
pression of RPS15A, for example, is induced by 
hepatitis B X antigen, thereby contributing to 

Figure 6. RPS15A knockdown impairs the growth of subcutaneous RKO cell xenografts in nude mice. A and B, The tumor 
size of the shRPS15A-transduced cell group was significantly decreased compared to that of the control-transfected cell group. 
C, Tumor growth curves showed a significant growth tendency in the control-transfected cell group, while tumor growth in 
the shRPS15A-transfected cell group was clearly inhibited (p<0.01).
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hepatocarcinogenesis20, while downregulation of 
RPS15A conversely inhibits hepatic cancer cell 
growth21. Furthermore, RPS15A is a TGF-b-re-
sponsive gene in the A549 lung cancer cell line22 
and augments cell proliferation23. Therefore, the 
current study sought to analyze RPS15A expres-
sion within biopsies excised from colorectal car-
cinoma patients and to investigate its association 
with clinicopathological outcomes. The present 
study also investigated the influence of RPS15A 
knockdown in CRC cell lines on their subsequent 
proliferation, cell cycle distribution, and down-
stream signaling pathways.

First, we verified by immunohistochemistry 
that RPS15A was upregulated in human col-
orectal tumor tissue, suggesting that RPS15A 
expression contributes toward tumor progression. 
The present data is consistent with the study 
by Zhao et al23, who reported that RPS15A was 
overexpressed in lung cancer tissues. Of poten-
tial clinical importance, we showed that RPS15A 
expression is significantly associated with poor 
patient outcomes in CRC, dependent on tumor lo-
cation and grade but independent of TNM stage. 

To give an initial insight into the molecular 
function of RPS15A in CRC, we measured RP-
S15A in six CRC cell lines and found high levels 
of expression in the RKO and SW620 lines. We 
then evaluated the function of RPS15A in cell 
growth via RPS15A knockdown models creat-
ed by transduction of RKO and SW620 lines 
with a lentivirus carrying a shRPS15A payload. 
This knockdown of RPS15A expression imped-
ed cell proliferation and colony formation and 
augmented apoptosis in both cell lines. More-
over, knockdown RKO and SW620 cells were 
frequently arrested at the G2/M and G0/G1 phases, 
respectively, in contrast to previous studies. For 
example, although RPS15A silencing inhibited 
cell proliferation and impaired colony formation 
in HCC21 and lung cancer cells23, these two cell 
types were arrested at the G0/G1 phase. This is 
best explained by the arrest at different phases in 
the RPS15A knockdown being dependent upon 
the genetic background of the lineage of the cells 
in which it occurs. 

To reveal the molecular mechanisms under-
lying RPS15A-mediated RKO cell prolifera-
tion, we determined the expression profiles of 
20,000 genes following RPS15A knockdown 
in RKO cells. Knockdown of RPS15A in RKO 
cells resulted in the deregulation of 785 genes, 
631 of which were upregulated, while the re-
maining 154 were downregulated. KEGG path-

way enrichment of these 785 differentially ex-
pressed genes identified them as being involved 
in the pathway in cancer, MAPK signaling 
pathway, p53 signaling pathway, and cell cycle 
KEGG terms. Integration of expression data at 
the mRNA and protein levels demonstrated that 
RPS15A knockdown downregulated BIRC3 and 
phospho-Chk1 but upregulated phospho-p38 
MAPK. BIRC3 is an inhibitor of apoptosis 
(IAP)32 that serves key oncogenic roles in many 
cancers, including CRC33,34. BIRC3, for ex-
ample, protects endometrial cancer cells from 
apoptosis mediated by AP1-59 (an AKT inhibi-
tor)35. Conversely, BIRC3 knockdown promotes 
apoptosis in 1889c squamous thymus cancer 
cells36. Caspase-dependent apoptosis occurs 
via stimulation of the extrinsic or intrinsic 
pathways, resulting in the downstream activa-
tion of effector caspases, including procaspase 
3 in some cell lines, and eventually initiating 
apoptosis37. Researches37-39 have demonstrated 
that the activation of caspase 3 (CASP3) induc-
es apoptosis in the RKO CRC cell line. Howev-
er, we found that CASP3 expression decreased 
and that the expression of cleaved CASP3 was 
markedly increased in RKO cells with silenced 
RPS15A. Perhaps then the knockdown of RP-
S15A induces apoptosis in CRC cells via the 
downregulation of BIRC3 and not by CASP3 
activation. 

Blocking repair pathways of DNA damage 
can lead to genomic instability, a hallmark of 
cancer40. Some studies have shown that the ATR-
Chk1 pathway, one of the master regulators of the 
DNA damage-induced checkpoint response40,41, is 
required to arrest cells in the G2 phase42-44. More-
over, p38 MAPK arrests cells exposed to ultra-
violet radiation at the G2/M checkpoint40,45. Our 
analysis of the cell cycle distribution showed that 
RPS15A knockdown arrested cells at the G2/M 
stage. Furthermore, the present study demon-
strated that RPS15A silencing attenuates the acti-
vation of Chk1 via an increase in p38 MAPK ac-
tivity. Thus, the mechanisms of RPS15A knock-
down restricting CRC cell growth may occur, in 
part, via the blockade of Chk1 and activation of 
BIRC3 and p38 MAPK.

We also demonstrated that RPS15A knock-
down markedly impaired subcutaneous RKO 
xenograft growth in nude mice. These results 
suggest that RPS15A overexpression may be es-
sential for maintaining proliferation and survival, 
and inhibiting the onset of apoptosis in CRC 
cells. The present study further validates the an-



RPS15A augments RKO cell growth via BIRC3-p38 MAPK-Chk1 pathway

3979

ti-apoptosis mechanism of RPS15A in RKO and 
other CRC cell lines.

Conclusions

We identified that RPS15A is overexpressed 
in CRC and modulates cell growth. The mech-
anisms of RPS15A knockdown in inhibiting 
CRC cell proliferation and cell cycle progres-
sion might be partially through the blockade of 
Chk1 and activation of BIRC3 and p38MAKP. 
This study may provide a preliminary insight 
toward the use of a RPS15A-targeted gene ther-
apy for treating CRC.
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