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Introduction 
Hepatocellular carcinoma (HCC) is one of the most common 
and aggressive malignancies worldwide, ranking among the 
top five leading causes of cancer death in the world, and is the 
second highest cause in China[1, 2].  HCC now accounts for over 
626 000 new cases annually[1], and the incidence has more than 
doubled over the last two decades[3].  Whereas the incidence of 
HCC has been steadily increasing, the emergence of new and 
effective therapeutic agents remains relatively stagnant.  High 
mortality rates are due to the severity of underlying liver dis-
ease, late diagnosis resulting in advanced stage disease, lack of 
effective treatment options, and disease progression even after 
surgical therapies or locoregional procedures[4].  Even in well-

selected patients with operable disease, the long-term progno-
sis is still unsatisfactory because of frequent recurrences after 
resection.  Therefore, there is a great need for novel treatments 
and better interventions for HCC.  

Noncoding RNA (ncRNA) molecules, such as small interfer-
ing RNA (siRNA), microRNAs (miRNAs), and short-hairpin 
RNAs (shRNAs), were recognized initially for their power-
ful ability to down-regulate specific genes at both the post-
transcriptional[5–7] and the transcriptional levels[8, 9].  Other 
reports have claimed the opposite effect[10–14].  Li et al reported 
that double stranded RNA (dsRNA) molecules could induce 
sequence-specific transcriptional gene activation, termed 
this phenomenon RNA-induced gene activation (RNAa) and 
termed the molecules small activating RNAs (saRNA)[10].  
Although two mechanistic models related to RNA activa-
tion have been proposed[10–16], very little is known about what 
makes one molecule a silencer and another an activator [17].  
Nevertheless, what is becoming clear is that RNAa has the 
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potential to be a powerful biological tool and could lead 
to new therapies for diseases such as cancer[18, 19].  Among 
those genes that can be modulated through RNAa[10–14], the 
p21WAF1/CIP1 (p21) gene product is special because it is a 
potent cyclin-dependent kinase inhibitor that binds to and 
inhibits the activity of cyclin-CDK2 or cyclin-CDK4 complexes.  
It thus functions as a regulator of cell cycle progression at the 
G1 stage[20].  The p21 gene product may also play a regulatory 
role in S-phase DNA replication and DNA damage repair by 
interacting with proliferating cell nuclear antigen (PCNA), a 
DNA polymerase accessory factor[21].  Although the role of p21 
in apoptosis is still controversial, with contradictory findings 
of both stimulation and inhibition of apoptosis[22], there are 
studies indicating that p21 also possesses pro-apoptotic func-
tions against cancer[19, 23].  Previous studies have also shown 
that decreased p21 expression may be involved in a variety of 
carcinomas, especially in cases of altered p53 expression[24, 25].  
Therefore, p21 is a potential candidate for RNAa-mediated 
cancer therapy.

In this study, we sought to investigate the anticancer effects 
of RNAa-mediated p21 activation in HCC cells.  Our study 
has shown that up-regulation of p21 triggered by an saRNA 
resulted in the significant inhibition of proliferation and sur-
vival and in the induction of apoptosis in HCC cells.  

Materials and methods 
dsRNAs 
dsP21-322, 21 nucleotides long, corresponding to the promoter 
region of p21, was designed as described previously by Li et 
al[10].  siP21, which targets p21 mRNA, was designed with the 
BLOCK-iT™ RNAi Designer (Invitrogen, Carlsbad, CA, USA).  
A dsRNA lacking significant homology to all known human 
sequences (dsControl) was used as a non-specific control.  The 
dsRNAs were chemically synthesized by Genepharma (Shang-
hai, China).  All dsRNA sequences are listed in Table 1.

Cell culture and transfection 
The human hepatoma cell lines BEL7402, SMMC-7721, 
MHCC97L, MHCC97H, and MHCCLM3 used in this study 

were a generous gift from the Liver Cancer Institute and 
Zhongshan Hospital, Fudan University (Shanghai, China).  
MHCC97L, MHCC97H, and MHCCLM3 cell lines were estab-
lished from the same parent human HCC cell line of MHCC97 
in the Liver Cancer Institute and Zhongshan Hospital, Fudan 
University.  Cells were grown in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% FBS, penicillin (100 units/
mL), and streptomycin (0.1 mg/mL) and were incubated at 
37 °C in a humidified incubator under an atmosphere of 5% 
CO2.  The day before transfection, cells were plated in growth 
medium without antibiotics at a density of 50% to 70%.  The 
dsRNA was transfected at a concentration of 50 nmol/L using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions.  

The cultures were collected 48 or 72 h later, cells were 
counted to determine viability, and mRNA and protein were 
obtained.

Cell viability assay 
Phase-contrast images of treated cells were taken with an 
Olympus X51 microscope (Olympus, Tokyo, Japan) at 40× 
magnification.  Cell viability was measured by a colorimetric 
assay based on the cleavage of the tetrazolium salt WST-1 
by mitochondrial dehydrogenases (cell proliferation reagent 
WST-1; Molecular Biochemicals, Mannheim, Germany).  
MHCCLM3 cells were seeded onto 96-well culture plates at 
approximately 6000–8000 cells in 200 μL DMEM medium with 
10% FBS.  Cells were cultured for 24 h under 5% CO2 at 37 °C.  
After overnight incubation, cells were treated with dsP21-322 
(50 nmol/L), siP21 (50 nmol/L), dsControl (50 nmol/L), or 
mock transfection.  Twelve hours later, the incubation medium 
was removed and replaced with 200 μL fresh medium with 
10% FBS.  At various time points following transfection (24, 
48, 72, 96, or 120 h), 10 μL WTS-1 was added to each well.  
After incubation at 37 oC for 2 h, viable cells were detected 
by measuring absorbance at 440 nm using a SpectraMax M5 
microplate reader (Molecular Devices, Sunnyvale, CA, USA).  
Cell viability was expressed as a percentage of the absorbance 
of cells after transfection at various time points relative to the 
values before transfection.  Cells present 24 h after seeding 
were considered 100% viable.  The reduction in viability of 
dsP21-322 or dsControl-treated MHCCLM3 cells was com-
pared to the mock transfection group.  The dsP21-322 and 
dsControl treatment groups were compared to the mock trans-
fection group to obtain P values.  Each assay was repeated 
three times.  

Apoptosis assay 
Cells were plated in 6-well plates at a density of 0.5×106 
cells/mL and incubated overnight.  Transfections were per-
formed and then cells were incubated for 12 h before changing 
the transfection medium to fresh medium containing 10% FBS.  
Cells were harvested at 72 h following transfection, washed 
twice with pre-chilled PBS, and resuspended in 100 μL 1× 
binding buffer at a concentration of 1×106 cells/mL.  Annexin 
V and PI double-staining was performed using an Annexin 

Table 1.  Sequences for dsRNAs and PCR primers.   

       dsRNA/Primer	                                Sequence (5′–3′)
 
	 dsP21-322 S	 CCA ACU CAU UCU CCA AGU A[dT][dT]
	 dsP21-322 AS	 UAC UUG GAG AAU GAG UUG G[dT][dT]
	 dsP21+271 S	 GAA CUU CGA CUU UGU CAC CGA GAC A
	 dsP21+271 AS	 UGU CUC GGU GAC AAA GUC GAA GUU C
	 dsControl S	 ACU UAC GAG UGA CAG UAG A[dT][dT]
	 dsControl AS	 UCU ACU GUC ACU CGU AAG U[dT][dT]
	 GAPDH-For	 GCA CCG TCA AGG CTG AGA AC
	 GAPDH-Rev	 TGG TGA AGA CGC CAG TGG A
	 P21-For	 AAG ACC ATG TGG ACC TGT CAC TGT
	 P21-Rev	 GAA GAT CAG CCG GCG TTT G 

S, sense; AS, antisense; For, forward; Rev, reverse.
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V-FITC Apoptosis Detection Kit (BD Biosciences, San Jose, CA, 
USA) according to the manufacturer’s protocol.  Cell apoptosis 
analysis was performed by an EPICS ALTRA Flow Cytometry 
System with CXP Software (Beckman Coulter, Fullerton, CA, 
USA) within 1 h.  

Quantitative PCR 
Total RNA was extracted from cells by TRIzol (Invitrogen) 
after 48 h of transfection (mock, 50 nmol/L dsControl, 50 
nmol/L dsP21-322 or 50 nmol/L siP21) and reverse transcrip-
tion was performed with a PrimeScript RT reagent Kit (Takara 
Biotechnology, Dalian, China).  qRT-PCR was performed with 
SYBR Green PCR reagent kits (Toyobo Co, Osaka, Japan) at a 
constant annealing temperature (64 °C) according to the man-
ufacturer’s protocol.  Specific primer sets used in the real-time 
PCR directed against human p21 and GAPDH were designed 
and generated by Takara Biotechnology Co (Dalian, China) 
(listed in Table 1).  Data were recorded and analyzed using 
the real-time PCR analysis software Bio-Rad iQ5.  Endogenous 
gene expression was normalized to GAPDH levels in the cells.

Western blot analysis 
Cells were harvested at 72 h following dsRNAs treatment 
as described above and then washed and lysed with M-PER 
extraction buffer (Pierce Biotechnology) containing protease 
inhibitors.  Protein lysates, quantified using a BCA assay 
(Sangon Biotech Co, Ltd, Shanghai, China), were separated on 
reducing SDS-polyacrylamide gels and transferred to polyvi-
nyl difluoride membranes (PVDF, Millipore).  The membranes 
were blocked with 5% nonfat milk TBS buffer for 2 h at room 
temperature and incubated with primary antibodies overnight 
at 4 oC.  Beta-actin levels were used to normalize loading.  
Primary immunoblotting antibodies (anti-Bcl-xL rabbit mono-
clonal antibody, anti-p21WAF1/CIP1 rabbit monoclonal anti-
body, anti-survivin rabbit monoclonal antibody, anti-cleaved 
caspase-9 rabbit polyclonal antibody, anti-cleaved caspase-3 
rabbit polyclonal antibody, anti-cleaved PARP rabbit poly-
clonal antibody, or anti-β-actin antibody) were obtained from 
Cell Signaling Technology (Cell Signaling, Beverly, MA, USA) 
and used at 1:1000 dilutions.  The first antibody exposure was 
followed by incubation with an anti-rabbit IgG, HRP-linked 
secondary antibody (Cell Signaling, Beverly, MA, USA).  
Antigen-antibody complexes were visualized by an enhanced 
chemiluminescence detection method (ECL kit, Thermo, 
Waltham, MA, USA).  

Clonogenic survival assay 
The day before transfection, MHCCLM3 cells were plated as 
single-cell suspensions at a density of 5000 cells per well in a 
6-well plate.  Cells were transfected 2 times with 50 nmol/L 
dsRNA (dsControl and dsP21-322) or mock transfection using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) at 24 h 
intervals, and the transfection medium was replaced with nor-
mal complete medium after 6 h and changed every three days.  
At d 12, the medium was removed and colonies were stained 
with 0.5% w/v crystal violet solution for 30 min.  Images were 

taken for analysis using a single-lens reflex digital camera 
(K100D Super Pentax, Japan).  

Statistical analysis
All experiments were performed at least three times.  Statisti-
cal significance of the differences between various treatment 
groups and controls was calculated by applying Student’s 
two-tailed t-test.  The level of statistical significance was set at 
P<0.05.  

Results
dsP21-322 induced p21 gene expression in HCC cell lines 
A dsRNA targeting the p21 gene promoter at position-322 
relative to the transcription start site (dsP21-322)[10] (Figure 
1A) and a nonspecific control dsRNA (dsControl), which 
lacked significant homology to all known human sequences, 
were transfected into HCC cell lines of BEL7402, SMMC-
7721, MHCC97L, MHCC97H, and MHCCLM3.  After 48 and 
72 h, mRNA and protein were obtained and analyzed by real-
time quantitative PCR and Western blotting, respectively.  As 
shown in Figure 1B, at 48 h, dsP21-322 caused a significant 
increase in p21 mRNA expression.  Compared with mock 
transfections, the increases were 2.9-, 2.6-, 2.8-, 3.2-, and 4.0-
fold higher in BEL7402, SMMC-7721, MHCC97L, MHCC97H, 
and MHCCLM3 cells, respectively (P<0.05, Figure 1B).  West-
ern blot analysis revealed that the levels of p21 protein ele-
vated significantly when compared with mock and dsControl 
transfection, strongly correlating to the observed increase in 
p21 mRNA levels (Figure 1C).  Although BEL7402, SMMC-
7721 and MHCC97H cells had high baseline levels of p21 (Fig-
ure 1D), a moderate and consistent increase in p21 expression 
after dsP21-322 treatment was observed at both the mRNA 
and the protein levels.  These results were reproducible in at 
least three independent experiments.  

To determine whether activation of p21 by saRNA was 
dose- and time-dependent, concentration gradient and time-
response studies were performed with MHCCLM3 cells.  Fig-
ure 2A shows the up-regulation of p21 with various concentra-
tions of dsP21-322 for 3 d.  MHCCLM3 cells were transfected 
with 50 nmol/L dsP21-322 for the indicated lengths of time 
(Figure 2B).  These data indicated that dsP21-322 exerted a 
significant activating effect upon MHCCLM3 cells in a dose- 
and time-dependent manner.

dsP21-322 inhibited HCC cell proliferation and survival 
After transfection, mock-transfected and dsControl-transfected 
cells maintained healthy growth, whereas cells transfected 
with dsP21-322 gradually lost viability after d 2.  Morphologi-
cal changes were also observed (Figure 3A).  There were more 
rounded floating cells in the supernatant of cells transfected 
with dsP21-322 while the adherent cells had become enlarged 
and flattened with decreased cell density.  Typical apoptotic 
morphological changes were also seen, in which cells became 
smaller, rounded, and deformed with nuclear condensation.  

Further quantitation performed in MHCCLM3 cells by 
WST-1 colorimetric assay demonstrated that the dsP21-322 
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transfection induced a significant loss in cell viability.  As 
shown in Figure 3B, there were detectable reductions in MHC-
CLM3 cell viability after dsP21-322 transfection at a concen-
tration of 50 nmol/L.  After 48 h, proliferation of the dsP21-
322 transfection group decreased dramatically from 65.9% 
to 20.1%.  The time point of the strong growth-inhibitory 
effect substantially correlated with the kinetics of RNAa.  By 
contrast, viability of the mock group and dsControl group 
decreased slightly during the 48 h after transfection, after 
which they recovered.  These observations indicated that 
dsP21-322 was an effective inhibitor of HCC cell growth, and 

this inhibitory effect was time dependent.
The clonogenic survival assay or colony formation assay is 

a widely used method to determine the effectiveness of other 
cytotoxic agents.  It tests every cell in the population for its 
ability to undergo “unlimited” division[26].  After 12 d of incu-
bation, colonies were stained and photographed.  As shown 
in Figure 3C, no colony formation was observed in cells trans-
fected with dsP21-322, while numerous colonies were stained 
in both mock and dsControl-transfected cells.  These results 
were consistent with a previous report in T24 bladder cancer 
cells[18].  

Previous studies have shown that survivin expression was 
strongly correlated with the proliferation index in HCC tis-
sues, and overexpression of survivin resulted in both signifi-
cant cell proliferation and survival promotion in carcinoma 
cells[27].  Hence, to determine whether the decrease in cell via-
bility and survival in the induction of p21 by RNAa occurred 
through a survivin-dependent pathway, changes in the levels 
of survivin were investigated after treatment.  As can be seen 
in Figure 3D, a dramatic decrease in survivin protein levels 
was found in the dsP21-322-treated group when compared 
with the control groups.  The data showed that the up-regula-
tion of p21 strongly correlated with decreased survivin levels 
in MHCCLM3 cells.  

dsP21-322 significantly increased apoptosis and levels of 
apoptosis-related proteins in HCC cells 
The extent of apoptosis was quantified by flow-cytometric 
analysis of saRNA-treated cells labeled with PI and annexin 
V.  As shown in Figure 4A, treatment of SMMC-7721 and 
MHCCLM3 cells with 50 nmol/L dsP21-322 for 72 h resulted 
in 9.11% and 23.91% of total cells becoming apoptotic, respec-
tively.  In the mock and dsControl-transfected SMMC-7721 

Figure 2.  Concentration dependence and the time course of activation 
by dsP21-322 in MHCCLM3 cells.  (A) Western blot analysis showing the 
levels of p21 protein after transfection with various concentrations of 
dsRNAs into MHCCLM3 cells.  A representative blot is shown from three 
independent experiments with identical results.  (B) MHCCLM3 cells were 
treated with 50 nmol/L dsP21-322, dsControl or mock transfection at 
various time points (2–6 d).  p21 protein and beta-actin expression were 
detected by Western blotting.

Figure 1.  Effects of dsRNAs targeting the p21 gene promoter on p21 
mRNA and protein levels in HCC cell lines.  (A) A schematic diagram 
showing the target sequence positions of dsP21-322 relative to the 
transcriptional start site.  (B) Induction of p21 mRNA expression was 
detected by real-time quantitative RT-PCR.  HCC cells were transfected with 
50 nmol/L dsP21-322 and dsControl for 2 d.  Mock transfections were 
also done in the absence of saRNA.  Expression levels were measured as 
fold-induction relative to mock transfections.  The results were normalized 
to GAPDH and presented as mean±SD of three independent experiments.  
bP<0.05 vs mock transfections.  (C) The induction of p21 protein 
levels were detected by Western blot analysis at 72 h following dsRNA 
treatment, as described above.  A representative blot is shown from three 
independent experiments with identical results.  Beta-actin levels were 
also detected and served as endogenous controls.  (D) Detection of p21 
protein levels in the HCC cell lines of BEL7402, SMMC-7721, MHCC97L, 
MHCC97H, and MHCCLM3.
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and MHCCLM3 cells, 2.78% and 3.26%, and 10.59% and 
12.67%, were found to be apoptotic, respectively.  These results 
revealed that treatment of SMMC-7721 and MHCCLM3 cells 
with dsP21-322 resulted in a significant increase in apoptosis.  

Cells undergoing apoptosis follow a death program by 
inhibiting the anti-apoptosis protein Bcl-xL and activating a 
hierarchy of caspases.  Caspase-9 and caspase-3 are at least 
partially responsible for the proteolytic cleavage of many key 
proteins, such as the nuclear enzyme poly (ADP-ribose) poly-
merase (PARP), which plays a central role in the execution 
phase of cell apoptosis.  In our study, besides a remarkable 
decrease in Bcl-xL, significant increases in cleaved caspase-9 
and caspase-3 as well as cleaved PARP were observed in the 
dsP21-322-transfected MHCCLM3 cells (Figure 4B).  Such 
significant changes in apoptosis execution further confirm the 
observed features of the apoptotic phenotype and the results 
from the flow cytometry assay.  

p21 knockdown by siP21 resulted in the induction of proliferation 
and inhibition of apoptosis in MHCCLM3 cells
To confirm the role of p21 in the inhibition of proliferation 
and the induction of apoptosis, a siRNA strategy was used 
to knockdown expression of p21 in MHCCLM3 cells.  The 
siRNA knockdown efficiency of p21 mRNA expression was 
83% after 48 h of transfection (Figure 5A).  Figure 5B showed 
that p21 levels decreased significantly in the siP21 transfection 
group.  Next, cell viability and apoptosis assays were used 
to investigate the effect of p21 knockdown on the growth of 
MHCCLM3 cells.  As shown in Figure 5C, inhibition of p21 
expression is sufficient to promote survival and cell prolifera-
tion in 50 nmol/L siP21-transfected cells.  Similar results were 
obtained with a flow cytometry assay, where 8.46% of the total 
cells became apoptotic 72 h after treatment of MHCCLM3 cells 
with 50 nmol/L siP21, which was substantially lower than 
the mock and dsControl groups, whose apoptotic rates were 

Figure 3.  dsRNA targeting the p21 promoter inhibits tumor cell proliferation and 
survival.  (A) BEL7402, SMMC-7721, MHCC97L, MHCC97H, and MHCCLM3 cells 
were seeded in 6-well plates and transfected with 50 nmol/L dsP21-322, 50 nmol/L 
dsControl, or mock transfection 24 h later.  Cell images were taken 72 h after 
transfection at 40×magnification.  (B) Cell proliferation was determined by colorimetric 
WST-1 assays and assessed at 24, 48, 72, 96, and 120 h following transfection.  The 
data are presented as the mean±SD relative to mock transfections.  bP<0.05 vs mock 
transfections.  (C) MHCCLM3 clonogenic survival assays were performed in 6-well 
plates with 5000 cells per well.  Transfections were done as previously described.  On 
d 12, cell colonies were stained with crystal violet for 30 min and photographed.  (a, 
b) dsControl transfection; (c, d) mock transfection; (e, f) dsP21-322 transfection.  (D) 
The effect of dsP21-322 on the expression of survivin in MHCCLM3 cells.  Cells were 
harvested after 72 h of transfection.  Beta-actin levels served as an endogenous 
control.  The data shown are from a representative experiment repeated three times 
with similar results.  
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12.76% and 13.67%, respectively (Figure 5D).  These findings 
further confirm that the role of the p21 gene in growth control 
of MHCCLM3 cells is mediated by an apoptotic mechanism.

Discussion 
RNA activation in human cells was first observed with 
dsRNAs targeted to the promoters of E-cadherin, vascular 
endothelial growth factor (VEGF), and p21 and was confirmed 
in studies on the progesterone receptor (PR)[11].  Subsequently, 
microRNA-373 was found to induce expression of E-cadherin 
and cold-shock domain-containing protein C2 (CSDC2) with 
complementary promoter sequences[12].  When it comes to the 
exact mechanism underlying dsRNA induced RNAa, several 
models have been reported or proposed, including tran-
scriptional activation by directly targeting the transcriptional 
start site of the desired gene[10, 12] or the activating siRNAs-

mediated loss of an endogenous repressor antisense non-
coding RNA, resulting in a loss of epigenetic regulation for the 
sense/mRNA partner, which ultimately resulted in a marked 
increase in transcription[15, 28].  However, due to the lack of a 
deeper understanding of the detailed mechanism of RNAa, 
more research will certainly be required.  Regardless, what is 
becoming clear is that small RNAs can be used to mediate the 
activation of a wide array of genes.  RNAa offers a promising 
new therapeutic strategy for diseases that can be corrected by 
stimulating gene expression[18, 19].

In our study, we found that dsP21-322 can cause a 2.6- to 
4-fold increase in p21 mRNA levels in BEL7402, SMMC-7721, 
MHCC97L, MHCC97H, and MHCCLM3 cells.  We also noticed 
that, although the BEL7402, SMMC-7721, and MHCC97H cells 
normally expressed high levels of p21, a moderate and consis-
tent increase in p21 levels occurred after dsP21-322 treatment.  

Figure 4.  dsP21-322 transfection-
induced apoptosis in HCC cells.  (A) 
SMMC-7721 or MHCCLM3 cells 
were double-stained with annexin 
V and PI 72 h after treatment with 
dsP21-322 (50 nmol/L), dsControl 
(50 nmol/L), or mock transfection 
and analyzed by flow cytometry.  
Gate settings distinguished be
tween live (bottom left), necrotic 
(top left), early apoptotic (bottom 
right), and late apoptotic (top right) 
cells.  (B) Changes in the levels of 
Bcl-xL anti-apoptotic gene products 
in MHCCLM3 cel ls 72 h af ter 
treatment with 50 nmol/L dsP21-
322.  (C) Effects of dsP21-322 
transfection-activated p21 levels 
on cleavage of apoptosis-related 
proteins caspase-3, caspase-9, 
and poly (ADP-ribose) polymerase 
(PARP).  Beta-actin levels served 
to normalize loading.  The data 
shown are from a representative 
experiment repeated three times 
with similar results.  
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Data from both time- and concentration-dependence experi-
ments in MHCCLM3 cells showed that the stimulatory effect 
of dsP21-322 was quite potent.  Those results revealed that 
RNAa can be manipulated to up-regulate gene expression in 
hepatocellular carcinoma.  To our knowledge, this is the first 
report that demonstrates dsRNA-mediated gene activation in 
HCC, which suggests that RNAa may be used to manipulate 
genes, especially tumor suppressor genes (TSG), in the treat-
ment of HCC.

Clonogenic assays permit the study of the effectiveness of 
drugs or radiation on the survival and proliferation of cells[26].  
The results from our study in the clonogenic assay indicate 
that colony formation in MHCCLM3 cells was completely 
inhibited by the up-regulation of p21, which is in agreement 
with the findings of the study by Zhong et al  in bladder cancer 
cells[18].  However, the proliferation assay showed that dsP21-
322-transfected cells decreased proliferation by approximately 
70%.  This discrepancy may be because, in the clonogenic 
assay, MHCCLM3 cells were transfected twice with 50 
nmol/L dsRNA (dsControl and dsP21-322) or without dsRNA 
(mock transfection) using Lipofectamine 2000 (Invitrogen) at 
24 h intervals.  In addition, a density of 5000 cells per well also 
limited the survival of single cells in the clonogenic assay.

Survivin, a unique member of the inhibitors-of-apoptosis 
gene family, is characterized by its abundant expression in 
transformed cells and a variety of human cancers.  However, 
it is barely detectable in terminally differentiated normal cells 

or tissues[29].  Besides inhibiting apoptosis in cells exposed to 
diverse apoptotic stimuli[29], survivin was found to promote 
cell proliferation in human HCC cells by interacting with 
cyclin-dependent kinase4 (CDK4)[30].  In the current study, a 
significant decrease in survivin levels was found following 
dsP21-322 transfection, which is consistent with the inhibition 
of proliferation and survival.  This suggests that the dsRNA-
induced stimulation of p21 may lead to decreased survival of 
HCC cells through a survivin-dependent mechanism.  How-
ever, the causality and association between p21 and survivin 
need to be explored in future studies.

Through the proliferation assay, as well as the clonogenic 
assay, our study has shown that dsP21-322 can significantly 
inhibit the growth of HCC cells.  These effects may be due 
mainly to the action of p21 as a potent cyclin-dependent kinase 
inhibitor (CKI) that binds to and inhibits the activity of cyclin-
CDK2 or -CDK4 complexes.  Thus, it functions as a mediator 
of cell-cycle G1-phase arrest in response to a variety of stress 
stimuli[31, 32].  

There have been contradictory results claiming both the 
promotion and the inhibition of apoptosis by p21[22, 23].  Our 
results showed that apoptosis was increased both early and 
late after transfection, which was also consistent with a previ-
ous study on bladder cancer[19].  The decrease in Bcl-xL as well 
as the activation of caspase proteins contributed to the effect 
of p21 up-regulation in HCC cell lines.  Then knockdown of 
p21 by siRNA resulted in the reverse of proliferation and the 

Figure 5.  Effects of p21 knockdown on cell proliferation and apoptosis of MHCCLM3 cells.  Either 48 or 72 h after cells were treated with siP21 (50 
nmol/L), dsControl (50 nmol/L), or mock transfection, messenger RNA levels (A) were determined by qPCR analysis, and Western blot (B) was used to 
analyze p21 knockdown efficiency.  Cell proliferation (C) and apoptosis (D) were assessed as described previously.  bP<0.05 vs mock transfections.
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reduction of apoptosis, which supports the role of p21 in the 
induction of apoptosis and the inhibition of proliferation.

In summary, transfection with dsP21-322 decreased cell 
viability, inhibited colony formation, and induced apoptosis 
of HCC cells.  Evidence supports the hypothesis that a loss 
of survivin and activation of the caspase pathway ultimately 
results in the observed anti-cancer effects in the HCC cell lines.  

Taken together, the induction of p21 by small RNA mol-
ecules targeted to the promoter regions of p21 can cause anti-
cancer effects in HCC cell lines.  These results show that RNAa 
is also activated in HCC cells, pointing to a potential therapeu-
tic use for dsRNA-induced gene activation in HCC.
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