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Abstract
AIM: To investigate the ro�e o�� po�o-�ike kinase 1 (PLK1) 
as a therapeutic target ��or hepatoce��u�ar carcinoma 
(�CC).

METHODS: PLK1  gene expression was eva�uated in 
�CC tissue and �CC ce�� �ines. Gene knockdown with 
short-inter��ering RNA (siRNA) was used to study PLK1 
gene and protein expression using rea�-time reverse 
transcription po�ymerase chain reaction (RT-PCR) and 
Western b�otting, and ce�� pro�i��eration using 3-(4,5-dim
ethy�thiazo�-2-y�)-5-(3-carboxymethoxypheny�)-2(4-su���
opheny�)-2�-tetrazo�ium (MTS) and bromodeoxyuridine 
(BrdU) assays. Apoptosis was eva�uated using the ter-

mina� deoxynuc�eotidy� trans��erase dUTP nick end �abe�-
ing (TUNEL) assay, and caspase-inhibition assay. �uh-7 
ce��s were transp�anted into nude mice and co-cu�tured 
with PLK1 siRNA or contro� siRNA, and tumor progres-
sion was compared with contro�s. 

RESULTS: RT-PCR showed that PLK1 was overexpre-
ssed 12-��o�d in tumor samp�es compared with contro�s, 
and a�so was overexpressed in �uh-7 ce��s. siRNA 
against PLK1 showed a reduction in PLK1  gene and 
protein expression o�� up to 96% in �uh-7 ce��s, and a 
reduction in ce�� pro�i��eration by 68% and 92% in MTS 
and BrdU ce�� pro�i��eration assays, respective�y. There 
was a 3-��o�d increase in apoptosis events, and TUNEL 
staining and caspase-3 assays suggested that this 
was caspase-independent. The pan-caspase inhibitor 
Z-VA�-FMK was unab�e to rescue the apoptotic ce��s. 
Immno���uorescence co-�oca�ized endonuc�ease-G to 
��ragmented chromosomes, imp�icating it in apoptosis. 
�uh-7 ce��s transp�anted subcutaneous�y into nude mice 
showed tumor regression in siPLK1-treated mice, but 
not in contro�s. 

CONCLUSION: Knockdown o�� PLK1 overexpression in 
�CC was shown to be a potentia� therapeutic target, 
�eading to apoptosis through the endonuc�ease-G path-
way.

© 2012 Baishideng. A�� rights reserved.
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INTRODUCTION 
Hepatocellular carcinoma (HCC) is the fifth most com-
mon solid tumor cancer in the world, and is ranked third 
in terms of  mortality according to GLOBALCAN 2002[1]. 
Treatments for HCC other than liver transplantation, 
can benefit patients but are often plagued by recurrence 
of  the tumor[2,3]. Those with advanced HCC have a poor 
prognosis. Recently, vascular endothelial growth factor 
inhibitors showed a survival benefit[4], albeit of  only 3 mo, 
in the treatment of  HCC. Therefore, this finding and the 
paucity of  effective treatment options is a strong indica-
tor for the investigation of  new genomic targets that can 
provide better treatment outcomes for HCC patients. 
One genomic target that has been reported in many 
other tumors but only recently in HCC is polo-like kinase 
1 (PLK1)[5-8]. 

PLK1 is a cell cycle protein that plays multiple roles 
in promoting cell cycle progression[9]. However, the most 
prominent role of  PLK1 probably lies in regulating the 
spindle checkpoint at the M-phase[10]. Mutated PLK1 
alleles induce abrupt spindle formation resulting in 
polyploid cells[11], and in mammalian cells depleted of  
PLK1, mitotic arrest with dysfunctional spindle assembly 
occurs[10]. PLK1 is a highly conserved protein that has 
unique polo-box binding domains that can bind to phos-
phopeptide and render it to be regulated spatially and 
temporally during the cell cycle by proteins that carry the 
optimal phosphopeptide motif[12].

PLK1 is overexpressed in many cancers and serves as 
a significant prognostic factor in cancers such as small-
cell lung cancer, colon cancer and ovarian cancer[13]. In 
addition, high expression levels of  PLK1 in melanoma 
and breast cancer correlate well with the metastatic po-
tential of  these tumors[14,15]. PLK1 overexpression may 
contribute to the deregulation of  cell proliferation during 
oncogenesis by overcoming mitotic checkpoints[16]. In 
this study, we sought to determine if  PLK1 was a poten-
tial therapeutic target for HCC.

MATERIALS AND METHODS
Patients and samples
Tumor and surrounding non-tumor liver tissues were 
obtained from 56 primary HCC patients who underwent 
liver resection in the National University Hospital from 
1998 to 2002. The study was approved by the National 
University of  Singapore Institutional Review Board, and 
National Healthcare Group Domain Specific Review 
Board. Informed consent was obtained from every pa-
tient for the use of  excised tissue. The human hepatoma 
cell line HepG2 was obtained from American Type Cul-
ture Collection, Huh-7 cells from the Japanese Collection 

of  Research Bioresources Cell Bank and HepG2.2.15 was 
kindly provided by Dr. Acs (Mt. Sinai Medical College, 
New York, NY, United States). HepG2 and Huh-7 cells 
were cultured in Dulbecco’s modified Eagle’s medium 
supplemented with 0.1 mmol/L sodium pyruvate, 0.1 
mmol/L L-glutamine, 0.1 mmol/L non-essential amino 
acids, 10% fetal calf  serum, and 1X antibiotic-antimy-
cotic solution (Invitrogen, Carlsbad, CA, United States). 
HepG2.2.15 cells were cultured in similar media with the 
addition of  0.4 mg/mL G418 (Sigma-Aldrich, St Louis, 
MO, United States). All cell lines were maintained in an 
incubator with 5% CO2 at 37 ℃. 

RNA extraction and cDNA synthesis
Total RNA was extracted from cell lines or patient tissues 
using RNeasy Mini kits (Qiagen, Hilden, Germany) or 
Trizol (Invitrogen), respectively according to the manufac-
turer’s protocol. Reverse transcription was carried out in 
26 µL aliquots of  solution containing 5 µg of  total RNA, 
2.5 ng Oligo d(T)18 and RNase-free water, which was then 
incubated for 15 min at 72 ℃ in a thermal cycler. After  
10 min of  cooling at 4 ℃, 24 µL of  the RT-enzyme mix-
ture containing 5 µL 10 mmol/L dNTPs, 5 µL 0.1 mol/L 
dithiothreitol, 10 µL 5 × first-strand buffer, 2 µL Su-
perScript Ⅱ reverse transcriptase (Invitrogen) and 2 µL 
recombinant RNasin ribonuclease inhibitor (Promega, 
Madison, WI, United States) was added to obtain a final 
volume of  50 µL. The mixture was then incubated for 90 
min at 42 ℃ followed by 15 min incubation at 72 ℃, and 
was subsequently cooled to 10 ℃. 

Real-time quantitative reverse transcription polymerase 
chain reaction
Primers and probes for PLK1 and FOXM1 were from 
TaqMan Gene Expression Assays (Applied Biosystems, 
Foster City, CA, United States). In brief, 20 µL reaction 
was set up containing 4 µL cDNA, 10 µL 2 × TaqMan 
Universal PCR Master Mix (Applied Biosystems), 1 µL 
20 × TaqMan Gene Expression Assay Mix of  corre-
sponding target gene, 1 µL 20 × human hypoxanthine-
guanine phosphoribosyltransferase endogenous control 
(Applied Biosystems)[17] and 4 µL RNase-free water. The 
reaction was run on the ABI Prism 7000 Sequence De-
tection System (Applied Biosystems) with the following 
profile: 1 cycle at 50 ℃ for 2 min, 1 cycle at 95 ℃ for 
10 min, then 40 cycles at 95 ℃ for 15 s and at 60 ℃ for 
1 min. No-template control and TaqMan Control Total 
RNA (Human) (Applied Biosystems) as reference control 
were also included where applicable. Relative quantifica-
tion was done using the 2-∆∆Ct method. 

Short interfering RNA transfection 
Short interfering RNA (siRNA) targeting human PLK1 
(si-PLK1) and FOXM1 were from siGENOME On-Tar-
getPlus Set of  4 duplex (Dharmacon, Chicago, IL, United 
States) and On-Target plus siCONTROL Non-targeting 
pool (si-NT) (Dharmacon) was used as negative control. 
The mixture containing 4 siRNA duplexes was transfected 
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into cells using Lipofectamine RNAiMAX Transfection 
Reagent (Invitrogen) according to the manufacturer’s pro-
tocol. No-treatment and transfection-reagent-only con-
trols were also included where suitable. The transfection 
period was 48 h for all assays or tests unless otherwise 
specified. 

Cell proliferation assays 
The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2(4-sulfophenyl)-2H-tetrazolium (MTS) assay 
was performed using the CellTiter 96 Aqueous Non-
Radioactive Cell Proliferation Assay (Promega) according 
to the manufacturer’s protocol. The BrdU (5-bromo-
2-deoxyuridine) assay was performed using Cell Prolifera-
tion enzyme-linked immunosorbent assay (ELISA), BrdU 
(chemiluminescent) (Roche Applied Science, Indianapo-
lis, IN, United States) according to the manufacturer’s 
protocol. 

Western blot analysis 
Cells were lysed using Complete Lysis-M (Roche Applied 
Science) according to the manufacturer’s protocol. The 
protein concentration was determined using BCA Protein 
Assay Kit (Pierce, Rockford, IL, United States). Protein (30 
µg) was mixed 1:1 with Laemmli sample buffer (Bio-Rad 
Laboratories, Hercules, CA, United States) supplemented 
with 5% β-mercaptoethanol and heated at 95 ℃ for 5 
min followed by 5 min incubation on ice. The sample was 
then loaded onto a 10% Tris-HCl Ready Gel (Bio-Rad) 
and subsequently electrotransferred to a Hybond-P poly-
vinylidene difluoride membrane (Amersham Pharmacia 
Biotech, Buckinghamshire, United Kingdom). The mem-
brane was blocked for an hour at 22 ℃ with 5% Blotting-
Grade Blocker and non-fat dry milk (Bio-Rad). After 
blocking, the membrane was incubated with mouse anti-
human Plk1 (F-8) antibody (Santa Cruz Biotechnology, 
Santa Cruz, CA, United States) at 1:500 for 1 h at 22 ℃ 
followed by incubation with Cruz Marker Compatible 
goat anti-mouse IgG antibody (Santa Cruz) at 1:50 000 
for 1 h at 22 ℃. The reaction was detected using the ECL 
plus system (Amersham) and developed using Hyperfilm 
ECL (Amersham). Mouse anti-human β-actin (C4) anti-
body (Santa Cruz) diluted at 1:10 000 was used as loading 
control. The Blots were analyzed with the Quantity One 
software (Bio-Rad). 

Immunofluorescence imaging
Cells were cultured on Lab-Tek Ⅱ 2-chambered glass 
slides (Nunc, Rochester, NY, United States). Twenty 4 
h after siRNA transfection, the cells were fixed in 4% 
buffered paraformaldehyde for 30 min at 4 ℃. The cells 
were then permeabilized with 0.5% Triton X-100 in 
phosphate-buffered solution for 10 min and subsequently 
blocked in 2% bovine serum albumin for 10 min. The 
cells were incubated with primary antibody diluted at 
1:100 for 1 h at 22 ℃ followed by an hour’s incubation at 
22 ℃ with fluorescein isothiocyanate (FITC)-conjugated 
secondary antibody diluted at 1:400. The cells were sub-
sequently mounted using Vectashield with 4’,6-diamidino-

2-phenylindole (Vector Laboratories, Burlingame, CA, 
United States) for nuclei staining. Primary antibodies used 
were FITC-conjugated mouse anti-α-tubulin antibody 
(clone DM1A) (Sigma-Aldrich), goat polyclonal anti-
human endonuclease G (Santa Cruz) and goat polyclonal 
anti-human apoptosis-inducing factor (Santa Cruz). The 
secondary antibody used was donkey anti-goat IgG-FITC 
(Santa Cruz). Fluorescence images were captured using 
Olympus Fluoview FV500 or BX60F5 (Olympus, Center 
Valley, PA, United States).

Chromosome fragmentation detection assay, terminal 
deoxynucleotidyl transferase dUTP nick end labeling 
assay and caspase-3 activity assay
Chromosome fragmentation was detected using Cell 
Death Detection ELISAPLUS (Roche) according to the 
manufacturer’s protocol. Thapsigargin (Sigma-Aldrich) 
treatment was used as positive control. Terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) 
assay was carried out after 24 h of  transfection using the 
DeadEnd Fluorometric TUNEL system (Promega) ac-
cording to the manufacturer’s protocol. Fluorescence im-
ages were captured using Olympus BX60F5 (Olympus). 
The caspase-3 activity assay (Roche) was performed ac-
cording to the manufacturer’s protocol.

Caspase inhibition assay
Cells were transfected with siRNA in the presence of  cell 
permeable pan-caspase inhibitor Z-VAD-FMK (Sigma-
Aldrich) at 100 µmol/L for 48 h. Cell proliferation was 
subsequently determined with MTS assay. Camptothecin 
(Sigma-Aldrich) at 5 µmol/L was used to induce apopto-
sis in HepG2 cells. For camptothecin treatment, HepG2 
cells were incubated with the caspase inhibitor for an 
hour before camptothecin was added and remained till 
the end of  incubation. An equal amount of  DMSO was 
used in the negative control where appropriate.

In vivo nude mice experiment
Nude mice were transplanted subcutaneously with 2 × 
106 Huh-7 cells in 100 µL Matrigel (Sigma-Aldrich). The 
treatment was started 1 wk after the transplantation. 
Eighteen tumor-bearing nude mice were divided equally 
into a group (n = 6) that received si-PLK1 treatment, a 
group that received si-NT treatment (n = 6), and a con-
trol group that received no treatment (n = 6). Treatment 
groups received intratumoral injections of  1 nmol siRNA 
coupled with Lipofectamine RNAiMAX Transfection Re-
agent (Invitrogen) every alternate day. The control group 
was injected with saline instead. Tumor sizes recorded 
before treatment were calculated by the formula: volume 
(mm3) = (width)2 × length/2. Animal experiments were 
carried out in compliance with the guidelines of  the 
Laboratory Animals Centre, National University of  Sin-
gapore and were approved by the National University of  
Singapore Institutional Animal Care and Use Committee.

Statistical analysis
Statistical analysis was carried out using Microsoft Excel 
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or SPSS. P values of  less than 0.05 were deemed signifi-
cant. All data was expressed as mean ± SE unless other-
wise specified.

RESULTS
Baseline characteristics of the patients
The patients, 49 male, 7 female, age range 32-82 years 
(mean, 56 years), were hepatitis B-positive and were 
Asian (Table 1).

PLK1 gene expression in HCC patients and correlation 
with clinicopathological parameters 
Gene expression of  10 candidate genes (PLK1, forkhead 
box M1, pituitary tumor-transforming gene 1, ubiquitin 
specific peptidase 21, reticulocalbin 2, dual specific-
ity phosphatase 12, ubiquitin specific peptidase 1, S100 
calcium binding protein P, ubiquitin specific peptidase 
5, X-box binding protein 1) indentified from a literature 
survey of  genes shown to be upregulated in tumors but 
not well documented in HCC, were chosen for real-
time quantitative reverse transcription polymerase chain 
reaction (RT-PCR) analysis in 10 sets of  paired HCC tu-
mor/adjacent non-tumor tissue (data not shown). PLK1 
was found to be consistently upregulated in HCC tumor 
tissue. Gene expression of  PLK1 was then investigated 
in 46 other patient samples (a total of  56 HCC tumors) 
using real-time quantitative RT-PCR. The median PLK1 
gene expression was about 12 times higher in 50% of  the 
HCC tumors when compared with non-tumor tissues 
(Figure 1A).

PLK1 siRNA successfully silenced PLK1 gene 
expression in Huh-7 cells 
PLK1 gene expression in Huh-7 cell-line was about eight 
times higher than other human hepatoma cell lines (HepG2 
and HepG2.2.15) as determined by real-time quantita-
tive RT-PCR (data not shown). Hence, it was selected 
as in vitro model to study the effect of  silencing PLK1 
gene expression. PLK1 knockdown with 1 nmol/L, 50 
nmol/L and 100 nmol/L si-PLK1 was able to silence of  
PLK1 gene expression by 83%, 95% and 96%, respec-
tively, compared with the Huh-7 cells transfected with an 
equal concentration of  si-NT (Figure 1B). The reduction 
in PLK1 gene expression by si-PLK1 corresponded to 
the reduction observed in PLK1 protein expression level. 
Using 50 nmol/L si-PLK1, PLK1 protein expression was 
reduced by 95% when compared with the si-NT trans-
fected Huh-7 cells (Figure 1C). Therefore, si-PLK1 was 
shown to be efficient and specific in silencing PLK1 gene 
and protein expression in Huh-7 cells.

Silencing of PLK1 reduced cell proliferation in Huh-7 cells
Transfection of  si-PLK1 caused a significant reduction 
in Huh-7 cells proliferation as measured by the MTS cell 
proliferation assay (Figure 2A) and BrdU cell prolifera-
tion assay (Figure 2B), but with no apparent dose-re-
sponse. On average, si-PLK1-treated Huh-7 cells showed 
68% and 92% reductions in cell proliferation in MTS and 
BrdU cell proliferation assays, respectively. In addition, 
Huh-7 cells that were transfected with si-PLK1 appeared 
to be binucleated (Figure 2C, left panel) while Huh-7 cells 
transfected with si-NT completed mitosis with functional 
spindle assembly (Figure 2C, right panel), indicative of  its 
role in establishing functional spindle assembly.

Silencing of PLK1-induced apoptosis in Huh-7 cells
Nuclear fragmentation expressed as the enrichment factor 
(sample absorbance/absorbance of  the non-transfected 
control) > 1, indicates enrichment of  mono- and oligo-
nucleosomes in the cytoplasm of  the apoptotic cells due 
to DNA breakdown. The enrichment factor in Huh-7 cells 
that were transfected with si-PLK1 was 3-fold higher than 
in the Huh-7 cells transfected with si-NT (Figure 3A). In 
addition, TUNEL staining of  si-PLK1-transfected Huh-7 
cells helped to identify and visualize apoptotic cells with 
fragmented chromosomes (Figure 3B). To examine the 
apoptosis pathway, caspase-3 activity was analyzed in si-
PLK1 transfected Huh-7 cells at three different time points 
(Figure 3C). There was activation of  caspase-3 to over  
500 U (compared with 2350 U in positive controls), but 
this was only detected at 48 h after transfection (Figure 3C).  
This was an unexpected finding as the TUNEL assay 
had already showed prominent nuclear fragmentation in 
apoptotic cells 24 h after transfection, and suggests that 
the apoptosis pathway induced by PLK1 knockdown in 
Huh-7 cells may be caspase-independent. 

Apoptosis induced by silencing PLK1 gene expression 
is caspase-independent
A cell permeable pan-caspase inhibitor Z-VAD-FMK was 
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Table 1  Correlation between polo-like kinase-1 gene expression 
and clinicopathological parameters in 56 patients with 
hepatocellular carcinoma

Clinicopathological parameters n Relative PLK1 
gene expression 
(mean ± SE)

P  value

Age ���r�
   < �� 42 1�.�� ± 2.9� 0.��01

   ≥ �� 14 1�.1� ± �.11
Sex
   Ma�e 49 1�.24 ± 2.�4 0.4��1

   Fema�e   � 21.�2 ± �.��
Histo�ogic t��pe of t�mor
   We�� differentiated   2   14.00 ± 1�.10 0.�4�2

   Moderate��� differentiated 41 1�.�9 ± 2.92
   Poor��� differentiated 1� 19.�9 ± �.��
Liver cirrhosis
   Present 44 1�.0� ± 2.42 0.49�1

   Absent 12 24.22 ± �.��
Patho�ogica� stage
   Ⅰ   1 �.�� 0.�492

   Ⅱ   � 14.11 ± �.��
   Ⅲ �2 1�.�� ± 2.9�
   Ⅳ 1� 19.�2 ± �.�4

1P va��e was determined b�� the Mann�Whitne�� U test�� 2P va��e was 
determined b�� the Kr�ska��Wa��is test. PLK1 gene expression in ever�� 
hepatocellular carcinoma tissues was quantified relative to the non-tumor 
tiss�es co�nterparts �sing 2-∆∆Ct method. PLK1�� Po�o��ike kinase�1.
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Figure 1  Upregulation of polo-like kinase 1 gene expression in 56 hepatocellular carcinoma tumors, efficiency of short-interfering RNA in silencing the 
polo-like kinase 1 gene, and protein expression in Huh-7 cells. A: Boxplot showing the minimum, 25th percentile, median, 75th percentile and maximum relative 
polo-like kinase 1 (PLK1) gene expression. Circles represent statistical outliers. PLK1 gene expression in all hepatocellular carcinoma (HCC) tissue was quantified 
relative to the non-tumor tissue counterpart using the 2-∆∆Ct method; B: Knockdown with short interfering PLK1 (si-PLK1) at 1 nmol/L, 50 nmol/L and 100 nmol/L suc-
cessfully silenced PLK1 gene expression (using the 2-∆∆Ct method by quantitative real-time RT-PCR) by 83%, 95% and 96% respectively, compared with short interfer-
ing non-targeting (si-NT), or controls. Data shown as mean ± SE, using the Student t-test (aP < 0.05); C: Western blotting showing reduction of PLK1 protein expres-
sion in Huh-7 cells, at si-PLK1 and si-NT (non-targeting si-RNA) concentrations of 50 nmol/L compared with si-NT or controls. 
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Figure 2  Reduction of cell proliferation by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium assay and bromodeoxyuridine 
assay after silencing of polo-like kinase 1, and failure of mitosis after knockdown of polo-like kinase 1. A: Knockdown of polo-like kinase 1 (PLK1) reduced cell prolifera-
tion in Huh-7 cells in the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium (MTS) cell proliferation assay by a mean of 65% compared 
with short interfering non-targeting (si-NT) or controls; B: Knockdown of PLK1 reduced cell proliferation in the bromodeoxyuridine cell proliferation assay in Huh7 cells by a mean 
of 93% with 50 nmol/L short-interfering PLK1 (si-PLK1) compared with si-NT or controls; C: Confocal fluorescence images show the si-PLK1 transfected Huh-7 cells (left panel) 
were binucleated, depicting failure in completing mitosis due to the lack of a functional spindle assembly. The right panel shows a functional spindle assembly in Huh-7 cells 
transfected with si-NT. Huh-7 cells were processed for confocal imaging after 24 h of transfection either with 50 nmol/L si-PLK1 or si-NT; α-tubulins were stained with fluorescein 
isothiocyanate-conjugated antibody and nuclei were counterstained with 4',6-diamidino-2-phenylindole. Data are shown as mean ± SE, using the Student t-test (aP < 0.05).
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applied to validate the requirement of  caspase in apopto-
sis induced by silencing PLK1 gene expression in Huh-7 
cells. By using the MTS cell proliferation assay as the 
functional end-point indicator for apoptosis, the pan-
caspase inhibitor was unable to rescue the reduction in 
cell proliferation of  Huh-7 cells transfected with si-PLK1 
(Figure 4A). The finding clearly demonstrates that apop-
tosis in si-PLK1-transfected Huh-7 cells was caspase-
independent. Two exclusively mitochondrial pro-apop-
totic proteins, endonuclease G (EndoG) and apoptosis-
inducing factor (AIF), have been identified to be involved 
in the caspase-independent apoptosis pathway[18]. In Figure 
4B, EndoG was released from the mitochondria and co-
localized in the fragmented chromosomes in apoptotic 
Huh-7 cells, indicating that EndoG was likely to be the 
main caspase-independent apoptotic effector. AIF was 
found to be absent and therefore was probably not in-
volved in this particular apoptosis event (Figure 4B). 

Targeting PLK1 in vivo impeded tumor growth
Huh-7 cells were subcutaneously transplanted into the 

flanks of  nude mice and allowed to develop into HCC 
tumors. These tumors were later treated with repeated 
intratumoral injections of  si-PLK1 every alternate day to 
evaluate the anti-tumor effect by targeting PLK1. The mean 
tumor volume of  the si-PLK1 treatment group was signifi-
cantly lower than the si-NT treatment group starting from 
Day 11 after five si-PLK1 treatments (Figure 5A and B). At 
the end of  the treatment period, the mean tumor volume 
in the si-PLK1 treatment group was about 33% lower 
than in the si-NT treatment group.

DISCUSSION
PLK1 gene overexpression was seen in a majority of  the 
HCC patients in this study, suggesting that PLK1 may 
have a role in the HCC tumorigenesis. Recently, PLK1 
expression was significantly correlated with a higher re-
currence rate in HCC patients[19]. Moreover, PLK1 over-
expression has also been recently reported to be corre-
lated with metastatic HCC disease[6] and poor prognosis[5] 
in HCC. More recently, Pelligrino et al[8] found that PLK1 
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silencing was associated with suppression of  cell growth, 
while PLK2-4 silencing had the opposite effect. These 
studies indicate that PLK1 may have an important role in 
HCC.

We have shown that Huh-7 cell proliferation requires 
PLK1. Moreover, PLK1 knockdown in Huh-7 cells re-
sults in nuclear fragmentation, indicating apoptosis is 
present. Intriguingly, caspase activation is found to be 
unnecessary for PLK1-induced apoptosis. Consequently, 

the caspase-independent pathway is likely to be active, 
and the apoptotic effector appears to be endoG, which is 
a DNase that is exclusively mitochondrial. EndoG is re-
leased from mitochondria and translocates to the nucleus 
to cleave DNA independently of  caspase upon apoptosis 
induction[20]. AIF, another potential effector candidate in 
the caspase-independent apoptosis pathway[21] was found 
not be involved in PLK1-induced apoptosis. It is not an 
essential requirement for the presence of  both endoG 
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due to endonuclease G. Huh-7 transfected with 50 nmol/L si-PLK1 for 24 h was probed with antibody against endonuclease G or apoptosis-inducing factor (AIF) and 
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and AIF to induce caspase-independent apoptosis. In 
galectin-1 induced T-cell apoptosis, which is indepen-
dent of  caspase, AIF and cytochrome c, only endoG 
was shown to be involved[22]. The induction of  apoptosis 
that is independent of  caspase by silencing PLK1 gene 
expression in Huh-7 cells has significant implications in 
the treatment of  HCC. It is reported that caspase-1 and 
caspase-3 expressions are downregulated in HCC and this 
could contribute to the lack of  efficacy of  chemothera-
py[23]. Consequently, a caspase-directed strategy is unlikely 
to be successful, and thus targeting PLK1 may be a more 
effective strategy in treatment of  HCC patients. 

Similar to other reports of  PLK1 involvement in the 
proliferation of  cell types such as breast cancer, lung can-
cer, prostate cancer and esophageal cancer[24-26], we have 
also shown that silencing of  PLK1 significantly reduced 
cell proliferation and also impeded HCC growth in nude 
mice. PLK1 is therefore a promising gene candidate for 
targeted therapy in treating not only HCC but other 
solid tumors as well. The requirement of  PLK1 in the 
tumorigenesis of  HCC and other cancers implies it has a 
critical role in the final pathway for cancer cell prolifera-
tion. Overexpression of  PLK1 may help to inactivate the 
spindle checkpoint persistently by targeting early-mitotic 
inhibitor 1, which is an inhibitor of  anaphase promoting 
complex/cyclosome, that is degraded by ubiquitin ligase 

complexes[27]. However, the exact role of  PLK1 overex-
pression in the tumorigenesis of  HCC or other cancers 
is still unclear since the physiological role of  PLK1 is not 
fully defined. 

The results of  our study suggest that targeting PLK1 
in HCC treatment is a promising therapeutic option. In 
addition, normal diploid cells such as hTERT-RPE1 and 
MCF10A cells can survive similar PLK1 depletion that 
otherwise causes mitotic arrest and apoptosis in cancer 
cell lines[28]. Normal diploid cells still require PLK1 for 
survival, but at a much lower PLK1 level compared with 
cancer cells[29]. Consequently, controlling the extent of  
PLK1 depletion could minimize the deleterious effects 
on HCC patients. Currently, there are a number of  PLK1 
inhibitors in development such as ON 01910, DAP81, 
TAL, BTO-1/cyclopolin, and compound 1[30]. However, 
the most advanced agent is a novel small molecular in-
hibitor, BI2536, which inhibits the enzymatic activity of  
PLK1 protein with high selectivity (10 000-fold selectiv-
ity over other kinases) and high potency[31,32]. B12536 has 
now completed phase Ⅰ clinical trials in patients with 
advanced solid tumors with reported anti-tumor activity, 
and neutropenia as a dose-limiting toxicity[33]. Phase Ⅱ 
clinical trials of  BI2536 are currently ongoing for various 
tumor indications[34]. Such inhibitors could probably be 
suitable in treating HCC or could be used in combina-
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tion with other drugs, a strategy that is being explored in 
many cancers, for example, breast cancer[35]. 

In conclusion, PLK1 is overexpressed in HCC and 
the silencing experiments have shown significant antipro-
liferative effects in vitro and in vivo, through induction of  
a caspase-independent apoptosis pathway that could lead 
to increased sensitivity of  chemotherapy in HCC patients. 
Thus, PLK1 is a promising therapeutic target for HCC.
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