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Downregulation of PLK1 by RNAi attenuates the tumorigenicity  
of esophageal squamous cell carcinoma cells via promoting apoptosis  
and inhibiting angiogenesis
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Polo-like kinase 1(PLK1) is essential for the maintenance of genomic stability during mitosis. PLK1 has been reported to 
be upregulated in several solid tumors, including esophageal squamous cell carcinoma (ESCC). However, the role of PLK1 
in tumorigenesis of ESCC remains undetermined. We used siRNA and lentivirus-mediated PLK1 RNA interference to in-
vestigate the tumor suppressor function of PLK1 reduction in ESCC cells. Flow cytometry and Terminal deoxynuleotidyl 
transferase-mediated nick-end labeling assay in vitro, as well as immunohistochemitry analysis of Caspase-3 and CD31 in 
s.c. tumor tissue section, were performed. Knock down of PLK1 expression significantly suppressed the ability of ESCC cells 
to form colonies in plastic and soft agar. PLK1 reduction mediated by lentivirus caused growth suppression of ESCC in nude 
mice. Caspase-3 upregulation further indicated that dysregulated apoptosis might contribute to reduced tumorigenecity. In 
particular, downregulation of CD31 suggested that PLK1 reduction-induced angiogenesis inhibition may also contribute, 
at least in part, to attenuated tumorigenecity. These findings indicate that PLK1 might play roles in tumorigenesis of ESCC 
and that PLK1 might be a potential gene therapy target in ESCC. Apoptosis induction together with decreased angiogenesis 
might be involved in the mechanism of tumor suppressor function of RNA interference targeting PLK1.
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Esophageal cancer is one of the most common cancer 
worldwide [1].Esophageal squamous cell carcinoma (ESCC), 
the major histologic form of esophageal cancer, dominates 
in most parts of the world, especially in China [2]. Multiple 
genetic changes have been found in ESCC, but little is known 
about major oncogenes and tumor suppressor genes involved 
in the tumorigenesis.

Human polo-like kinase 1 (PLK1) is a highly conserved 
serine/threonine kinase that regulates a multitude of mitotic 
processes [3]. PLK1 has been reported to be overexpressed in 
several solid tumors, such as esophageal, prostate, and colon 
cancer [4-9]. Depletion of PLK1 by siRNA dramatically inhib-
ited some cancer cell growth and induced apoptosis [10-13]. 
But, so far, the precise role of PLK1 in ESCC tumorigenesis 
is largely unknown. 

In the present study, we have elucidated the fundamental 
question of whether PLK1 dysregulation was involved in ESCC 
tumorigenesis. We have demonstrated that reduction of PLK1 
by siRNA attenuated the tumorigenicity of ESCC cells TE-8, 

as illustrated by decreased colony formation capacity and 
anchorage-independent growth, and reduced tumor growth 
in nude mice. More interestingly, we found that knock down 
of PLK1 expression resulted in inhibition of angiogenesis in 
addition to apoptosis induction. 

Materials and methods

Cell culture. Human ESCC cell lines Eca-109, TE-8, TE-10 
and TE-15 were purchased from Shanghai Cell Bank, Chinese 
academy of sciences (Shanghai, China). Cells were cultured 
in RPMI 1640 medium supplemented with 10% fetal bovine 
serum, penicillin (100 U/mL) and streptomycin (100 mg/mL) 
at 37°C humidified atmosphere of 5% CO2. 

Western blot analysis. The proteins were separated by 
SDS-PAGE and then transferred to polyvinylidene difluoride 
membranes (Millipore Bedford, MA). Blots were blocked and 
then probed with antibodies against PLK1 (1:1000 dilution, 
Santa Cruz, USA), and ß-actin (1:5000 dilution, Santa Cruz, 
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USA). After washing, the blots were incubated with horserad-
ish peroxidase-conjugated secondary antibodies. The protein 
bands were visualized using super ECL detection reagent 
(Applygen, China).

Small interfering RNA synthesis and transfection. siRNA 
sequences targeting Human PLK1 were chemically synthe-
sized for screening (GenePharma Co., China). The sequences 
of the siRNA for the PLK1 gene (PLK1-siRNA) were selected 
from nucleotide sequences 1418-1438 (siRNA-PLK1-1, sense 
sequence: 5’-GCGUGACGGCACUGAGUCCUATT-3’, anti-
sense sequence: 5’-UAGGACUCAGUGCCGUCACGCTT-3’); 
183-203 (siRNA-PLK1-2, sense sequence: 5’- GGGCG-
GCUUUGCCAAGUGCUTT-3’, antisense sequence: 
5’- AGCACUUGGCAAAGCCGCCCTT-3’). A sequence 
non-specific to any known gene was used as a negative control 
(GenePharma Co., China). Transfection was performed in 
80% confluent cells using Lipo-fectAMINE (Invitrogen, USA) 
according to the manufacture’s protocol.

Colony formation assay. TE-8 cells were treated with the 
siRNA for 48 h and then digested to a single cell suspension. 
A total of 200 cells were plated into 60 mm culture dishes 
and kept for 14 days, and the medium was changed once 
every week. The plates were taken out to observe the colony 
formation, fixed in methyl alcohol and stained with Giemsa. 
Cell clones over 50 cells were counted using a grid. Three 
independent experiments were performed.

Soft agar assay. Soft agar assay was carried out according 
to the procedures described previously [14]. Suspensions 
containing 500 cells were seeded into the top of the agar. 
After 3 weeks of incubation at 37°C, 5% CO2, the number of 
colonies with a diameter>500 µm was counted. Counts were 
expressed as the number of colonies per plate on average from 
three independent experiments.

Apoptosis analysis by flow cytometry. The flow cytometry 
assay was performed by propidium iodide staining. TE-8 cells 
were seeded at a density of 4×105 in 35 mm culture dishes. After 
24 h, the cells were incubated with siRNA-PLK1-2 for 48 h. 
Cells and supernatants were collected together and centrifuged 
at 1000 rpm for 5 min. The pellets were washed twice with 
ice-cold phosphate-buffer saline (PBS) and fixed overnight at 
4°C in 70% ethanol. After they were washed twice with PBS, 
cells were incubated with 5 μg/mL propidium iodide and 50 
μg/mL RNaseA in PBS for 1 h at room temperature. Samples 
were analyzed using a fluorescence-activated cell sorter (FACS) 
(Becton Dickinson, New York, USA).

Terminal deoxynuleotidyl transferase-mediated nick-
end labeling assay. TE-8 cells were grown on coverslips in 
RPMI 1640 complete medium for 24 h. After the cells were 
incubated with siRNA-PLK1-2 for 48 h, the coverslips were 
rinsed twice with ice-cold PBS and fixed and permeabilized 
by immersion in cold methanol for 20 min. Then, the cover-
slips were rinsed with PBS and analyzed by using Terminal 
deoxynuleotidyl transferase-mediated nick-end labeling 
(TUNEL) System (Promega, USA). The assay was performed 
according to the user manual and apoptotic cells appeared 

in green color with the FITC filter under a fluorescent mi-
croscope.

C onstruction of  recombinant lentivirus vec-
tor and preparation of lentivirus stocks. Synthetic 
double-stranded oligonucleotides with the following 
sequences were inserted into the BamH I and EcoR I –ex-
cised lentivirus vector pGLV/H1/GFP+Puro, sense: 
5’- GATCCGGGCGGCTTTGCCAAGTG CTTTCAA 
GAGAAGCACTTGGCAAAGCCGCCCTT TTTT-3’, 
antisense:  5’- AATTCA AAAA AGGGCGGCTTT-

Figure 1. Reduction of PLK1 protein in ESCC by siRNA. (A) Western 
blot analysis of PLK1 expression in ESCC. (B) PLK1 protein level was 
examined in cells of Eca-109 and TE-8 transiently transfected with siRNA-
PLK1-1 or siRNA-PLK1-2. ß-actin was used as an equal loading control 
for Western blot.
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GCCAAGTGCTTCTCTTGAA AGCA CTTGG CAAA 
GCCG CCC-3’. The recombinant lentivirus (LV-PLK1) 
was developed by the GenePharma Co., China. Briefly, The 
lentivirus (LV-PLK1) was cotransfected with Helper Vector 
into 293T cells by LipofectamineTM 2000. The lentivirus 
(LV-PLK1) was purified by cesium chloride gradient ultra-
centrifugation. Viral titer was determined using TCIG50 
end-point dilution. The final titer of the purified viral vectors 
was 5.9×109 TU/mL. The virus stocks were aliquoted and 
stored at -80°C.

Lentivirus-mediated gene therapy in nude mice. TE-8 
cells (4×106) in 0.1 mL of PBS were subcutaneously inocu-
lated into the right flank of 4-week-old BALB/c nude mice. 
The experiment was divided into four groups with five mice 
in each group. When tumors reached the size of 50-100 mm3, 
0.1 mL PBS, 0.1 mL LV-NC (2×106 TU), 0.1 mL LV-PLK1 
(2×106 TU) was injected into tumor in each group, respec-
tively. The injection was repeated once each three days. After 
10 times of injection, tumors were excised under anesthesia, 
size-measured and weighted. Tumor volume was calculated 
by the formula 4πr1

2r2/3 (r1<r2).
Immunohistochemistry and microvessel quantitation. 

Immunohistochemistry was performed using the Biotin SP-

HRP (DAB) Kit (Zhongshan biotech Co., China) following 
the manufacture’s protocol. The anti-Caspase3 and anti-CD31 
(Sigma, USA) were used as the primary antibodies. Microvessel 
density was quantified by examining areas of vascular hotspots 
as previously described by Weidner et al [15]. Sections were 
scanned at low magnification (×40) for the localization of vas-
cular hotspots. The three most vascular areas of tumors were 
determined and then counted in the high power field (×200). 
The values of the three sections were averaged, and the results 
were analyzed. Branching structures were counted as a single 
vessel as previously shown [16].

Statistical analysis. The data were analyzed by ANOVA. 
The statistical analysis was performed using SPSS 11.0 software 
and P<0.05 was considered significant.

Results

RNAi of PLK1 in ESCC cells. To investigate whether endog-
enous PLK1 is important in esophageal tumorigenesis, RNA 
interference (RNAi) was used to knock down PLK1 expres-
sion. TE-8 and Eca-109, which showed relatively higher levels 
of endogenous PLK1 expression (Fig. 1A), were treated with 
siRNAs targeting PLK1 (siRNA-PLK1-1 or siRNA-PLK1-2) or 

Figure 2. Effects of siRNA-PLK1 on colony formation. Cells were seeded 
in 6-well culture plate at 200 cells per well. Two weeks later, surviving 
colonies were stained and counted. Photographs of representatives plates 
are shown and histogram is the average value (mean±SD) of 3 independent 
experiments. *P<0.01, compared to control cells.

Figure 3. RNAi-mediated inhibition of PLK1 in TE-8-affected colony forma-
tion in soft agar. 500 cells were suspended in soft agar for assay of anchor-
independent growth. After 3 weeks, colonies were counted. Representative 
photographs are shown and histogram is the average value (mean±SD) of 3 
independent experiments. *P<0.01, compared to control cells.
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siRNA-NC as a negative control. Compared with siRNA-NC 
and parent cells, treatment with specific siRNAs against PLK1 
could dramatically reduce PLK1 expression in TE-8 and Eca-
109 cells at protein level. And siRNA-PLK1-2 worked more 
effectively (Fig. 1B). Thus, TE-8 and siRNA-PLK1-2 were 
selected for further analysis. Reduced expression of PLK1 sup-
pressed TE-8 cell growth both in vitro and in vivo.

To elucidate the functional role of PLK1 in esophageal tu-
morigenesis, we first investigate the effect of silencing PLK1 
expression on the malignant phenotype of ESCC TE-8 cells. 
Colony formation assay in monolayer culture showed that the 

number of surviving colonies of siRNA-PLK1 was markedly 
decreased compared to those of control cells, indicating that 
endogenous PLK1 expression is indispensible to the growth 
of TE-8 cells (Fig. 2). The anchorage-independent growth of 
TE-8 cells was also inhibited when TE-8 cells treated with 
siRNA-PLK1 were cultured in soft agar (Fig. 3). These find-
ings indicate that silencing expression of PLK1 can suppress 
the malignant proliferation of TE-8 cells.

To further evaluate the tumor suppression function of 
reduced PLK1 expression, experimental tumor gene therapy 
with the recombinant lentivirus (LV-PLK1) was carried out. 

Figure 4. Growth suppression of TE-8 tumors by intratumor recombinant 
lentivirus (LV-PLK1) injection. (A) PLK1 reduction mediated by the re-
combinant lentivirus in TE-8 cells. (B) Tumor growth curve of s.c.tumors. 
(C) Tumor weight of different groups of nude mice. Values represent the 
mean for each group animals and plotted on a bar chart.*, P<0.01 versus 
controls. (D) Western blot analysis of PLK1in s.c.tumors tissues.
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The recombinant lentivirus could effectively inhibit PLK1 
expression in TE-8 cells (Fig. 4A). When tumors from inocu-
lated TE-8 cells in nude mice reached the size of 50-100 mm3, 
LV-PLK1, LV-NC, or PBS was injected into tumors. All mice 
injected with LV-PLK1 showed strong inhibition of tumor 
growth (Fig. 4B). The tumor volumes of the mice at Week 
4 were decreased significantly (up to 63%) in the mice with 
LV-PLK1 treatment compare to those of controls (P<0.001) 
(Fig. 4C). The reduced expression level of PLK1 were further 
demonstrated in the xenograft tumor tissue injected LV-PLK1 
by Western blot analysis (Fig. 4D).

Silencing PLK1 expression induced apoptosis of TE-8 
cells. In view that tumor growth is determined by the bal-
ance of cell proliferation and programmed cell death, cell 
proliferation-related protein Ki-67 was analyzed on tumor sec-
tions by immunohistochemistry. No significant difference was 
observed between the LV-PLK1 treatment tumors and controls 
(data not shown). Then apoptosis was first examined in vitro 
by propidium iodide staining using flow cytometry. As shown 
in Fig. 5A, knock down of PLK1 by RNA interference resulted 
in the sub-G1 peak representing the apoptotic cell popula-
tion. TUNEL assay was further used to support this finding. 

Figure 5. RNAi directed against PLK1 significantly promotes TE-8 cells apoptosis in vitro and in vivo. (A) Induction of apoptosis in TE-8 cells by PLK1-
siRNA treatment (100 nmol/L). Cells were labeled with PI and identified using flow cytometry. (B) TUNEL staining of apoptotic cells by siRNA treat-
ment. Magnification: ×200. (C) Immunohistochemitry staining of s.c.tumor tissue sections by cleaved Caspase 3 antibody. Magnification: ×200.
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Very few apoptotic cells were found in TE-8 cells treated with 
siRNA-NC, PBS and parental TE-8 cells. In contrast, more 
apoptotic cells were significantly detected in TE-8 treated with 
siRNA-PLK1 (Fig. 5B). Next, we investigated the activation of 
the downstream effector Caspase such as Caspase-3. Increased 
expression of the active form of Caspase 3 expression were 
also detected in the tumor tissues of reduced PLK1 expres-
sion by immunhistochemistry staining using cleaved Caspase 
3 antibody (Fig. 5C). These findings indicate that apoptosis 
mechanism is responsible for the decreased tumorigenecity 
derived from LV-PLK1.

Silencing PLK1 expression inhibited tumor angiogenesis. 
Xenograft tissue sections were also examined for CD31 expres-
sion by immunohistochemistry staining. CD31 is an indicator 
which is widely used for measure of angiogenesis. The tumors 
injected with LV-PLK1 showed a dramatic reduction of CD31 

staining (Fig. 6A). As shown in Fig. 6B, microvessel density 
was significantly decreased in the tumors from LV-PLK1 treat-
ment compared with the tumors from LV-NC, PBS and the 
parental cells (P<0.05). Western blot analysis further verified 
that reduced PLK1 expression and CD31 downregulation were 
detected in the tested samples from LV-PLK1 injected mice 
(Fig. 6C), suggesting that the attenuated tumorigenesis of TE-8 
in nude mice by silencing expression of PLK1 was partly due 
to angiogenesis inhibition.

Discussion

The development and progression of ESCC have found to 
mainly arise from changes in some key genes that are associ-
ated with cell proliferation, apoptosis and genomic stability. 
Alterations in several oncogenes and tumor suppressor genes 

Figure 6. Silencing PLK1 expression inhibited angiogenesis of tumors from TE-8 cells. (A) Immunohistochemical analysis of tumor tissue sections stained 
with anti-human Caspase 3 antibody. Magnification: ×200. (B) Microvessel density analysis in the tumor sections from TE-8 cells was done according 
to Materials and Methods. Column, mean; bars,SD. *, P<0.01. (C) PLK1 and CD31 expression of tumor tissues detected by Western blot.
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have been found such as p53, Rb, cyclin D1, and Aurora-A 
[17-22]. 

PLK1, is one of the most important regulators for the 
mitotic progression in mammalian cells. Moreover, overex-
pression of PLK1 is positively correlated with a broad range of 
human tumors. Previous studies have suggested that alteration 
of PLK1 expression level is a critical event in the development 
of human ESCC [4,23,24]. Thus, dysregulation of PLK1 gene 
might contribute to the malignant phenotype of ESCC cells. 
To determine this possibility, we investigated the effects of 
knockdown of PLK1 expression on the ESCC cells. In this 
study, we have demonstrated that the reduction of PLK1 by 
RNAi had a remarkable effect on malignant growth of ESCC 
cells in vitro and in vivo, implying that aberrant expression of 
PLK1 is not a consequence of carcinogenesis, but involved in 
malignant transformation of esophageal cells.

The existence of obvious apoptosis in vitro and in s.c. tumor 
tissue from nude mice inoculated with lentivirus-mediated 
PLK1 siRNA indicated that the suppressed malignant pro-
liferation caused by the reduction of PLK1 expression was 
related with apoptosis. Our findings in vitro are consistent 
with the previous studies that silencing of PLK1 via siRNA 
causes induction of apoptosis in cancers including human 
esophageal cancer cells [10,11,24,25]. Furthermore, Feng et 
al [24] also revealed that downregulation of PLK1 resulted in 
a sharp decrease in pro-caspase-3 and the cleavage of PARP in 
vitro. Our results in vivo demonstrated that the activation of 
Caspase 3 played a key role in ESCC cells apoptosis induced 
by PLK1 reduction. On the basis of these data, we suppose that 
the activation of Caspase 3 is one of the essential mechanisms 
for PLK1 reduction induced apoptosis. However, the detailed 
molecular mechanism through which PLK1 affects Caspase 3 
remains to be clarified in further studies. 

In addition, our study provides the first evidence of 
correlation between expression of PLK1 and angiogenesis. 
Immunohistochemical analysis with CD31 antibody, an 
indicator, which is widely used for measure of angiogen-
esis, that inhibition of tumor angiogenesis in ESCC could 
be induced by reduction of PLK1 expression. Studies have 
showed that angiogenesis is an essential factor in the growth 
and metastasis of many tumors including ESCC [26-28]. 
Although we did not observe the metastasis to other tissues 
from the lentivirus-mediated gene therapy in nude mice 
tumorigenecity assay for a short time, inhibition of tumor 
angiogenesis induced by PLK1 reduction must contribute in 
part to inhibit ESCC cell growth. Further studies should be 
addressed to elucidate the molecular mechanism of PLK1 in 
ESCC angiogenesis.

In conclusion, reduction of PLK1 expression mediated by 
RNAi suppressed the malignant phenotype of ESCC cell in 
vitro and in vivo. Especially, our results indicated that PLK1 
reduction exerted the antitumor activity in ESCC cell growth 
at least partly mediated by inhibition of cell proliferation and 
tumor angiogenesis, as well as apoptosis induction. There-
fore, our study provides evidence for the function of PLK1 

in human ESCC and may shed a light of a novel strategy for 
cancer therapy.
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