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shRNA targeting PLK1 inhibits the proliferation and invasion of
nasopharyngeal carcinoma cells
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Background: Polo-like kinase 1 (PLK1) is a serine/threonine protein kinase, which has been studied as a
potential gene therapy target for many years. PLK1 is overexpressed in a variety of tumors, and its expression
often negatively correlated with patient prognosis. However, the role of PLK1 in nasopharyngeal carcinoma
(NPC) is rarely studied.

Methods: Two recombinant vector plasmids were transfected into CNE2 cell lines by liposome
transfection, CNE2/PLK1 shRNA target PLK1 mRNA, as well as a non-targeting control plasmid, CNE2/
NC shRNA. Meanwhile, non-transfected cells (CNE2) were also used as controls. Real-time quantitative
PCR (qRT-PCR) and Western blotting were performed to detect the transfection effect. The effects of
the downregulation of PLK1 on cell biological behavior was evaluated iz vizro by using CCK8, Transwell,
colony-forming and flow-cytometry assays.

Results: PLK1 mRNA and protein were significantly inhibited in CNE2/PLK1 shRNA cells. Compared to
control groups, the CNE2/PLK1 shRNA cells showed slower cell growth and a significantly decreased cell-
cloning rate. Both migration and invasion were significantly inhibited in experimental cells. The proportions
of G2-phase and apoptotic cells within the experimental group were significantly increased.

Conclusions: Our results indicate that specific interference of PLKI gene expression can significantly
inhibit the proliferation and invasion of NPC (CNE2) cells.
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Introduction and treatment of NPC, the incidence and mortality of

NPC are gradually decreasing (2), but the prevalence of

Nasopharyngeal carcinoma (NPC) is a common malignant distant metastasis among patients with NPC is still as high

head and neck tumor, which is particularly prevalent in East
and Southeast Asia. NPC is characterized by aggressive
cellular behaviors such as early lymphatic spread and a strong
predisposition to the formation of distant metastases (1).

In recent years, with the improvement of the diagnosis
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as 14.1% (3). Thus, a great clinical need exists for the
development of improved, individualized methods for the
diagnosis and treatment of NPC.

Polo-like kinase 1 (PLK1) is a serine/threonine protein
kinase, which has attracted widespread attention from
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Table 1 shRNA expression cassette
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Name Sequences

PLK1 S: 5'-CACCGGCAACCAAAGTCGAATATGATTCAAGAGATCATATTCGACTTTGGTTGCC 1G-3'

A: 5'-GATCCAAAAAAGGCAACCAAAGTCGAATATGATCTCTTGAATCATATTCGACTTTGGTTGCC-3'

NC S: 5'-CACCGTTCTCCGAACGTGTCACGTCAAGAGATTACGTGACACGTTCGGAGAAT G-3'

A: 5'-GATCCAAAAAATTCTCCGAACGTGTCACGTAATCTCTTGACGTGACACGTTCGGAGAAC-3'

researchers due to its important roles in the cell cycle.
PLKI1 is mainly involved in G2-M phase transition,
promotes the formation of spindles, the maturation of
centrosomes, the separation of sister chromosomes and the
division of the cytoplasm (4). PLK1 is highly expressed in
rapidly proliferating cells, such as tumor cells. Silencing
the expression of PLK1 by antibodies, small molecular
kinase inhibitors or RINAi (5) can effectively inhibit cell
growth, induce G2-M phase arrest and cell apoptosis,
but have no significant effect on normal cells, suggesting
that PLK1 may be a candidate gene therapy target.
Studies on acute leukemia have shown that PLK1 Thr210
hyperphosphorylation is closely related to poor prognosis
in pediatric T-ALL, and PLK1-specific inhibitors can
significantly inhibit the proliferation of leukemia cell lines,
suggesting that targeted PLKI inhibitors will provide new
possibilities for the treatment of leukemia (5). Linton ez a/.
found that RNAi-targeted PLK1 therapy showed promising
results in malignant pleural mesothelioma (6). Furthermore,
it was also shown that PLK1 is closely involved in the
growth and proliferation of NPC cells (7-9).

In this study, the effects of down-regulating PLK1
expression on the biological behavior of CNE2 cells were
examined iz vitro several experiments. The role of PLK1 in
the development of NPC was further elaborated to provide
experimental evidence that could support novel approaches
toward individualized diagnosis and targeted interventions
in patients with NPC.

Methods
Cell culture

Human NPC cell line (CNE2) was donated by Cancer
Research Institute, the Key Laboratory of Carcinogenesis
and Cancer Invasion of the Chinese Ministry of Education,
Central South University, Changsha, China. The cells were
cultured in RPMI 1640 containing 10% fetal bovine serum
(FBS, Hangzhou Sijiqing Biological Engineering Materials
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Co., Ltd., Hangzhou, China) and incubated in a constant
temperature cell incubator at 37 °C with 5% CO,.

Experimental methods

RNA interference and transfection

Two recombinant vector plasmids, CNE2/PLK1 shRNA
and CNE2/NC shRNA were designed and constructed
by Shanghai Jema Bio Company (Shanghai, China). The
shRNA expression cassette sequences for both constructs are
shown in 7able 1. The interfering- and the negative control-
plasmid were transfected into CNE2 cells according to
Lipofectamine™ 2000 liposome instructions (Invitrogen Inc.,
Carlsbad, CA, USA). After 48 hours, the cells were screened
using the medium with a final concentration of 350 pg/pL
G418 (Amrescolnc., Solon, USA), and cultured for 3—4 weeks
until resistant clones with interference vectors appeared.
Subsequently, the clones were expanded with a complete
medium with a final concentration of 200 pg/pL. G418.

Western blotting analysis

The total protein of the three groups were extracted
using RIPA buffer (Beijing Kangwei Reagent Co., Ltd.,
Beijing, China). Then, proteins were quantified, isolated
and transferred onto the PVDF membranes (Roche, Basel,
Switzerland). The primary antibody of PLK1 (mouse-anti-
human, Millipore Corp, Billerica, MA, USA) was diluted at
1:1,000, then uniformly dropped on the membrane, and left
to incubate overnight at 4 °C. After washing the membrane,
a mouse secondary antibody (1:1,000, Sigma, USA) was
incubated at room temperature for 1.5 h and then visualized
using the Kangwei Colorimetric Kit (Beijing, China). At the
same time, B-actin was established as an internal reference.
Each sample was performed in triplicate.

gRT-PCR
Total RNA of each group was extracted, purified and
reverse-transcribed into cDNA. The expression of PLK1
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Table 2 PCR primer sequences of gene

Gene Sequence

PLK1 F: 5'-CAGCAAGTGGGTGGACTATT-3'
R: 5'-GAGGATGAGGCGTGTTGAGT-3'
GAPDH F: 5'-GGACCTGACCTGCCGTCTAG-3'

R: 5'-TAGCCCAGGATGCCCTTGAG-3'

and internal standard GAPDH mRNA were amplified and
detected by Applied Biosystems qRT-PCR instrument
(USA). Briefly, heat activation (95 °C, 5 min), followed by
40 cycles of denaturation (95 °C, 10 s), extension (60 °C,
30 s) and fluorescence collection at 72 °C. Statistics of each
well Ct value, computing 27**“ value and analysis. The
primers were designed and synthesized by Takara Biological
Co. Ltd, China (Table 2). Each sample was performed in
triplicate.

Cell Counting Kit-8 assay

Using 96-well plates (Costar, CA, USA), 1,000 cells per
well (three replicate wells per group) were inoculated into
the plates and cultured for a period of between one and
6 days. Add 100 pL mixture (CCK-8 solution 10 pL + 1640
medium 90 pL) to each well and incubate for one hour. The
450-nm absorbance values were measured by a microplate

reader (Multiskan MK3, Finland Labsystem).

Colony formation assay

Using six-well plates, 300 cells per well (three replicate wells
per group) were inoculated into the plates and cultured
for two weeks. Two weeks later, macroscopic clones were
formed and cell culture was terminated. Clones with more
than 50 cells were fixed, stained, and counted.

Migration and invasion assays

Matrigel® Matrix (Corning Costar, Manassas, VA, USA) and
Transwell chamber with 8-pm aperture (Corning Costar)
were used for Transwell assays. In the migration experiment,
cells of the experimental and other two control groups
were starved for 6 hours, detached with 0.25% trypsin,
and suspended in serum-free medium at a concentration
of 2x10” cells/mL. After 700 pL of the basal medium was
added to the lower chamber, and cell suspension (150 pL)
was added to the upper layer of Transwell chamber. After
incubation for 48 hours, the chamber was removed. Then,
the cells passing through the filtration membrane were
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fixed, stained and counted under a microscope.

For the invasion experiment, a Matrigel layer was applied
to the bottom of the upper chamber first. Briefly, serum-
free medium with Matrigel at 6:1 was mixed, 50 pL of the
diluted Matrigel® Matrix was taken to the center of the
upper chambers, and was incubated overnight at 37 °C. The
subsequent steps were identical to those of the migration
experiment.

Flow cytometry
The cell density of each group was adjusted to

2x10° cells/mL. Then, cells were fixed overnight with 70%
cold ethanol at 4 °C. The cell cycle was monitored by Well
Biological Science (Changsha, China). It was measured
using a flow cytometer (Beckman, Coulter) and analyzed by
ModFit software (Beckman, Coulter).

Statistical analysis

GraphPad Prism 5 software was used for data analysis, all
data were expressed as mean = SD. All experimental data
were analyzed by non-parametric test. Differences were
considered statistically significant for P value <0.05.

Results

Successful construction of a stable and down-regulated
PLK]1 in CNE2 cell line

Fluorescence microscopy showed that the experimental
group (transfected with CNE2/PLK1 shRNA) and negative
control group (transfected with CNE2/NC shRNA)
appeared strong green fluorescence signals and that the
transfection efficiency was over 90% (Figure 1), compared
with CNE2 group (the blank group). The results from
Western blotting analysis and qRT-PCR showed that PLK1
was significantly down-regulated in protein (Figure 2A,B)
and mRNA (Figure 2C) levels in CNE2/PLK1 shRNA cells
compared with CNE2/NC shRNA or CNE2 groups. These
results suggested that a CNE2/PLK1 shRNA cell line with
down-regulation of PLK1 was successfully constructed.

Effects of down-regulation PLK1 expression on biological
bebaviors of CNE2 cells

Silencing PLK1 inhibited cell growth and proliferation
in CNE2 cells
The results in the plate cloning experiment showed that the
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Figure 1 Fluorescence expression in each group (100x magnification). Both CNE2/PLK1 shRNA group and CNE2/NC shRNA group

appeared strong green fluorescence signals, and the transfection efficiency was over 90%, while no fluorescence signal appeared in the

CNE2 group. PLKI, Polo-like kinase 1.

cloning formation rate of CNE2/PLK1 shRNA group was
23.67%, while the rates of CNE2/NC shRNA and CNE2
groups were 57.9% and 62.76%, respectively (Figure 34,B
and Table 3). CCK-8 assay results showed the growth rate
of CNE2 cells transfected with PLK1-interfering plasmid
was significantly slower than CNE2/NC shRNA or CNE2
groups (Figure 3C) from the third to the fifth day. These
results suggested that silencing PLK1 could inhibit growth
and proliferation in the CNE2 cell.

Silencing PLK1 inhibited migration and invasion of
CNE2 cells

The results of Transwell assay showed that the number
of migrating (Figure 44) and invading (Figure 4B) cells
in CNE2/PLK1 shRNA group were 32.00£2.07 (cells,
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Figure 4C) and 15.20£1.06 (cells, Figure 4D), respectively,
which was much lower than that in CNE2/NC shRNA or
CNE2 groups, indicating that silencing PLK1 could inhibit
migration and invasion in the CNE2 cell.

Silencing PLK1 induced G2 cell-cycle arrest in CNE2
cells

Flow cytometry results showed that compared with
CNE2/NC shRNA or CNE2 groups, the proportion of
G2 phase and apoptotic cells in CNE2/PLK1 shRNA
group were increased, while the proportion of S phase
cells was significantly decreased (Figure 5 and Table 4).
This suggested that down-regulation of PLK1 expression
could induce G2 phase arrest and apoptosis in CNE2
cells.
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Figure 2 Protein and mRNA expression of PLKI in CNE2 cells. (A) PLK1 protein expression levels in CNE2 cells were examined by

Western blotting; (B) ratio of gray value of PLK1 protein expression levels in CNE2 cells; (C) histogram of PLK1 mRNA expression levels
in CNE2 cells. Compared with the control groups, PLKI protein and mRNA expression in CNE2/PLK1 shRNA group was significantly

down-regulated. *, P<0.05. PLKI, Polo-like kinase 1.

Discussion

The Polo-like kinase (PLKs) family is a highly conserved
serine/threonine kinase family, which is involved in
the regulation of cell proliferation and survival (10). In
mammals, PLKs family includes at least five members
(PLK1-5). All PLKs are highly homology in molecular
structure: a kinase domain (KD) and two or more Polo-
box domains (PBD) (11). PLK1’s PBD regulates PLK1’s
position. The KD is a serine/threonine KD with a T-loop.
Phosphorylation of Thr210 in the T-loop is closely related
to the activation of PLK1. PLKI has varying levels of
activity at different stages of the cell cycle. It is barely
expressed during the G0/G1 phase, which begins to
accumulate during the S phase, reaches a peak during the M
phase, after which it is drastically reduced after cell division.
This pattern reflects the important role that PLKI plays
in mitosis, making it one of the markers of cells’ ability to
proliferate. In addition, the subcellular location of PLK1
changes with cell cycle progression. In the early stage of
mitosis, PLK1 is mainly concentrated in the centrosomes
and gradually migrates from the spindle to the equatorial
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plate during mitosis. In the late stage, PLK1 accumulates in
the mid-body to assist cytoplasmic division (12).

Mitotic entry depends on the activation of Cdkl-cyclin B
complex. The activity of Cdkl-cyclin B complex is regulated
by the upstream phosphatase activators, Cdc25A, Cdc25B,
Cdc25C and the inhibition kinases, Weel and Mytl (13).
PLKI is the key regulatory factor for the initiation
of mitosis. Specifically, PLK1-phosphorylated Cdc25
translocates to the nucleus, resulting in the release of two
inhibition phosphorylation sites (thr14 and thrl5) on the
Cdk1-ATP binding domain. Moreover, PLK1 inhibits Weel
and Mytl activities and promotes the activation of Cdkl-
cyclin B (14). Further evidence indicates that PLK1 directly
phosphorylates cyclin B, although it remains to be clarified
whether this leads to the nuclear positioning of cyclin B and
the activation of the Cdkl-cyclin B complex (15). However,
these studies have supported a key role of PLK1 in the G2/
M transformation. In vitro studies of gastric tumors showed
that inhibiting the expression of PLK1 caused a severe G2/
M cell-cycle arrest in tumor cells (16). Our results confirm
that CNE2 cells show significant G2 cell-cycle arrest and
decelerated cell growth and proliferation in response to
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Figure 3 Silencing PLK1 inhibited cell growth and proliferation in CNE2 cells. (A) Colony formation of three groups (Giemsa staining); (B)

histogram of clone numbers in the three groups, compared to control groups, the CNE2/PLK1 shRNA cells showed a significantly decreased

cell-cloning rate; (C) CCK-8 assay was conducted and absorbance of CNE2 cells at 450 nm was compared, indicating the number of active cells
in the CNE2, CNE2/PLK1 shRNA and CNE2/NC shRNA groups. The cell-growth rate of the CNE2/PLK1 shRNA group was significantly
slower than those in the CNE2/NC shRNA group or CNE2 group from the third to the fifth day. *, P<0.05. PLK1, Polo-like kinase 1.

Table 3 Colony formation of three groups

Variable CNE2 C;\lhE:’gxc CN;TZE;M
Number of 300 300 300
inoculated cells

Number of clones  188.3+3.844 173.7+3.756 71.00+1.528
Formation rates of 62.76% 57.9% 23.67%*

clones

The difference was statistically significant compared with the
control groups CNE2 /NC shRNA or CNE2. *, P<0.05.

down-regulation of PLKI expression. Wachowicz et al. (17)
showed that knocking down PLKI expression in pregnant
mice was associated with embryonic lethality. Furthermore,
inhibition of PLK1 expression induced abnormal mitosis
and even cell death.

PLKI is overexpressed in a variety of tumors, and
its expression often negatively correlated with patient
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prognosis (18). However, the mechanism in which PLKI
overexpression induces tumorigenesis has so far not been
identified. It may be related to several factors. Firstly, PLK1
is directly involved in the malignant transformation of
cells. Exogenous PLK1 transfected into normal fibroblasts
can lead to cell malignancy and tumor formation in nude
mice (19). Secondly, PLK1 can inhibit or down-regulate
the expression of tumor suppressor genes. Most notably,
suppressor gene p53 is considered to be the “guardian of
the genome” and mainly involved in inhibiting abnormal
cell proliferation. Ando ez al. found that PLK1 can bind
directly to p53, inhibiting p53-mediated transcription
and pro-apoptotic function (20). In addition, PLKI1 can
phosphorylate G2 and S-phase-expressed-1 (GTSEL) at
Ser435. This protein is able to downregulate p53 following
translocation to the nucleus. After GTSEL binds to p53
and shuttles it out of the nucleus, p53 is degraded (21).
PLK1 also interacts with tumor suppressor genes such as

CHK2, BRCA 1/2, ATM, BUBRI, REST, and TSC1/2D
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Figure 4 Silencing PLKI inhibited CNE2-cells migration and -invasion. (A) Migration of cells in the three groups (100x magnification,

Giemsa staining); (B) invasion of cells in the three groups (100x magnification, Giemsa staining); (C) histogram of migration cell numbers in

the three groups; and (D) histogram of invasion cells within the three groups. Compared with the control groups, the migration and invasion
ability of CNE2/PLK1 shRNA cells were significantly reduced. *, P<0.05. PLK1, Polo-like kinase 1.
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Table 4 Distribution of cell cycle

Distribution of cell cycle (%)

Groups

G1 G2 S
CNE2 57.59+0.12 3.50+0.13  38.68+0.22
CNE2/NC shRNA 59.22+0.47 3.53+0.16  38.82+0.23
CNE2/PLK1 shRNA  60.40+0.36  10.94+0.16* 27.81+0.11*

Statistically significant difference compared with the control
groups CNE2/NC shRNA or CNE2. *, P<0.05.

by promoting DNA replication and division of damaged
cells, thereby stimulating tumorigenesis (22). Finally, PLK1
can affect signal pathways related to tumor formation. It is
estimated that PLK1 participates in 75% of the signaling
pathways mediating tumorigenesis and development (23).
Recent studies have found that PLK1 can phosphorylate
and stabilize Krippel-like factor 4 (KLF4), promoting
KLF4-mediated carcinogenesis in NPC (8).

Early lymphatic spread and a strong disposition to the
formation of distant metastasis are characteristic behaviors
of NPC cells (24). The epithelium-to-mesenchymal
transformation (EMT) contributes to tumors’ metastatic
activities. By means of complex molecular changes,
epithelial tumor cells are transformed into more migratory
interstitial cells. These properties of tumor cells facilitate
metastasis. Following the transfection of a lentiviral vector
containing PLK1 ¢DNA into normal prostate epithelial
cells (RWPE-1), the overexpression of PLKI led to the
transformation from epithelioid to fusiform cells in an
experimental group of mice injected with RWPE-1-PLK1
cells (25). Moreover, the extent of cell migration was
significantly enhanced, suggesting that EMT did occur in
the cells. Subsequent experiments on neoplasms induced
in nude mice showed that neoplasms were successfully
induced in the experimental group that was injected with
RWP-1-PLKI. It was interesting that five of seven mice
developed micrometastasis with tumors in lungs. It was
further confirmed that PLKI1 can promote the invasion
and metastasis of tumor cells by inducing cell EMT (26).
In another study, down-regulation of the expression of
PLKI1 significantly enhanced inhibition of proliferation,
independent growth, invasion and metastasis of tumor cells
by RNAi and small-molecule inhibitors in colorectal, breast
and thyroid cancers (27). In our study, an RNA interference
technique was used. The results showed that the ability to
migrate and invade was also significantly reduced in CNE2
cells after the silencing of PLKI gene.
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With the growing recognition of PLK1’s functions,
an increasing number of researchers have begun to pay
attention to the potential of PLKI as a target for tumor
gene therapy. Thus far, a number of small-molecule
inhibitors of PLK1 have been developed, of which some have
entered clinical trial stage III and achieved breakthrough
progress (28). Compared with traditional chemotherapy
and radiotherapy, PLK1 inhibitors show considerable
antitumor specificity. In addition, PLK1 inhibitors
combined with traditional chemotherapy or radiotherapy
may enhance the sensitivity of tumor cells to chemotherapy
or radiotherapy. This synergy was observed when the
PLK1 selective inhibitor, BI2536, was co-administered with
cisplatin to gastric cancer cells (29). Li et a/. found that the
synergistic effect of BI2536 and Aurora kinase inhibitor
can significantly enhance mitotic catastrophe in NPC
cells (9). PLKI1 inhibitors were also found to enhance the
sensitivity to radiotherapy of non-small-cell lung cancer (30).
Radiotherapy is still the main treatment for nasopharyngeal
cancer, but unfortunately, the failure rate ranges from
7% to 58% (31). Thus, PLKI inhibitors combined with
radiotherapy may have the potential to increase the
sensitivity to radiotherapy for nasopharyngeal cancer.

Conclusions

Our results demonstrate that specific interference of
PLKI gene expression can significantly inhibit the
proliferation and invasion of NPC cells. This may provide
an experimental basis for the application of PLK1 target
inhibitors in the treatment of NPC.
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