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Plk1 promotes the migration of human lung
adenocarcinoma epithelial cells via STAT3 signaling
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Abstract. Polo-like kinase (Plk)1 contributes to the devel-
opment of human cancer via multiple mechanisms, such
as promoting the migration of cancer cells. However, the
mechanistic basis for the regulation of cell migration by Plk1
remains unknown. To address this question, the present study
investigated the effect of Plk1 inhibition on the migration of
human lung adenocarcinoma epithelial A549 cells and the
molecular factors involved. A549 cells were treated with the
PIk1 inhibitor, BI2536, and cell migration was evaluated with
the wound-healing assay. The expression of matrix metal-
lopeptidase (MMP)2, vascular endothelial growth factor
(VEGF)A, total and phosphorylated signal transducer and
activator of transcription (STAT)3 was assessed by western
blotting and reverse transcription-polymerase chain reaction
following Plk1 knockdown and/or STAT3 overexpression.
The interaction between Plkl and STAT3 was evaluated by
co-immunoprecipitation. The levels of MMP2 and VEGFA
were decreased by treatment with Plkl inhibitor. The phos-
phorylation of STAT3, which acts upstream of MMP2 and
VEGFA, was also decreased by Plkl knockdown, an effect
that was abrogated by STAT3 overexpression. In addition,
Plk1 was detected to bind with STAT3 either directly or as
part of a complex by co-immunoprecipitation experiments.
These results indicated that Plkl may promote the migration
of A549 cells via regulation of STAT3 signaling.
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Introduction

Lung cancer is a leading cause of cancer-associated mortality
worldwide (1). Non-small cell lung carcinoma (NSCLC)
accounts for ~85% of lung cancer-associated mortalities
worldwide (2,3). Despite recent improvements in chemo- and
radiotherapy, the 5-year overall survival rate of patients with
late-stage NSCLC is <15% due to cancer recurrence and
metastasis (4). Elucidating the molecular mechanisms of
NSCLC progression may help to identify novel therapeutic
targets, as well as novel treatment approaches.

The polo-like kinase (Plk) family in eukaryotes comprises
highly conserved serine/threonine kinases (5). Plk1 controls
mitotic entry, centrosome maturation, bipolar spindle forma-
tion and chromosome condensation and segregation (6). Plk1
has been linked to tumor aggressiveness and patient prognosis
in numerous types of cancer, including NSCLC (7-9). Plk1
expression is upregulated in various cancer types (10-15),
and this induces cell proliferation and malignant transforma-
tion (16). Previous studies have shown that Plk1 overexpression
is involved in the invasion and migration of tumor cells in
renal (17), colorectal (18) and bladder (19) cancer.

Signal transducer and activator of transcription (STAT)3 of
the Januskinase-STAT signaling pathway is alatent transcription
factor with a variety of functions (20). Constitutively-activated
(phosphorylated) STAT3 protein contributes to tumor formation
and metastasis in the majority of human cancer types (21,22).
Aberrant expression of Plkl and STAT3 has been implicated
in the migration of cancer cells (23-25). Plkl functions in a
transcriptional self-regulatory loop that involves the phosphor-
ylation of forkhead box (Fox)M1 (26), while STAT3 and Plk1
exhibit cross-regulatory interactions in esophageal cancer (25).
Based on these findings, it was speculated that STAT3 and Plk1
interact in a manner similar to Plkl and FoxM1 to modulate
the migration of tumor cells. To test this hypothesis, the present
study investigated the effect of Plk1 inhibition on the migration
of human lung adenocarcinoma epithelial A549 cells and the
interaction between Plk1 and STAT3.

Materials and methods
Cell lines and culture conditions. A549 cells were isolated
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PLA (Beijing, China), HeLa and 293T cells were donated by
Professor Cheng Cao of the Academy of Military Medical
Sciences (Beijing, China). All cells were cultured in Dulbecco's
modified Eagle's medium (DMEM; Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (Hyclone; GE Healthcare Life Sciences,
Logan, UT, USA), 100 U/ml penicillin and 100 ug/ml strepto-
mycin (Gibco; Thermo Fisher Scientific, Inc.). The cell cultures
were incubated at 37°C in a humidified atmosphere of 5% CO,.

Wound-healing assay. A549 cells (2x10° cells/well) were
seeded in 6-well dishes at 80% confluence. After 16 h, a scratch
mark (wound) was made to the central area of confluent cells
with a pipette tip. The cells were washed with serum-free
DMEM, and the Plk1 inhibitor BI2536 (0.1 xM) was added to
the dishes. The cultures were incubated in serum-free medium
at 37°C in a humidified atmosphere of 5% CO,. The scratch
area was captured under an inverted microscope (Olympus
CX31; Olympus Corporation, Tokyo, Japan) and magnified by
a computer-based microscopy imaging system (magnification,
x200; Olympus Corporation) at 0, 24 and 48 h and the area
of each wound was evaluated using Image-Pro Plus software
(version 6.0, Media Cybernetics, Bethesda, MD, USA).

Small-interfering (si)RNA transfection. Plkl and the control
siRNA were purchased from GenePharma (GenePharma,
Shanghai, China), and the sequences were 5'-AGATTGTGC
CTAAGTCTCT-3' and 5-UUCUCCGAACGUGUCACG
UTT-3', respectively. The cells (1x10° cells/well) were seeded
on a 6-well plate and transfected using Lipofectamine® 2000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following
the manufacturer's protocols when 60% confluence was
reached. The cells were harvested at 0, 48 and 72 h following
transfection. The cells were washed with cold phosphate buff-
ered saline (PBS), centrifuged at 1,000 x g for 5 min at 4°C,
and then the supernatant was discarded, and the cell pellets
were washed with PBS twice for reverse transcription-quanti-
tative polymerase chain reaction (RT-qPCR) and western blot
analysis. The experiments were repeated three times.

Total RNA isolation and RT-gPCR. Total RNA was isolated
from cells using the RNeasy Mini kit (Qiagen GmbH, Hilden,
German) according to the manufacturer's protocol, and
then reverse-transcribed with random hexamers using the
All-in-One First-Strand cDNA Synthesis kit (GeneCopoeia,
Rockville, MD, USA). The expression of the transcripts was
detected by RT-qPCR using the Real-time Premix EX TagMan
kit (Takara Biotechnology Co., Ltd., Dalian, China). All the
experiments were carried out according to the manufacturers'
protocols. The cycle threshold (Cq) value for each target gene
was normalized to the level of -actin, and relative expression
was calculated using the 27224 method (27). Each sample was
analyzed in triplicate, and the experiment was repeated three
times. The reaction conditions were as follows: 50°C for 2 min
and 95°C for 5 min, followed by 40 cycles of 95°C for 12 sec
and 60°C for 40 sec. The primer and probe sequences were as
follows: Matrix metalloproteinase (MMP)2 forward, 5'-AAT
CCATGATGGAGAGGCAGAC-3', reverse, 5'-CAGTCC
GTCCTTACCGTCAAAG-3' and probe, 5-CTTTGGCCG
CTGGGGAGCATGG-3'; vascular endothelial growth factor
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(VEGF)A forward, 5-ACATCACCATGCAGATTATGC-3',
reverse, 5S'-GTCTTGCTCTATCTTTCTTTGGTC-3' and
probe, 5'-CACCAAGGCCAGCACATAGGAGAGA-3'"; and
B-actin forward, 5"TCTGGCAACGGTGAAGGTGACA-3,
reverse, 5'-CACCTCCCCTGTGTGGACTT-3' and probe,
5'-AGCGAGCATCCCCCAAAGTTCACA-3".

Co-immunoprecipitation (Co-IP). Cells were lysed in lysis
buffer (50 mM Tris-HCI; 1 mM phenylmethylsulfonyl fluo-
ride; 1 mM dithiothreitol; 10 mM sodium fluoride; 10 pg/ml
aprotinin; 10 pg/ml leupeptin; 10 pg/ml pepstatin A; and 1%
NonidetP-40). The cell lysates were kept on ice for 30 min,
and then centrifuged at 12,000 x g for 15 min at 4°C and the
soluble supernatants were collected.

For tagged Flag protein IP, cell supernatants were incubated
with anti-Flag M2 beads (15 ul; cat. no. A8592; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) for 4 h at 4°C. Normal
mouse IgG-Agarose (15 pl; cat. no. A0910; Sigma-Aldrich;
Merck KGaA) was used as the control and the condition were
identical. Additionally, 15 pl of the total supernatants (5%, v/v)
was included as a control. Precipitates were then washed three
times with lysis buffer and immunoblotted with horseradish
peroxidase-conjugated anti-Flag (cat. no. A8592; 1:5,000 dilu-
tion; Sigma-Aldrich; Merck KGaA) or rabbit anti-STAT3 (cat.
no. 4904; 1:1,000 dilution; Cell Signaling Technology, Inc.,
Danvers, MA, USA).

For STAT3 protein IP, cell supernatants were incu-
bated with anti-STAT3 antibody (8 ul; cat. no. 4904; Cell
Signaling Technology, Inc.) for 2 h at 4°C, and then incubated
with Protein A/G agarose (20 ul; cat. no. 2336; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) for 12 h at 4°C. The
normal rabbit IgG (cat. no. A2909, 4 ul; rabbit; Santa Cruz
Biotechnology, Inc.) was used as the control and the conditions
were identical. Additionally, 15 ul of the total supernatants
(5%, v/v) was included as a control. Precipitates were then
washed three times with lysis buffer and immunoblotted
with the indicated antibodies (anti-Plk1 and anti-STAT3) for
western blot analysis.

Western blot analysis. To isolate the protein, the cells were
first washed twice in PBS at 48 h after transferation and
lysed in RIPA lysis buffer (ProMab Biotechnologies, Inc.,
Richmond, CA, USA; 50 mM Tris-HCI pH 7.6, 150 mM
sodium chloride, 1.0% NP-40, 1% sodium deoxychlorate,
and 0.1% SDS) plus protease inhibitors. The lysates were
kept on ice for 30 min, and then centrifuged at 14,000 x g
for 15 min. The surpernatant was collected and then 20 ug
of each of the proteins was separated by SDS-PAGE on
10% gels and transferred onto nitrocellulose membranes
The proteins were electrotransferred to polyvinylidene
difluoride membranes, blocked in 5% non-fat milk (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) at room temperature
for 1 h and incubated with primary antibodies overnight at
4°C. Primary antibodies against the following targets were
used: Anti-Plkl1 (cat. no. J3108, mouse; 1:1,000; Santa Cruz
Biotechnology, Inc.); anti-STAT3 and anti-phosphorylated
(p-)STAT3 Y705 (cat. no. 9145, rabbit; 1:1,000; Cell Signaling
Technology, Inc.); horseradish peroxidase (HRP)-conjugated
anti-f-actin (cat. no. A3584, 1:10,000; Sigma-Aldrich; Merck
KGaA); anti-MMP2 (cat. no. BS1236, rabbit; 1:500; Bioworld
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Figure 1. Inhibition of Polo-like kinase 1 suppresses the migration of A549 cells. The migration of BI2536 (0.1 yM)-treated and untreated A549 cells was
evaluated at 0, 24 and 48 h using wound-healing assay. (A) Representative images of migrating cells (magnification, x10). (B) Quantitative analysis of cell

migration rates. ‘P<0.05 vs. the control group (Student's t-test).
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Figure 2. Inhibition of Polo-like kinase 1 suppresses the expression of MMP2 and VEGFA. The levels of MMP2 and VEGFA (A) transcripts and (B) protein
expression in BI2536-treated A549 cells were analyzed at 12 h by reverse transcription-quantitative polymerase chain reaction and western blotting, respec-
tively. "P<0.05 vs. the control group (Student's t-test). MMP2, matrix metalloproteinase 2; VEGFA, vascular endothelial growth factor A.

Technology, Inc., St. Louis Park, MN, USA) and anti-VEGFA
(cat. no. BS2431, rabbit; 1:500; Bioworld Technology, Inc.).
Subsequently, the membranes were washed four times
for 5 min each with PBS containing 0.05% Tween-20 and
incubated with anti rabbit or anti mouse horseradish peroxi-
dase conjugated secondary antibodies (HRP-conjugated
anti-mouse and HRP-conjugated rabbit antibodies (GE
Healthcare; dilution, 1:2,000) for 1 h at room temperature.
Finally, the protein bands were visualized using an enhanced
chemiluminescence detection reagent (GE Healthcare, Little
Chalfont, UK) and detected using a ChemiDoc imager
(Bio-Rad Laboratories, Inc.).

Double luciferase reporter assay. HEK 293T cells
(5x10* cells/well) were seeded on 24-well plates and trans-
fected with STAT3-flag (0.15 ug) and Plkl-flag (0, 0.15 and
0.25 pg) using Lipofectamine® 2000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), along with a luciferase
reporter gene (0.15 ug) and pRL-TK plasmid (0.0003 pg). The
relative firefly luciferase activity was normalized to Renilla
luciferase activity. Following incubation for 24 h, the cells
were lysed and the luciferase activity was analyzed by the
dual luciferase assay kit (Promega Corporation, Madison,
WI, USA) according to the manufacturer's protocol. The data
are presented as the mean + standard deviation (SD) of three
independent experiments performed in triplicate.

Statistical analysis. Statistical analyses were performed
using SPSS software (version 19.0; IBM SPSS, Armonk, NY,
USA). The data are presented as the mean + SD. A two-tailed
Student's t-test for paired data was used to compare the means
of two groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

Inhibition of Plkl suppresses the migration of A549 cells. The
effect of Plk1 inhibition on the migration of A549 cells was eval-
uated with the wound-healing assay (Fig. 1A). Treatment with
BI2536, which is an inhibitor of Plk1, for 48 h decreased migra-
tion in control cells from 85.60+9.50 to 57.10+4.48%, indicating
that the inhibition of PIk1 is able to block the migration of human
lung adenocarcinoma epithelial cancer cells (Fig. 1B).

Inhibition of Plkl suppresses MMP2 and VEGFA expression.
MMP2 and VEGFA have been implicated in the invasion and
migration of tumor cells (28-30). The effect of Plk1 inhibi-
tion on the mRNA and protein expression of these factors in
BI2536-treated cells were analyzed with RT-qPCR and western
blotting, respectively. The expression of MMP2 and VEGFA
was decreased in the cells that were treated with BI2536
compared with control cells (Fig. 2), providing additional
evidence that Pkl modulates the migration of tumor cells.
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Figure 3. Pharmacological inhibition or knockdown of Plk1 blocks the phosphorylation of STAT3. (A) A549 cells were treated with BI2536 (0.1 #M) or
left untreated for 12 h, and subsequently the lysates were analyzed by western blotting. (B) A549 cells were transfected twice at a 12-h interval with a
small-interfering RNA that targets Plk1. After 48 h, the lysates were probed by western blotting. p, phosphorylated; Plk1, polo-like kinase 1; STAT3, signal

transducer and activator of transcription 3.

Suppression of Plkl blocks the phosphorylation of STATS.
MMP2 and VEGFA are downstream target genes of
STAT3 (31,32). Therefore, the effect of Plkl inhibition on
STAT3 and p-STAT3 expression was investigated. Treatment
with BI2536 decreased the level of p-STAT3 without altering
the level of STAT3 (Fig. 3A). siRNA-mediated knockdown of
PIk1 resulted in the downregulation of STAT3 and p-STAT3
expression (Fig. 3B) and activity, as determined by the lucif-
erase assay. This was confirmed by overexpressing STAT3 in
BI2536-treated A549 cells, which reversed the downregulation
of p-STAT3, VEGFA and MMP2 mediated by Plk1 inhibition
compared with the cells that were transfected with the control
plasmid (Fig. 4). These results suggested that Plkl modulates
the migration of tumor cells via STAT3 signaling.

Plkl interacts with STAT3. The inhibition of Plkl blocked
the phosphorylation of STAT3, while the level of STAT3 was
unchanged, suggesting a possible interaction between the
two proteins. To investigate this possibility, the interaction
between Plkl and STAT3 was examined by co-IP in HeLa
cells, which exhibit higher endogenous expression of Plkl
compared with A549 cells. HeLa cell lysates immunopre-
cipitated with anti-STAT3 antibody were analyzed by western
blotting using an anti-Plk1 antibody. Plk1 was detected in the
immunoprecipitate obtained using anti-STAT3 antibody, but
not that obtained using rabbit IgG (Fig. 5A). To confirm the
interaction between STAT3 and Plk1, 293T cells were trans-
fected with plasmids expressing flag-Plk1 or flag-vector, and
cell lysates precipitated with anti-flag antibody were probed
with anti-STAT3 antibody. The western blot analysis revealed
that STATS3 is able to interact with Plk1 (Fig. 5B). In addition,
the co-transfection of Plkl and STAT3-luciferase reporter
plasmids increased the relative luciferase activity compared
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Figure 4. The effect of polo-like kinase 1-mediated inhibition on the migra-
tion of A549 cells as STAT3 overexpression. BI2536-treated (0.1 M) or
untreated cells were transfected with a STAT3-expressing plasmid. The
lysates were analyzed by western blotting. IB, immunoblotting; p-, phos-
phorylated; STATS3, signal transducer and activator of transcription; MMP2,
matrix metalloproteinase 2; VEGFA, vascular endothelial growth factor A.

with the control vectors (Fig. 5C). These results suggested that
Plk1 enhances STAT3 activity in tumor cells.

Discussion
Cancer metastasis is complex and regulated by multiple

factors (33-35). Plkl has been shown to promote invasion
and migration in several types of cancer (13,14), For example,
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Figure 5. Plk1 interacts with STAT3. (A) HeLa cell lysates were immunoprecipitated with anti-STAT3 or anti-flag antibodies and analyzed by western blotting
with indicated antibodies. Normal rabbit IgG was used as the control (B). 293T cells were transfected with flag-Plk1 or flag-vector plasmids. Anti-flag immu-
noprecipitates were analyzed by western blotting with anti-STAT3 or anti-flag antibodies. (C) 293T cells were transfected with STAT3 luciferase reporter
plasmids, along with flag-Plk1 plasmid. Relative firefly luciferase activity was normalized to Renilla luciferase activity. After 24 h, the relative luciferase
activity was analyzed. Plk1, polo-like kinase 1; STAT3, signal transducer and activator of transcription 3; IP, immunoprecipitate; Ig, immunoglobulin.

Han et al (18) reported that Polo-like kinase 1 was over-
expressed in colorectal cancer and participated in the invasion
and migration of colorectal cancer cells. However, the under-
lying mechanism is unclear. The present study indicates that
the inhibition of Plkl suppressed the migration of A549 cells
and decreased the expression of MMP2 and VEGFA and
phosphorylation of STAT3. Furthermore, to the best of our
knowledge, the present study presents for the first time the
interaction of Plk1 and STATS3 to regulate cell migration.

The overexpression of Plk1 is associated with a low survival
rate and poor prognosis in various types of cancer (16,17,19),
which can be attributed to its role in promoting the invasion
and migration of cancer cells (17-19). Consistent with these
findings, in the present study, it was observed that the migra-
tion of A549 cells was blocked by treatment with BI2536,
which is a small-molecular inhibitor of Plk1.

MMP2 belongs to a family of structurally-related enzymes
that degrade the components of the extracellular matrix
during tumor invasion and metastasis (36). The overexpres-
sion of MMP?2 is observed in solid tumors of different origins,
including metastatic lesions (37-40), this is positively associ-
ated with tumor size, depth of invasion, lymphatic and venous
invasion and lymph node metastasis in gastric carcinoma (41).
In the present study, MMP2 expression was downregulated
upon the inhibition of Plkl. VEGFA is a potent inducer of
angiogenesis, a process that allows solid tumors to acquire
nutrients for continuous growth and metastasis (42). VEGFA
has been shown to be upregulated in the majority of malignan-
cies and promotes the progression and metastasis of various
types of cancer (43). Conversely, the knockdown of VEGFA
suppressed lymph node metastasis in a murine metastatic
mammary cancer model (44). In the present study, the level of
VEGFA was observed to be markedly reduced by Plk1 inhibi-
tion. These results indicated that the inhibition of Plkl may
suppress the migration of A549 cells by negatively regulating
the expression of MMP2 and VEGFA.

The activation of STAT3 leads to the upregulation of
MMP2 and VEGFA, thereby enhancing the migration and
invasion of tumor cells (36). STAT3 is constitutively activated
in numerous types of human cancer, usually by phosphoryla-
tion of a conserved tyrosine residue in response to extracellular

signals from cytokines and growth factors (45). Activated
p-STAT3 forms homo- or heterodimers that translocate into
the nucleus and induce the transcription of target genes,
including MMP2 and VEGFA. The constitutive activation of
STAT3 has also been shown to modulate cancer invasion and
metastasis (46-48), which is an effect that is mitigated by the
inhibition of STAT?3 signaling. Therefore, it was hypothesized
that the inhibition of Plkl suppresses MMP2 and VEGFA by
negatively regulating STAT3 expression or activation. This
was supported by the observations that the levels of phos-
phorylated STAT3 but not total protein expression, decreased
upon pharmacological inhibition of Plkl, and that the over-
expression of STAT3 countered the effects of Plkl inhibition
in A549 cells. The present results are consistent with those
of a previous study (26) on esophageal cancer cells, which
reported that Plk1 knockdown or pharmacological inhibition
suppressed STAT3 activity. However, one difference between
this earlier study and the present study is that BI2536 treat-
ment reduced STAT3 expression in esophageal cancer cells,
whereas no change in STAT3 level was observed in A549
cells. This may be attributable to intrinsic differences between
the two cell types.

A previous study (49) reported an association between
Plk1 and regulation of the G2/M transcriptional network in
mammalian cells. Plk1 has been shown to be involved in a
positive-feedback loop with its binding partner FoxM1, a tran-
scription factor that controls the expression of various M-phase
genes, including Plk1. The Plk1-FoxM1 complex allows the
direct phosphorylation of FoxM1 by Plkl1 at the G2/M phase.
The activation of FoxM1 is required for Plkl expression,
which is enhanced by FoxM1. STAT3 was reported to directly
activate Plk1 transcription in esophageal cancer cells (25,50).
Therefore, it was speculated that Plk1 and STAT3 interact in a
manner similar to Plkl and FoxM1. Indeed, binding between
PIk1 and STAT3 was observed between Plkl and STAT3 in
co-IP experiments in the present study. Furthermore, the lucif-
erase reporter assay revealed that Plk1 enhanced the activity
of STAT3. However, Plk1 is a Ser/Thr kinase, and it promotes
tyrosine phosphorylation of STAT3 (51,52), therefore the inter-
action between Plk1l and STAT3 may be indirect. Additional
experiments such as protein microarrays or cross-linking are
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required to determine whether the interaction between the two
proteins is direct or indirect.

The results of the present study demonstrated that Plk1 inhibi-
tion suppresses the migration of A549 cell via the downregulation
of STAT3 signaling and the target genes MMP2 and VEGFA.
These findings suggested that the inhibition of Plk1 may prevent
the migration and metastasis of cancer cells and can therefore be
an effective therapeutic approach for the treatment of NSCLC.
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