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Abstract. The objective of the present study was to inves-
tigate the effects of polo-like kinase 1 (PlK1) and the 
phosphorylation of human cell division cycle protein 14a 
(cdc14a) by PlK1 on β-cell function and cell cycle regula-
tion. Mouse β-Tc3 cells were incubated with small interfering 
rna (sirna) to knock down the expression of PlK1. cell 
cycle analysis was performed using flow cytometry, and cell 
proliferation and apoptosis was determined. insulin secretion 
was evaluated by a radioimmunoassay under both low and 
high glucose conditions. Mouse β-Tc3 cells were transfected 
with a wild type or a non-phosphorylatable cdc14a mutant 
(cdc14aS351a/363a; cdc14aaa) to investigate whether the 
phosphorylation of cdc14a is involved in cellular regula-
tion of PlK1 under high glucose conditions. it was found 
that PLK1 siRNA significantly promoted cellular apoptosis, 
inhibited cell proliferation, decreased insulin secretion 
and reduced cdc14a expression under both low and high 
glucose conditions. cdc14a overexpression promoted β-Tc3 
cell proliferation and insulin secretion, while cdc14aaa 
overexpression inhibited cell proliferation and insulin secre-
tion under high glucose conditions. PlK1 sirna partially 
reversed the proliferation-promoting effects of cdc14a and 
further intensified the inhibition of proliferation by Cdc14Aaa 
under high glucose conditions. Similarly, cdc14a overexpres-
sion partially reversed the insulin-inhibiting effects of PlK1 
sirna, while cdc14aaa overexpression showed a synergistic 
inhibitory effect on insulin secretion with PlK1 sirna under 
high glucose conditions. in conclusion, PlK1 promoted cell 
proliferation and insulin secretion while inhibiting cellular 
apoptosis in β-Tc3 cell lines under both low and high glucose 
conditions. in addition, the phospho-regulation of cdc14a 

by PlK1 may be involved in β-Tc3 cell cycle regulation and 
insulin secretion under high glucose conditions.

Introduction

inadequate production of insulin and insulin resistance are 
the main causes of type 2 diabetes (1). β-cells, the insulin 
producing cells of the pancreas, maintain glucose homeo-
stasis (2). Both a decrease in the number of β-cells and their 
functional impairment play key roles in the pathogenesis of 
diabetes (2). Similar to other cells in the human body, β-cells 
are tightly regulated by cell cycle progression, a process that 
is not well understood (2). improving pancreatic islet function 
and increasing the number of β-cells are potential strategies in 
the treatment of diabetes mellitus (2).

a number of studies have shown that cell cycle regulating 
factors are pivotal in β-cell function, proliferation and apop-
tosis (3,4). nyblom et al (3) found that several pancreatic 
islet proteins controlling islet cell regeneration and prolif-
eration changed significantly in patients with type 2 diabetes, 
including activation of polo-like kinase 1 (PlK1). in another 
study, Misfeldt et al (4) discovered an increase in PlK1 
expression and islet cell hyperplasia after a 60% resection of 
rat pancreatic islet cells.

PlKs are a family of serine/threonine protein kinases 
that orchestrate a plethora of cellular processes in eukaryotic 
organisms (5,6). PlKs have an n-terminal catalytic kinase 
domain and one or more c-terminal polo boxes that are well 
conserved from budding yeast to Drosophila, Xenopus and 
mammals. The most well studied and universally expressed 
mammalian subfamily member, PlK1, plays a critical role in 
mitotic spatiotemporal regulation (7,8). PlK1 knockdown by 
rna interference or inhibition with small molecules results 
in a failure to establish a bipolar spindle or to properly attach 
kinetochores to microtubules (9,10). defective development is 
observed in PlK1-null mice due to massive mitotic arrest (11). 
PlK1 is also widely recognized as an oncogene, as high PlK1 
expression in cancer correlates with a poor prognosis (12,13).

in eukaryotic cells, cell division cycle protein 14 (cdc14) 
is essential for faithful cell cycle progression. as a member of 
the dual‑specificity phosphatase family, Cdc14 has a conserved 
phosphatase domain located at the n-terminal. The function 
of human cdc14a has not yet been fully elucidated; however, 
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cdc14a has many critical functions, including in dna 
damage checkpoint control, dna repair, centrosome matura-
tion and separation, and the regulation of cytokinesis (14-16). 
cdc14a also plays a role in cell migration and adhesion, and 
may regulate tumor metastasis (17). in a previous study, the 
interrelationship between PLK1 and Cdc14A was identified 
and characterized (18). The c-terminal domain of cdc14a 
auto-inhibits the phosphatase activity when bound to the 
n-terminal, which illustrates a self-inhibitory association (18). 
When phosphorylated by PlK1, the inhibitory self-association 
of cdc14a, as judged by its phosphatase activity, was found 
to be disrupted in both in vitro and in vivo studies (18). The 
co-localization of PlK1 and cdc14a in the centrosome were 
also revealed (19). in addition, faithful chromosome segrega-
tion during mitosis relies on the spatiotemporal interaction 
between PlK1 and cdc14a (18). Therefore, it is of great 
interest to elucidate the physiological effects of the interrela-
tionship between these two important proteins.

in this study, the roles of PlK1 in cell proliferation, apop-
tosis and insulin secretion regulation were investigated in the 
β-Tc3 cell line under both low and high glucose conditions. 
additionally, whether the phosphorylation of cdc14a by 
PlK1 is involved in these processes was investigated. The data 
presented here reveal that the phospho-regulation of cdc14a 
by PlK1 is involved in β-cell function and cell cycle regula-
tion under high glucose conditions.

Materials and methods

cDNA construction. The cdna of cdc14a (nM_033312) 
was kindly donated by Jiri lukas. To generate the plasmid 
encoding GFP-fused cdc14a, the respective open reading 
frame was amplified by PCR using Taq Plus DNA polymerase 
(cat. no. eT105; Tiangen Biotech co., ltd.), and inserted into 
peGFP-c1 vector (clontech laboratories, inc.) by ligating 
ecori-Sali sites in cdc14a cdna. The following Pcr cycling 
conditions were used: 94˚C for 5 min; 35 cycles consisting of 
94˚C for 30 sec, 55˚C for 30 sec and 72˚C for 2 min; 72˚C 
for 5 min; and finally, cooling to 16˚C. The Cdc14A primers 
were 5'-caTGaaTTcaTGGcaGcGGaGTcaGGGGa-3' 
(forward) and 5'-cGG GTc Gac Tca Gaa GGc TTc cTT 
GGc ac-3' (reverse). a green fluorescent protein-tagged 
non-phosphorylatable cdc14aS351a/363a (cdc14aaa) mutant was 
constructed using a Quikchange Site-directed Mutagenesis 
kit (cat. no. 210518; Stratagene; agilent Technologies inc.).

Cell lines and culture conditions. The mouse β-Tc3 cell line 
was purchased from CHI Scientific Inc. The cells were cultured 
in dMeM (Hyclone; Ge Healthcare life Sciences) supple-
mented with 10% heat-inactivated FBS (cat. no. 16000-044; 
Gibco; Thermo Fisher Scientific Inc.) and 5% CO2 at 37˚C. In 
addition, 1% l-glutamine and 1% antibiotics were also added 
to the culture medium. The culture medium was refreshed 
every 3 days.

Cell transfections. cdc14a plasmids (2 µg/ml) and PlK1 
sirna (50 nM/l) were transfected into β-Tc3 cells at 80% 
confluency using lipofectamine® 2000 reagent (invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's instructions. PlK1 sirna (sirna329, sirna1566 and 

sirna1568) and a control sirna were designed and synthe-
sized by Invitrogen (Thermo Fisher Scientific, Inc.). The sense 
strand of PlK1 sirna329 was 5'-Gau uGu Gcc uaa Guc 
ucu GTT-3', and its antisense strand was 5'-caG aGa cuu 
aGG cac aau cTT-3'. The sense strand of PlK1 sirna1566 
was 5'-uGa aGa ucu GGa GGu Gaa aTT-3', and its anti-
sense strand was 5'-uuu cac cuc caG auc uuc aTT-3'. 
The sense strand of PlK1 sirna1568 was 5'-auu GuG cuu 
GGc uGc caG uTT-3', and its antisense strand was 5'-acu 
GGc aGc caa Gca caa uTT-3'. The sense strand of the 
control sirna was 5'-uuc ucc Gaa cGu Guc acG uTT-3', 
and its antisense strand was 5'-acG uGa cac Guu cGG aGa 
aTT T-3'. after transfection of PlK1 sirna for 72 h, the cells 
were either collected or transfected with cdc14a wild type or 
mutant plasmids for a further 48 h. The efficiency of PLK1 
sirna transfection was determined by reverse transcription 
quantitative (rT-q)Pcr.

Isolation of RNA and RT‑qPCR. Total rna was extracted from 
β-Tc3 cells using Trizol® reagent (invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's instructions, 
and was reverse-transcribed using a PrimeScript rT-Pcr 
kit (Thermo Fisher Scientific, inc.). rT was performed at 
37˚C for 15 min, followed by 85˚C for 5 sec. The following 
PCR cycling conditions were used: 95˚C for 30 sec, followed 
by 40 cycles of 95˚C for 5 sec, 60˚C for 40 sec and 95˚C 
for 15 sec. The PlK1 primers were 5'-GaG TGc cac cTT 
aGT Gac TTG cT-3' and 5'-cTT GTc cGa aTa GTc cac c 
ca c-3'. The GaPdH primers were 5'-aGa GGG aaa TcG 
TGc GTG ac-3' and 5'-cca aGa aGG aaG GcT GGa 
aaa-3'. qPcr was performed using an SYBr® Premix Ex 
Taq™ ii kit [(Tli rnaseH Plus), roX plus; cat. no. rr82lr; 
Takara Biotechnology co., ltd.) and a 7300 real-Time 
PCR system (Thermo Fisher Scientific, Inc.). The data were 
analyzed by the relative standard curve method and normal-
ized to GaPdH expression. relative rna expression was 
calculated using the 2‑ΔΔCq method (20). all experiments were 
performed in triplicate.

Cell cycle analysis. β‑TC3 cells were fixed in ice‑cold 70% 
ethanol for 1 h. Following this, 1 mg/ml rnase (Beyotime 
institute of Biotechnology) was added to the culture medium 
and the cells were incubated at 37˚C for 30 min. Cells 
were analyzed using FacScan cytofluorometry equipment 
(Becton-dickinson and company) and FlowJo version 7.6.5 
software (FlowJo llc) after staining with propidium iodide 
(0.5 mg/ml) at 4˚C for 30 min.

Apoptosis analysis. annexin V/Pi double staining was used to 
determine the number of dead cells. Transfected β-Tc3 cells 
were harvested as described earlier and washed with ice-cold 
PBS. The cells were stained with FiTc-conjugated annexin V 
(Bd Pharmingen; Bd Biosciences) in binding buffer (10 mM 
HePeS, 140 mM nacl, 2.5 mM cacl2, pH 7.4), followed by 
FACScan cytofluorometry (BD Biosciences) and CellQuest 
Pro version 5.1 software (Bd Biosciences) analysis. each 
experiment was conducted in triplicate.

Cell proliferation assay. cell proliferation was analyzed 
using the cell counting Kit-8 (ccK-8; dojindo Molecular 



Molecular Medicine rePorTS  20:  4277-4284,  2019 4279

Technologies, inc.) assay. β-Tc3 cells (3x103) were transferred 
into each well of a 96-well plate in dMeM. each group of 
cells was plated into five wells and the test was repeated 
three times. a total of 10 µl of ccK-8 reagent was added to 
each well at each time-point followed by incubation for 4 h. 
The optical density was measured using a microplate reader 
(Bio-rad laboratories, inc.) at a wavelength of 450 nm. The 
cell proliferation rate was plotted as a curve for each group of 
cells.

Western blot analysis. Total cell extracts were denatured in 
riPa lysis buffer (Beyotime institute of Biotechnology). 
The protein concentration was quantified using a Bca 
assay. Protein (30 µg/lane) was loaded and separated on 15% 
polyacrylamide gels. The proteins were then transferred to 
nitrocellulose filter membranes, blocked in blocking buffer 
[1% BSa (Sigma-aldrich; Merck KGaa), 10 mM Tris pH 7.5, 
100 mM NaCl, 0.1% Tween‑20] for 1 h at 37˚C, and incubated 
with primary antibodies overnight at 4˚C. The primary anti-
bodies for western blotting included anti-cdc14a (1:500; cat. 
no. 13660-1-aP; ProteinTech Group, inc.) and anti-GaPdH 
(1:10,000; cat. no. MaB374; eMd Millipore). The membrane 
was incubated with horseradish peroxidase-conjugated 
secondary antibody (1:5,000; cat. no. Ba1050; Wuhan Boster 
Biological Technology, ltd.) for 1 h at room temperature. 
antigen-antibody complexes were visualized using ecl 
reagent (Pierce; Thermo Fisher Scientific, inc.). Western 
blot bands were quantified by ImageJ Version 1.50 software 
(national institutes of Health).

Insulin secretion assay. First, β-Tc3 cells were incubated in 
dMeM at a low glucose concentration (5.5 mmol/l) for 24 h. 
Then, cells were cultivated for 30 min under high glucose 
conditions (25 mmol/l) before being transfected with PlK1 
sirna and/or cdc14a plasmids. at 3-5 days following trans-
fection, aliquots of the incubation media were collected for 
the insulin assays. insulin levels were determined using a 
mouse insulin radioimmunoassay (ria) kit (cat. no. K4271; 
BioVision, inc.) according to the manufacturer's instructions 
(ciS Bio international).

Statistical analysis. each experiment was performed in 
triplicate, and the results are expressed as the mean ± Sd. 
One‑way ANOVA and the least significant difference post hoc 
test was applied when comparing normally distributed data 
with homogeneity of variance among three or more groups. 
Kruskal-Wallis and dunn's pairwise post hoc tests were used 
when making multiple comparisons among non-normally 
distributed measurement data. χ2 test followed by Bonferroni 
tests were applied when comparing cell cycle distributions 
among different groups. P<0.05 was considered to indicate 
a statistically significant difference. Statistical analyses were 
performed using SPSS version 23 (SPSS, inc.).

Results

PLK1 promotes cell proliferation while inhibiting cellular 
apoptosis in β‑TC3 cell lines under high glucose conditions. at 
72 h post transfection with sirna targeting PlK1 (sirna329, 
sirna1566 and sirna1568), whole cell lysates and culture 

media were collected. rT-qPcr analysis was performed in 
triplicate to detect the effect of the PlK1 sirna. as shown 
in Fig. 1a, PlK1 levels were the lowest when its expression 
was depleted with sirna329. Therefore, sirna329 was 
utilized in the following experiments.

To determine the function of PlK1 in β-Tc3 cells, the 
effects of PlK1 sirna on the cell cycle, cell proliferation 
and cellular apoptosis under high glucose conditions were first 
examined. Compared with low glucose, high glucose signifi-
cantly promoted cell proliferation (P<0.05). PlK1 depletion 
significantly inhibited cell proliferation compared with the 
control sirna under both low and high glucose conditions 
(P<0.05). The results of the ccK-8 assay indicate that PlK1 
promotes β-Tc3 cell proliferation under both low and high 
glucose conditions, with the maximum effect observed on 
day 4(Fig. 1B and c).

cell cycle distribution was also determined on day 4; the 
results are shown in Fig. 2 and Table i. The results showed that 
PlK1 sirna increased the population of cells in the G1phase 
and decreased the population of cells in the G2 and S phases 
under low glucose conditions (P<0.05). under high glucose 
conditions, PlK1 sirna also decreased the number of cells 
in the G2 phase, but had no significant effect on the number of 
cells in the G1 and S phases. High glucose conditions signifi-
cantly decreased the population of cells in the G1 phase and 
increased the number of cells in the G2 and S phases (P<0.05). 
These results indicated that PlK1 controls the cell cycle 
progression of β-Tc3 cells.

Additionally, flow cytometry analysis revealed that, when 
transfected with control sirna, high glucose conditions inhib-
ited β-Tc3 cell apoptosis compared with the rate of apoptosis 
in the low glucose conditions (P<0.05). PlK1 sirna promoted 
cellular apoptosis compared with control sirna under both 
low and high glucose conditions (P<0.05). These results indi-
cated that PlK1 inhibits β-Tc3 cell apoptosis under both low 
or high glucose conditions (Fig. 3a and B).

PLK1 promotes insulin secretion in β‑TC3 cell lines under 
high glucose conditions. To determine insulin release in 
response to glucose stimulation and PlK1 depletion, aliquots 
of the culture media of different groups of cells 3-5 days after 
transfection were taken to be used to assess insulin levels 
using a mouse insulin ria kit. exposure of β-Tc3 cells to 
a high concentration of glucose promoted insulin secretion 
compared to exposure to a low concentration of glucose when 

Table i. cell cycle distributions of different groups.

 cell cycle phase
 ---------------------------------------------------
Group G1 (%) S (%) G2 (%)

control sirna+low-glucose 82.79 9.64 7.55
PlK1 sirna+low-glucose 89.52 5.86 4.59
control sirna+high-glucose 79.28 9.87 10.82
PlK1 sirna+high-glucose 82.00 9.07 8.90

PlK1, polo-like kinase 1; sirna, small interfering rna.
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Figure 2. PLK1 siRNA regulates the cell cycle. (A) The cell cycle distribution was investigated by flow cytometry on the day 4 following transfection with 
PLK1 or control siRNA in low and high glucose conditions. (B) Quantification and (C) analysis of the cell cycle distribution. *P<0.05. PlK1, polo-like kinase 1; 
sirna, small interfering rna.

Figure 1. Knockdown of PlK1 inhibits β-Tc3 cell proliferation. (a) PlK1 expression was detected by reverse transcription quantitative Pcr in β-Tc3 cells 
following transfection with PlK1 or control sirna for 72 h. ***P<0.001 vs. control siRNA. Cell proliferation was (B) detected and (C) quantified in β-Tc3 cells 
using the ccK-8 assay on days 3, 4 and 5 following transfection with PlK1 or control sirna in low and high glucose conditions. ***P<0.001. PlK1, polo-like 
kinase 1; sirna, small interfering rna.
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transfected with control sirna (P<0.05). depletion of PlK1 
inhibited insulin secretion under both low and high glucose 
conditions (P<0.05). These results indicated that PlK1 
promotes insulin section in β-Tc3 cells under both low and 
high glucose conditions (Fig. 3c).

Phospho‑regulation of Cdc14A by PLK1 is involved in β‑TC3 
cell cycle regulation and insulin secretion under high glucose 
conditions. cdc14a is a substrate of PlK1 (18). PlK1 phos-
phorylates cdc14a, stimulating its phosphatase activity (18). 
in this study the interactions of these two proteins in β-Tc3 
cells were investigated. as shown in Fig. 4a and B, PlK1 
silencing decreased cdc14a expression in both low and high 
glucose conditions compared with control sirna at 48 and 
72 h after transfection (P<0.05). High glucose conditions 
promoted cdc14a expression compared with low glucose 
conditions when transfected with control sirna (P<0.05).

Serine351 and Serine 363 of cdc14a are the phos-
phorylatable sites for PlK1 (18). Both serine residues 
were mutated to alanine in order to generate a GFP-tagged 
non-phosphorylatable cdc14a, cdc14aaa, which exhibited 
significantly attenuated phosphatase activity (18). β-Tc3 
cell proliferation and insulin secretion was monitored under 
high glucose conditions on day 4 after transfection with 
the indicated sirnas and plasmids. as shown in Fig. 4c, 
compared with the control sirna and empty GFP-vector 
transfected groups, co-transfection with control sirna and 
cdc14a under high glucose conditions promoted β-Tc3 cell 
proliferation, while transfection with cdc14aaa inhibited 
cell proliferation (P<0.05). When co-transfected with PlK1 
sirna, similar results were observed (P<0.05). Moreover, 
PlK1 sirna partially reversed the proliferation-promoting 

effects of cdc14a compared with those associated with the 
control sirna + cdc14a group or with the PlK1 sirna + 
Cdc14A group (P<0.05). PLK1 silencing further intensified 
the proliferation inhibition of cdc14aaa-transfected cells 
compared with the control sirna + cdc14aaa group or with 
the PlK1 sirna + cdc14aaa group (P<0.05). These results 
indicated that the phospho-regulation of cdc14a is involved in 
β-Tc3 cell proliferation and that it is regulated by PlK1 under 
high glucose conditions.

as shown in Fig. 4d, PlK1 depletion or cdc14aaa over-
expression inhibited β-Tc3 cell insulin secretion compared 
with that in the control sirna + GFP-vector group (P<0.05). 
overexpression of wild type cdc14a promoted insulin 
secretion compared to that in the control group under high 
glucose conditions and with that in the control sirna + 
GFP-vector group (P<0.05). cdc14a partially reversed the 
insulin inhibiting effect of PlK1 sirna compared to that 
of the control sirna + cdc14a group and with that of the 
PlK1 sirna + cdc14a group (P<0.05). cdc14aaa showed 
a synergistic effect with PlK1 sirna compared to that of 
the control sirna + cdc14aaa group and with that of the 
PlK1 sirna + cdc14aaa group (P<0.05). These results 
indicated that the phospho-regulation of cdc14a by PlK1 is 
also involved in the regulation of β-Tc3 cell insulin secretion 
under high glucose conditions.

Discussion

Type 2 diabetes has become a common disease due to lifestyle 
factors and poses a serious threat to human health. a lack of 
functional β-cells ultimately results in both type 1 and type 2 
diabetes. Scientists are searching for more sources of islet cells 

Figure 3. downregulation of PlK1 affects β‑TC3 cell apoptosis and insulin secretion. (A) Apoptosis was analyzed by flow cytometry and (B) quantified on 
day 4 following transfection with PlK1 or control sirna in low and high glucose conditions. (c) insulin secretion was determined by a radioimmunoassay on 
days 3, 4 and 5 following transfection with PlK1 or control sirna in low and high glucose conditions. *P<0.05, **P<0.01, ***P<0.001. PlK1, polo-like kinase 1; 
sirna, small interfering rna.
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or β-cells to treat diabetes; however, cadaveric islet cell trans-
plantation remains promising (19). although sources of newly 
formed islet cells remain elusive, it is clear that β-cells have 
the capacity to replicate themselves (21,22). Thus, it may be 
possible for diabetic patients to benefit from the manipulation 
of β-cell proliferation.

However, it is difficult to increase β-cell mass directly. 
The accumulation of double-stranded dna damage may 
be observed when a substantial number of β-cells enter 
mitosis, resulting in apoptosis and not in functional β-cell 
expansion (23). More work is needed to control β-cell prolif-
eration. New pathways and compounds have been identified 
by high-throughput screening methods and must be studied 
further. The G1/S and G2/M transitions are key cell cycle 
checkpoints that can be regulated. However, there is still an 
outstanding question as to whether these strategies affect other 
cell types within the body. Many pathways have been impli-
cated, including the adenylyl cyclase/protein kinase a pathway, 
the mitogen-activated protein kinase pathway, the JaK-STaT 
pathway, the Pi3-kinase-PKB/akt pathway and the insulin 
receptor substrate-2 pathway. The basic cell cycle machinery 
of β-cells has been outlined in a previous review (24).

it is well known that acute high glucose stimulation promotes 
insulin secretion by β-cells. The compensatory increase in 
β-cell mass that is, in part, accounted for by β-cell replication 
corrects the transient hyperglycemia caused by sub-partial or 
partial pancreatectomy in rodents (25-27). Glucotoxicity is a 
phenomenon in which chronic hyperglycemia causes β-cell 
dysfunction and death (28,29). The precise molecular mecha-
nisms underlying glucotoxicity are not completely understood.

although PlK1 and cdc14a are both essential for the cell 
cycle and are conserved in invertebrates and mammals, little 
is known about their crosstalk and mutual regulation in β-Tc3 
cells, especially under high glucose conditions.

The objective of this study was to provide a basis for 
understanding the mechanism underlying diabetes. The 
effects of PlK1 sirna on cell proliferation, the cell cycle, 
apoptosis and insulin secretion in β-Tc3 cells was inves-
tigated as was whether the phosphorylation of cdc14a by 
PlK1 is involved in these processes. β-Tc3 cells were treated 
in culture media with low or high concentrations of glucose. 
it was found that exposure of β-Tc3 cells to high glucose 
for 3-5 days promoted cell proliferation, apoptosis and 
insulin release compared with exposure to a lower glucose 

Figure 4. Phospho-regulation of cdc14a by PlK1 is involved in β-Tc3 cell cycle regulation and insulin secretion in high glucose conditions. cdc14a expres-
sion was evaluated by (a) western blot analysis and (B) densitometry at 48 and 72 h after transfection with PlK1 or control short interfering rna (sirna) 
in low and high glucose conditions. GaPdH was used as an loading control. (c) Proliferation was determined on day 4 following transfection with the 
indicated sirnas and plasmids under high glucose conditions. (d) insulin secretion was analyzed on day 4 following transfection with the indicated sirnas 
and plasmids under high glucose conditions. *P<0.05, **P<0.01, ***P<0.001. cdc14a, cell division cycle 14a; cdc14aS351a/363a, non-phosphorylatable cdc14a 
mutant; PlK1, polo-like kinase 1; sirna, small interfering rna.
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concentration. PlK1 sirna inhibited β-Tc3 cell prolifera-
tion, apoptosis and insulin release and decreased cdc14a 
expression under both low and high glucose conditions. 
cdc14a overexpression enhanced β-Tc3 cell proliferation 
and insulin secretion under high glucose conditions. PlK1 
silencing intensified the inhibition of proliferation and 
insulin secretion of cdc14aaa.

in this study, the effects of PlK1 sirna on proliferation, 
apoptosis and insulin secretion were observed under both low 
and high glucose conditions. Therefore, the effects of PlK1 
sirna may only partially result from high glucose stimula-
tion. considering that high glucose alone stimulates β-Tc3 
cell proliferation and insulin secretion, the effect of PlK1 
siRNA on insulin secretion may simply reflect effects on cell 
proliferation. More studies should be designed to test whether 
PlK1 is involved in glucose stimulation and insulin secretion. 
The results presented here are consistent with those of another 
study, in which PLK1 was significantly activated during β cell 
replication in individuals with type 2 diabetes and partial 
pancreatectomy-treated rats (4).

it was also found that PlK1 sirna decreased the numbers 
of β-Tc3 cells in the G2- and S phases of the cell cycle while 
significantly increasing the G1 population under low glucose 
conditions. High glucose had the opposite effects, but only 
in G2 cells. This finding may be because high glucose condi-
tions have the opposite effect on β-Tc3 cells. These results 
suggested that cell cycle regulation may be associated with 
the interaction of PlK1 sirna and high glucose, which is a 
relationship that requires further study.

in this study, PlK1 silencing decreased cdc14a expression. 
cdc14a can be phosphorylated by PlK1, and this phosphory-
lation partially releases the self-inhibition of cdc14a, thereby 
enhancing its phosphatase activity (18). Therefore, PlK1 
silencing would change not only the expression but also the 
phosphorylation status of cdc14a. More research is needed 
to investigate the crosstalk between cdc14a and PlK1. it is 
possible that the phosphorylation of cdc14a is involved in 
the stability or degradation of cdc14a; alternatively, PlK1 
may regulate the promoter activity of cdc14a. The molecular 
mechanisms of the reduced expression of cdc14a should be 
further explored and discussed.

The present study was limited due to the cell line type and 
techniques used in the experiments. Therefore, the isolation, 
purification and primary culture of human β-cells is required. 
animal studies are also needed to test the crosstalk between 
cdc14a and PlK1.

in conclusion, PlK1 and cdc14a may play important roles 
in β-Tc3 cell cycle regulation. PlK1 and cdc14a promoted 
β-Tc3 cell proliferation under high glucose conditions. 
decreased insulin secretion was also observed when PlK1 
was silenced. The phosphorylation of cdc14a by PlK1 is 
involved in these processes. These findings may lead to new 
therapeutic strategies to understand how the number of β-cells 
is regulated and how this can be manipulated.

Acknowledgements

The authors would like to thank dr Jiri lucas (novo nordisk 
Foundation center for Protein research, university of 
copenhagen, denmark) for cdc14a cdna.

Funding

This work was supported by grants from the natural Science 
Foundation for Young Scientists of china (grant no. 81700705); 
the natural Science Foundation for Zhejiang Province of 
china (grant no. lY17H070001); and the Projects of Medical 
and Health Science and Technology for Zhejiang Province of 
china (grant no. 2015KYa107).

Availability of data and materials

all data generated or analyzed during the present study are 
included in this published article.

Authors' contributions

HH and Jc designed the experiments. HH, lW, FH, XH, Yl, 
XX, SZ and PZ performed the experiments. HH, dS, Jl and 
Jc analyzed the data. HH wrote the manuscript. all authors 
have read and approved the manuscript.

Ethics approval and consent to participate

not applicable.

Patient consent for publication

not applicable.

Competing interests

The authors declare that they have no competing interests.

References

 1. deng S, Vatamaniuk M, Huang X, doliba n, lian MM, Frank a, 
Velidedeoglu e, desai nM, Koeberlein B, Wolf B, et al: 
Structural and functional abnormalities in the islets isolated from 
type 2 diabetic subjects. diabetes 53: 624-632, 2004.

 2. Prentki M and nolan cJ: islet beta cell failure in type 2 diabetes. 
J clin invest 116: 1802-1812, 2006.

 3. nyblom HK, Bugliani M, Fung e, Boggi u, Zubarev r, 
Marchetti P and Bergsten P: apoptotic, regenerative, and 
immune-related signaling in human islets from type 2 diabetes 
individuals. J Proteome res 8: 5650-5656, 2009.

 4. Misfeldt a, costa rH and Gannon M: Beta-cell proliferation, 
but not neogenesis, following 60% partial pancreatectomy is 
impaired in the absence of FoxM1. diabetes 57: 3069-3077, 2008.

 5. Barr Fa, Silljé HH and nigg ea: Polo-like kinases and the 
orchestration of cell division. nat rev Mol cell Biol 5: 429-440, 
2004.

 6. Zitouni S, nabais c, Jana Sc, Guerrero a and Bettencourt-dias M: 
Bettencourt-dias M. Polo-like kinases: Structural variations 
lead to multiple functions. nat rev Mol cell Biol 15: 433-452, 
2014.

 7. Bruinsma W, raaijmakers Ja and Medema rH: Switching 
Polo-like kinase-1 on and off in time and space. Trends Biochem 
Sci 37: 534-542, 2012.

 8. Petronczki M, lénárt P and Peters JM: Polo on the rise from 
mitotic entry to cytokinesis with Plk1. dev cell 14: 646-659, 
2008.

 9. liu X and erikson rl: activation of cdc2/cyclin B and inhi-
bition of centrosome amplification in cells depleted of Plk1 by 
sirna. Proc natl acad Sci uSa 99: 8672-8676, 2002.

10. lénárt P, Petronczki M, Steegmaier M, di Fiore B, lipp JJ, 
Hoffmann M, rettig WJ, Kraut n and Peters JM: The small-mole-
cule inhibitor Bi 2536 reveals novel insights into mitotic roles of 
polo-like kinase 1. curr Biol 17: 304-315, 2007.



Hu et al:  PHoSPHo-reGulaTion oF cdc14a in β-cell FuncTion and cell cYcle reGulaTion4284

11. de cárcer G, Manning G and Malumbres M: From Plk1 to 
Plk5: Functional evolution of polo-like kinases. cell cycle 10: 
2255-2262, 2011.

12. Strebhardt K and ullrich a: Targeting polo-like kinase 1 for 
cancer therapy. nat rev cancer 6: 321-330, 2006.

13. eckerdt F, Yuan J and Strebhardt K: Polo-like kinases and onco-
genesis. oncogene 24: 267-276, 2005.

14. Bassermann F, Frescas d, Guardavaccaro d, Busino l, Peschiaroli a 
and Pagano M: The cdc14B-cdh1-Plk1 axis controls the G2 
dna-damage-response checkpoint. cell 134: 256-267, 2008.

15. Mocciaro a, Berdougo e, Zeng K, Black e, Vagnarelli P, 
earnshaw W, Gillespie d, Jallepalli P and Schiebel e: Vertebrate 
cells genetically deficient for Cdc14A or Cdc14B retain DNA 
damage checkpoint proficiency but are impaired in DNA repair. 
J cell Biol 189: 631-639, 2010.

16. Mocciaro a and Schiebel e: cdc14: a highly conserved family 
of phosphatases with non-conserved functions? J cell Sci 123: 
2867-2876, 2010.

17. chen nP, uddin B, Voit r and Schiebel e: Human phosphatase 
cdc14a is recruited to the cell leading edge to regulate cell 
migration and adhesion. Proc natl acad Sci uSa 113: 990-995, 
2016.

18. Yuan K, Hu H, Guo Z, Fu G, Shaw aP, Hu r and Yao X: 
Phospho-regulation of Hscdc14a By Polo-like kinase 1 is essen-
tial for mitotic progression. J Biol chem 282: 27414-27423, 2007.

19. Shapiro aM, ricordi c, Hering BJ, auchincloss H, lindblad r, 
robertson rP, Secchi a, Brendel Md, Berney T, Brennan dc, 
et al: international trial of the edmonton protocol for islet trans-
plantation. n engl J Med 355: 1318-1330, 2006.

20. livak KJ and Schmittgen Td: analysis of relative gene expres-
sion data using real-time quantitative Pcr and the 2(-delta delta 
c(T)) method. Methods 25: 402-408, 2001.

21. Hanley na, Hanley KP, Miettinen PJ and otonkoski T: Weighing 
up beta-cell mass in mice and humans: Self-renewal, progenitors 
or stem cells? Mol cell endocrinol 288: 79-85, 2008.

22. Xu X, d'Hoker J, Stangé G, Bonné S, de leu n, Xiao X, Van de 
casteele M, Mellitzer G, ling Z, Pipeleers d, et al: Beta cells 
can be generated from endogenous progenitors in injured adult 
mouse pancreas. cell 132: 197-207, 2008.

23. rieck S, Zhang J, li Z, liu c, naji a, Takane KK, Fiaschi-
Taesch nM, Stewart aF, Kushner Ja and Kaestner KH: 
overexpression of hepatocyte nuclear factor-4α initiates cell 
cycle entry, but is not sufficient to promote β-cell expansion in 
human islets. Mol endocrinol 26: 1590-1602, 2012.

24. Sharma a, Yerra VG and Kumar a: emerging role of Hippo 
signalling in pancreatic biology: YaP re-expression and plau-
sible link to islet cell apoptosis and replication. Biochimie 133: 
56-65, 2017.

25. García-ocaña a, Vasavada rc, Takane KK, cebrian a, 
lopez-Talavera Jc and Stewart aF: using beta-cell growth 
factors to enhance human pancreatic islet transplantation. J clin 
endocrinol Metab 86: 984-988, 2001.

26. Montaña e, Bonner-Weir S and Weir Gc: Transplanted beta cell 
response to increased metabolic demand. changes in beta cell 
replication and mass. J clin invest 93:1577-1582, 1994.

27. Vasavada rc, Gonzalez-Pertusa J, Fujinaka Y, Fiaschi-Taesch n, 
cozar-castellano i and Garcia-ocaña a: Growth factors and 
beta cell replication. int J Biochem cell Biol 38: 931-950, 2006.

28. lowell BB and Shulman Gi: Mitochondrial dysfunction and 
type 2 diabetes. Science 307: 384-387, 2005.

29. Maedler K, Sergeev P, ris F, oberholzer J, Joller-Jemelka Hi, 
Spinas Ga, Kaiser n, Halban Pa and donath MY: Glucose-induced 
beta cell production of il-1beta contributes to glucotoxicity in 
human pancreatic islets. J clin invest 110: 851-860, 2002.


