
Abstract. Background/Aim: Persistent hyperglycemia caused
by diabetes mellitus is a risk factor for pancreatic cancer
(PC). We have previously reported that aberrant activation of
atypical protein kinase C (aPKC) enhances PC cell
progression. However, no reports have elucidated whether
hyperglycemia promotes PC cell progression and whether
aPKC activation is related to PC cell progression
mechanisms. Materials and Methods: We examined whether
high-glucose stimulation accelerates PC cell proliferation,
migration, and invasion. Furthermore, to determine whether
PC cells activate aPKC upon high-glucose stimulation, we
measured the phosphorylation of aPKC at T560 in PC cells.
Results: High-glucose stimulation accelerated PC cell
proliferation, migration, and invasion. High-glucose treatment

increased aPKC’s activated form, with T560 phosphorylation,
in PC cells. However, aPKC knockdown attenuated these
effects. aPKC reportedly induces cell transformation through
Yes-associated protein (YAP) activation. YAP expression was
increased in high glucose–treated PC cells but not in aPKC-
knockdown cells. aPKC interacts with partitioning defective 3
(Par-3), which aids in establishing cell polarity and inhibits
aPKC by binding as a substrate. In Par-3-knockdown PC
cells, YAP expression increased independently of high-glucose
treatment. Over-expression of Par-3 and aPKC-dominant
negative mutants prevented the high glucose–stimulated
nuclear localization of YAP. YAP forms a complex with the
zinc finger E-box binding homeobox 1 protein (ZEB1), an
activator of epithelial-mesenchymal transition. ZEB1
expression was increased by high glucose treatment or Par-3
knockdown, but aPKC knockdown suppressed this increase.
Conclusion: High glucose–induced aPKC activation promotes
PC progression by enhancing the YAP signaling pathway. 

Early detection of pancreatic cancer (PC) is often difficult
because of the lack of specific symptoms in the early stages,
and 80%-85% of PC cases are already inoperable because of
invasion or distant metastasis when detected (1). Thus, PC
has the lowest 5-year survival rate of all cancers (9%) and
an extremely high recurrence rate (2). Persistent
hyperglycemia caused by diabetes mellitus is a risk factor for
PC (3, 4). In 2021, approximately 537 million people
worldwide had diabetes, and one in 10 adults would have
diabetes mellitus, with the number increasing each year (4).
Hence, the number of patients with both PC and diabetes
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mellitus will probably continue to increase further in the
future. Therefore, the novel regulators of PC progression
must be urgently identified. 

In high glucose–treated hepatocellular carcinoma, the
oncogene Yes-associated protein (YAP), a member of the
Hippo signaling, promotes cancer cell proliferation and
tumorigenic potential (5, 6). The Hippo pathway involves
upstream macrophage stimulating (Mst)1/Mst2; this gene
phosphorylates and activates large tumor-suppressor kinase
(Lats)1/Lats2, which can phosphorylate YAP to stimulate its
cytoplasmic sequestration and exclusion from the nucleus (7).
Unphosphorylated YAP, an active form of YAP, translocates
to the nucleus where it primarily interacts with transcriptional
enhanced associate domain (TEAD) to control gene
transcription. The transcription factor zinc finger E-box
binding homeobox 1 protein (ZEB1) activates the embryonic
epithelial–mesenchymal transition (EMT) program, which is
a major driver of tumor progression. ZEB1 and YAP/TEAD
are key regulators of the expression of tumor-promoting
target genes (8, 9).

The increased expression and activation of aPKC, a
molecule of cell polarity regulatory signaling in patients with
PC, are associated with a poor prognosis (10, 11). This
molecule interacts with Mst1/2 and dissociates Mst1/2 from
Lats1/2, leading to nuclear YAP accumulation and cell
proliferation (12). However, no reports have clarified
whether a similar regulation of YAP activity exists in PCs
and whether this YAP activity regulation via aPKC activation
is involved in PC cell progression. 

We hypothesized that sustained hyperglycemia in patients
with PC concurrent with diabetes mellitus induces PC
progression by activating aPKC. Thus, this study aimed to
investigate whether aPKC activation occurs under high-glucose
stimulation in PC cells and promotes cell progression via YAP
oncogene activation.

Materials and Methods
Cell lines and cell culture. The human PC cell lines MIA PaCa-2 and
Panc-1 were purchased from the American Type Culture Collection
(Manassas, VA, USA). These cells were cultured in Dulbecco’s
modified Eagle medium (DMEM; Nissui Pharmaceutical, Tokyo,
Japan) and supplemented with 10% fetal bovine serum (FBS), 4 mM
L-glutamine (FUJIFILM Wako Chemicals, Tokyo, Japan), and
antibiotics [penicillin (100 U/ml) and streptomycin (100 μg/ml);
Nacalai Tesque, Inc., Kyoto, Japan]. High-glucose treatment was
performed 24 h after cell seeding. In addition, when cells were treated
with 2-deoxy-D-glucose (2-DG) (Fujifilm Wako Chemicals, Tokyo,
Japan), it was added together with high glucose.

Bromodeoxyuridine (BrdU) incorporation assay. Panc-1 or 
MIA PaCa-2 cells were seeded at 5×104 per well and cultured for
24 h. In addition, glucose at a specified concentration was added
and cultured for 48 h. The 100 μM BrdU incorporated in the cells
after a 2 h pulse was determined as described previously (13).

BrdU-positive and -negative cells were visualized by immuno-
fluorescence analysis (see below) using anti-BrdU antibody with
4’,6-diamidino-2-phenylindole (DAPI) counterstains. More than 100
cells across several locations were counted.

Wound healing assay. Wound healing was assayed using culture
inserts (ibidi Culture-Insert 2 well; ibidi GmbH, Martinsried,
Germany). We seeded 4.2×104 cells into each culture insert. The
cells were incubated for 24 h by adding the specified glucose
concentration of 20 mM in DMEM containing 0.5% FBS. Then, the
cells were imaged (3 fields per well) using a microscope (ECLIPSE
Ts2-FL; Nikon Corp., Tokyo, Japan) and the NIS-Elements BR
software (Nikon Corp.). The area of cell migration was measured
and quantified using ImageJ software (version 1.53); it was
calculated as follows: (mean area at 0 h – mean area at 24 h) or
(mean area at 0 h – mean area at 48 h) (14).

Cell invasion assay. Cell invasion was analyzed using a transwell
assay (8 μm pore size; Corning Inc., Corning, NY, USA). The upper
side of the membranes was then coated with type I collagen (Koken,
Tokyo, Japan) for 2 h at 37˚C to block the membrane pores. The
human PC cells Panc-1 and MIA PaCa-2 (1×104/well) cultured in a
serum-free medium for 24 h were seeded in the transwell inserts
filled with DMEM containing 0.5% FBS and glucose. We incubated
the cells for 48 h at 37˚C and then fixed the membranes in 2%
paraformaldehyde for 20 min. After treatment with Triton X-100,
the nuclei of cells that had traversed the cell-permeable membranes
were stained with DAPI. Three visual fields were randomly selected
from each membrane and photographed under a microscope (BZ53;
Olympus, Tokyo, Japan) at 200× magnification. The experiments
were conducted independently at least thrice.

Gene silencing. The genes aPKC and Par-3 were knocked down by
RNA interference (RNAi), as previously described (13, 15). The
target sequences of the human aPKC and Par-3 for siRNA were
designed as follows: aPKCι #1 (GGAUCAAGUUGGUGAAGAA),
aPKCι #2 (GGGAUAUCAUGAUAACACA), aPKCζ #1 (GAAG
CAUGACAGCAUUAAA), aPKCζ #2 (GGACUU UGACCUAA
UCAGA), Par-3 #1 (GGAGAAGGATAAAATGA AA), and Par-3
#2 (CGACAAATCTTATGATAAA). Custom siRNA (Sigma-
Aldrich) was used to synthesize siRNA duplexes for aPKC and Par-
3. We used Mission siRNA universal negative control (Sigma-
Aldrich) as a negative control. Furthermore, cells were transfected
twice using Lipofectamine RNAi MAX for efficient siRNA delivery
(Thermo Fisher Scientific, Waltham, MA, USA).

Transient over-expression and immunofluorescence analysis. In a 24-
well plate, 2.5×105 Madin-Darby canine kidney (MDCK) epithelial
cells were seeded on coverslips. Hemagglutinin (HA)-tagged aPKCλ
wild type (HA-aPKCλ WT), dominant-negative mutant (HA-aPKCλ
KN), T7-tagged Par-3 wild type (T7-Par-3 WT), dominant-negative
mutant of Par-3 S827A (T7-Par-3 SA) (16), and aPKC-binding
deficient mutant of Par-3 S827/829A (T7-Par-3 2SA) (17) were
transfected with Lipofectamine 3000 (Thermo Fisher Scientific). The
control was a blank vector. For 24 h, these plasmid transfected cells
were treated with 20 mM concentration of glucose. Cells were fixed
with 2% paraformaldehyde, permeabilized with 0.5% Triton X-100,
and blocked with 10% FBS in phosphate-buffered saline solution.
Primary antibodies, anti-HA (Santa Cruz Biotechnology, Dallas, TX,
USA), anti-T7 (MBL, Tokyo, Japan), and anti-YAP (Novus Biologicals,
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Centennial, CO, USA and Santa Cruz Biotechnology, Dallas, TX,
USA), and Alexa Fluor–conjugated secondary antibodies (Thermo
Fisher Scientific) were used. Images were captured by laser scanning
microscopy (LSM 780; Carl Zeiss, Jena, Germany). 

Western blotting and nuclear fractionation. Western blotting was
performed by 5-20% gradient or 12% sodium dodecyl–sulfate
polyacrylamide gel electrophoresis (ATTO, Tokyo, Japan). Proteins
were transferred to polyvinylidene fluoride membranes (Millipore,
Billerica, MA, USA) and blocked with 5% skimmed milk for 1 h at
room temperature. Membranes were incubated with the primary
antibody at 4˚C overnight, and the washed ones were incubated with
the appropriate secondary antibody for 1 h at room temperature.
Signals were detected using Immobilon Western chemiluminescent
substrate (Millipore, Billerica, MA, USA). For visualization and
quantification, we used Image Quant LAS 4000 mini system (GE
Healthcare, Chicago, IL, USA) and ImageJ (version 1.53; National
Institutes of Health, Bethesda, MD, USA), respectively. As an internal
control for whole cell lysates, anti-GAPDH antibody (Santa Cruz
Biotechnology, Dallas, TX, USA) was used. For nuclear fractionation,
samples were homogenized and nuclear proteins were concentrated
using EzSubcell Extract (WSE-7421; ATTO, Tokyo, Japan). As an
internal control for nuclear fraction, anti-Lamin-B1 antibody (Santa
Cruz Biotechnology, Dallas, TX, USA) was used.

Statistical analyses. All experiments were at least conducted in
triplicate. Statistical analyses were performed with SPSS statistical
software (version 25.0; IBM, Chicago, IL, USA). Data are presented
as means±standard deviation. One-way analysis of variance or two-
tailed Student’s t-test was used to compare continuous variables
between groups. The Tukey-Kramer test was used for post hoc
analyses. Differences were considered significant at the p<0.05 level.

Results

High glucose-mediated activation of aPKC is involved in the
regulation of PC cell progression. To confirm the progression
of PC cells under hyperglycemic conditions, we examined cell
proliferation, migration, and invasion induced by high-glucose
stimulation following culture in a normal medium (containing
5 mM glucose). First, we assessed cell proliferation by
measuring BrdU uptake into cells for 2 h; Compared with
controls, MIA PaCa-2 stimulated with 10 and 20 mM
concentrations of glucose for 48 h showed a marked increase in
BrdU uptake in a glucose concentration-dependent manner
(Figure 1A). Next, to clarify the effect of high-glucose
stimulation on cell migration and invasion, we conducted
wound healing and cell invasion assays. High-glucose treatment
significantly enhanced MIA PaCa-2 migration dose-dependently
at 48 h (Figure 1B). In the cell invasion assay, MIA PaCa-2 cell
invasion was significantly enhanced in high glucose–treated
cells compared with the control cell invasion (Figure 1C). Panc-
1 cell, another PC cell, was phenocopied for cell proliferation,
migration, and invasion following high-glucose treatment (data
not shown). Various cancers, including PC, demonstrate aPKC
over-expression or hyperactivation (10, 11). Through western
blotting, we investigated whether high-glucose stimulation

affects aPKC activation in PC cells. Treatment of MIA PaCa-2
cells with 10 and 20 mM concentrations of glucose for 24 h
increased the activated form of aPKC, with T560
phosphorylation (Figure 1D and E). A previous study reported
that aPKC is activated downstream of PI3K (18). To determine
whether PC cells activate PI3K signaling upon high-glucose
stimulation, we measured the phosphorylation of Ak strain
transforming protein (Akt) at S473 in MIA PaCa-2 cells. High-
glucose treatment increased Akt S437 phosphorylation,
suggesting that the PI3K signal pathway was activated (Figure
1F). MIA PaCa-2 cells have a high expression of glucose
transporter 1 (GLUT-1), which is involved in the intracellular
uptake of glucose (19). The effect of glucose metabolism on
aPKC activation was investigated by treating MIA PaCa-2 cells
with 2-deoxy-D-glucose (2-DG), a glucose analog that inhibits
glycolysis (19). The 2-DG treatment blocked the high glucose–
induced T560 phosphorylation in aPKC (Figure 1G). Therefore,
high-glucose stimulation may promote PC cell proliferation,
migration, and invasion via aPKC activation.

High glucose-mediated activation of aPKC enhanced YAP
activation in PC cells. Next, we assessed the effect of high-
glucose stimulation on the proliferation, migration, and invasion
of aPKC-knockdown MIA PaCa-2 cells. The knockdown of
aPKC in MIA PaCa-2 cells did not alter the high glucose-
stimulated phosphorylation of Akt S473 (Figure 2A). To assess
the effect of aPKC-knockdown on cell proliferation, we
examined BrdU uptake in MIA PaCa-2 cells. Treatment with 20
mM concentration of glucose for 24 h significantly reduced
BrdU uptake compared with the controls (Figure 2B).
Furthermore, aPKC-knockdown inhibited the migration and
invasion of MIA PaCa-2 cells treated with 20 mM glucose
(Figure 2C and D). The activation of aPKC reportedly induces
cell transformation via YAP activation (12). The
phosphorylation of YAP at serine 127 by Lats1/2 prevents YAP
from translocating into the nucleus, thereby inhibiting the
transcriptional activity (7). Thus, by western blotting, we
confirmed YAP phosphorylation or YAP translocation into the
nucleus following the fractionation of MIA PaCa-2 cells treated
with high glucose for 48 h. As a result, YAP phosphorylation
decreased, but not YAP expression (Figure 2E). Moreover, the
nuclear fraction of YAP increased in a glucose-dependent
manner (Figure 2F). We performed aPKC-knockdown using
specific siRNA to confirm whether aPKC is required for YAP
expression and localization. Western blotting analysis showed
that aPKC-knockdown reduced YAP expression compared with
control knockdown (Figure 2G). Immunofluorescence analysis
revealed that the translocation of YAP into the nucleus was
increased by high-glucose treatment in control siRNA-
transfected cells (Figure 2H). Conversely, aPKC-knockdown
inhibited the translocation of YAP into the nucleus after the PC
cells received high-glucose treatment (Figure 2H). Thus, YAP
may be involved in the downstream pathway of aPKC.
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Figure 1. High-glucose stimulation affects the proliferation, migration, and invasion of PC cells through aPKC activation. (A-C) Cells were
incubated for 48 h with or without high-glucose treatment (10 or 20 mM). (A) The proliferation of MIA PaCa-2 cells was determined by BrdU
assay. Scale bar=100 μm. (B) The migration rate of MIA PaCa-2 cells was analyzed by wound healing assay. Scale bar=200 μm. (C) The invasion
of MIA PaCa-2 cells was analyzed by cell invasion assay. Scale bar=100 μm. (D-F) Cells were incubated for 24 h with or without high-glucose
treatment (10 or 20 mM). (D) The expression levels of aPKC, aPKC T560p, Akt, and p-Akt were examined by western blotting. The results of
densitometric analysis of phosphorylation for aPKC (E) and Akt (F) are shown as relative density. (G) To examine the effect of glucose metabolism
on aPKC activation, we incubated 20 mM glucose–treated MIA PaCa-2 cells for 24 h with or without 2-DG treatment. The error bars indicated
the standard deviation of 3 or 6 independent experiments. *p<0.05, **p<0.01. 
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Figure 2. aPKC promotes the proliferation, migration, and invasion of PC cells under a high-glucose environment via YAP activation. (A) MIA PaCa-
2 cells were transfected with aPKC ι and ζ knockdown (aPKC siRNA) or control siRNA and incubated for 24 h in the presence of 20 mM glucose; the
expression of aPKC, Akt, and p-Akt was analyzed by western blotting. After 48 h incubation with 20 mM glucose, the proliferation (B), migration (C),
and invasion (D) of aPKC-knockdown MIA PaCa-2 cells were examined by BrdU assay, wound healing assay, and cell invasion assay, respectively, as
described in Figure 1 legend. (E) MIA PaCa-2 cells were incubated for 24 h with or without high-glucose treatment (10 or 20 mM), and YAP
phosphorylation was analyzed by western blotting and then quantified. (F) MIA PaCa-2 cells were incubated for 24 h with or without high-glucose
treatment (10 or 20 mM), harvested, and then fractionated; the expression levels of YAP and LaminB1 in the nuclear fractions were determined by
western blotting. (G) After 24 h incubation with 20 mM glucose, YAP expression in aPKC-knockdown MIA PaCa-2 cells were analyzed by western
blotting and then quantified. (H) The nuclear localization of YAP in aPKC-knockdown MIA PaCa-2 cells was analyzed by immunofluorescence after
48 h incubation with 20 mM glucose. Arrows indicate cells with YAP-positive nuclei. Scale bar=20 μm. The error bars indicate the standard deviation
of three or six independent experiments. *p<0.05, **p<0.01. 



These results suggest that aPKC activation followed by
increased YAP expression contributed to tumor cell
proliferation and invasion after high-glucose treatment. The
nuclear localization of YAP through aPKC might be
important in promoting high glucose–stimulated PC cell
proliferation and progression.

Par-3 inhibits high glucose-induced YAP activation. We
knocked down YAP and observed the proliferation,
migration, and invasion of MIA PaCa-2 cells. BrdU uptake
in YAP-knockdown MIA PaCa-2 cells was reduced 48 h
after treatment with 20 mM glucose (Figure 3A). YAP
knockdown inhibited the high glucose-mediated promotion
of cell migration and invasion (Figure 3B and C). 

The Par complex, a polarity regulatory protein complex,
consists of Par-3, Par-6, and aPKC. As previously reported, Par-
3 inhibits aPKC in the Par complex (20). Par-3 also regulates
the access of aPKC to other substrates. The epithelial MDCK
cell was transfected with HA-aPKCλ and T7-Par-3. Western
blotting analysis showed that over-expressing wild-type Par-3
in PC cells did not lead to the evident suppression of YAP
expression (data not shown). The cells were treated with high
glucose for 24 h (Figure 3D and E). In immunohistochemical
analysis, over-expressing wild-type aPKCλ promoted YAP
translocation to the nucleus with high glucose for 24 h (control,
65.7%; HA-aPKCλ WT, 69.7%). However, the high glucose–
induced nuclear localization of YAP was inhibited by HA-
aPKCλ KN, a kinase-deficient mutant of aPKC (HA-aPKCλ
KN, 37.5%). A similar phenotype to HA-aPKCλ KN was also
observed when over-expressing wild-type Par-3 (T7-Par-3 WT,
46.9%). Moreover, over-expressing the dominant-negative
mutant of Par-3 S827A, which is a non-phosphorylated mutant
of aPKC, inhibited YAP activation (T7-Par-3 SA, 35.3%). On
the other hand, YAP nuclear localization was not inhibited by
over-expressing an aPKC-binding deficient point mutant of Par-
3 S827/829A (T7-Par-3 2SA, 69.3%). Phosphorylation of Par-
3 by aPKC may contribute to the release of inhibition by Par-
3. Therefore, Par-3 may inhibit aPKC and YAP activation
mediated by high glucose levels.

YAP signaling is regulated by the high glucose-mediated
activation of aPKC in PC cells. The EMT transcription factor
ZEB1 interacts with YAP to activate tumor-promoting gene
expression (8, 9). YAP activation may positively affect PC
progression through ZEB1 gene expression. As shown in
Figure 4A, aPKC-knockdown cells decreased ZEB1
expression mediated by high-glucose treatment. Thus, aPKC-
mediated YAP activation may play a critical role in cancer
cell migration and invasion stimulated by high glucose.

We next examined Par-3 knockdown to determine whether
Par-3 and aPKC also interact to inhibit YAP activation. Par-3
knockdown increased YAP expression in PC cells under normal
culture without high-glucose treatment (Figure 4B and C). It also

increased ZEB1 expression independent of high-glucose
treatment (Figure 4B and D). These data demonstrated that
aPKC-YAP signaling was involved in the high glucose-mediated
up-regulation of PC cell proliferation, migration, and invasion.

Discussion

Diabetes mellitus is a lifestyle-related disease and a risk factor
for cancer progression (3, 4). The number of patients with
diabetes has been increasing in recent years (4). However, no
studies have examined the association of PC progression with
diabetes mellitus, which is a persistent hyperglycemic condition.
Therefore, we determined whether a persistent high glucose
level affects the progression of PC. First, we found that high-
glucose treatment of PC cells enhanced cell proliferation,
migration, and invasive potential (Figure 1). This result supports
our hypothesis that a sustained state of high-glucose stimulation
is involved in PC cell progression.

PC exhibits mutational activation of the Ki-ras2 Kirsten rat
sarcoma viral oncogene homolog (KRAS) oncogene and
inactivation of tumor-suppressor genes, including cyclin-
dependent kinase inhibitor 2A, tumor protein 53, SMAD family
member 4, and breast cancer gene 2 (21). KRAS mutation
increases the expression of GLUT-1 and rate-limiting glycolytic
enzymes, including hexokinase, phosphofructokinase 1, and
lactate dehydrogenase A, which promote glycolytic activity and
increase lactate production (22). In cancer cells, glycolysis is an
important process that provides energy and biomass for cell
growth (23). The 2-DG is a glucose analog that can inhibit
glycolysis by competitively inhibiting hexokinase 2, which
suppresses the growth and metastasis of cancer cells (24, 25).
The glycolytic intermediate 3-phosphoglycerate is the major
pathway for serine synthesis in vivo and is required for cancer
cell growth and proliferation (26). Serine is also important for
the synthesis of phosphatidylserine (PS), a lipid messenger in
cell signaling pathways. The PS is an important activator of the
PKC family of enzymes, including the aPKC family (27, 28).
Inhibition of the glycolytic system by 2-DG treatment
suppressed the activation of both aPKC and YAP (Figure 1).
The high glucose–mediated activation of aPKC may be caused
by PS generation from glucose uptake by PC cells. Therefore,
increased PS production from glucose metabolism in PC cells
may contribute to aPKC activation, but the details require
further investigation.

Glucose uptake into cancer cells by GLUT-1 has been
reported. GLUT-1 is highly expressed in the cell lines of
pancreatic ductal adenocarcinoma (BxPC-3 and Panc-1) (19).
Inhibiting the aPKC activity by the myristoylated PKC peptide
reduced the amount of GLUT-1 at the plasma membrane (29).
Thus, aPKC activation may promote the cellular uptake of
glucose by facilitating GLUT-1 localization to the plasma
membrane, thereby further accelerating the proliferation and
progression of PC cells. 
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Figure 3. Par-3 inhibits high glucose–induced YAP activation. (A) YAP siRNA- or control siRNA-transfected MIA PaCa-2 cells were incubated for 48 h
in the presence of 20 mM glucose. Cell proliferation was measured by BrdU assay. Scale bar=100 μm. (B) The migration rate of PC cells was analyzed
by wound healing assay. Scale bar=200 μm. (C) Cell invasion was analyzed by cell invasion assay. Scale bar=100 μm. (D) MDCK epithelial cells were
transfected with the control, HA-aPKC λ WT, HA-aPKC λ-dominant-negative mutant (KN), T7-Par-3 WT, dominant-negative mutant of T7-Par-3 S827A
(SA), aPKC-binding deficient mutant of T7-Par-3 S827/829A (2SA) and immunostained for over-expressed cells (green, arrows) and YAP (red). HA-
aPKC λ WT over-expressed cells, but not HA-aPKC λ KN cells, promoted the high glucose–stimulated translocation of YAP to the nucleus. In contrast,
high glucose–stimulated YAP translocation to the nucleus was inhibited in cells with T7-Par-3 WT and T7-Par-3 SA expression, but not in aPKC-binding
deficient mutant of T7-Par-3 2SA. (E) Quantification of the results shown in (D). Percentage of the nuclear location of YAP in cells expressing HA-aPKC
λ or T7-Par-3. Scale bar=20 μm. The error bars indicate the standard deviation of 3 or 6 independent experiments. *p<0.05, **p<0.01. 
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Figure 4. aPKC/YAP/ZEB1 signaling is involved in the high glucose–mediated progression of PC cells. (A) To examine the effect of aPKC silencing on
ZEB1 expression, we transfected MIA PaCa-2 cells with aPKC siRNA or control siRNA and incubated them for 24 h in the presence of 20 mM glucose;
ZEB1 expression was analyzed by western blotting and then quantified. (B) YAP- or Par-3-knockdown MIA PaCa-2 cells were incubated for 24 h with
or without 20 mM glucose, and the expression of ZEB1, Par-3, and YAP was examined using western blotting. The results of densitometric analysis for
YAP (C) and ZEB1 (D) are shown as relative density. (E) Model for the mechanism of high-glucose–induced PC cell progression. A potential mechanism
underlying the regulation of PC cell progression by aPKC, YAP, and Par-3. Par-3 is involved in PC progression inhibition by regulating the aPKC
activity (left panel). High glucose–induced aPKC activation leads to PC cell progression via YAP signal (right panel). The error bars indicate the
standard deviation of three or six independent experiments. *p<0.05, **p<0.01. 



Glucose metabolites are involved in the activation of the YAP
signaling pathway through the O-GlcNAcylation of YAP (5, 6).
Glucose starvation or 2-DG treatment dramatically reduces YAP
O-GlcNAcylation and dephosphorylation/activation (6). Thus,
a crosstalk between glucose metabolism and YAP signaling is
important in cancer progression. Our analysis confirms that
high-glucose treatment enhances PC cell proliferation,
migration, and invasive potential in a YAP activation–dependent
manner. We hypothesize that aPKC enhances the uptake of
glucose into the cells, thereby accelerating and then activating
YAP glycosylation (5, 6).

Most of the metabolic effects of insulin are mediated by
aPKC and protein kinase B (or Akt), which are both downstream
effectors of PI3K (30). In many cancers, including PC, aPKC is
over-expressed (10, 11). The aPKC is an important downstream
regulator of KRAS, and aPKC activation is associated with
promoting cancer progression (31, 32). In fact, aPKC regulates
EMT and cell migration and may contribute to a poor prognosis
in patients with cancer (10, 32, 33). We found that aPKC is
activated by stimulating PC cells with high glucose (Figure 1D
and 1E). In addition, aPKC-knockdown inhibited the
proliferation, migration, and invasion of MIA PaCa-2 cells
(Figure 2). YAP complexes with other transcription factors to
regulate the expression of target genes are essential for
tumorigenesis. ZEB1 interacts directly with YAP to form an
activator complex and to induce the expression of target genes
as key signaling hubs in the EMT process (8). We found that
ZEB1 involved in cancer progression is up-regulated
downstream of YAP activation by aPKC (Figure 4A). In
addition, aPKC or YAP knockdown in PC cells prevented the
high glucose–induced expression of ZEB1 (Figure 4). Thus,
high-glucose stimulation promotes PC cell progression upon
YAP activation via the aberrant activation of aPKC. The
activation of aPKC reportedly induces cell transformation via
YAP activation (12). The aberrant activation of aPKC causes the
disruption of epithelial cell adhesion structures (32-34). YAP
nuclear localization is suppressed by cell–cell junctional
structures (7). The disruption of intercellular adhesion structures
by the aberrant activation of aPKC may be involved in
regulating YAP activation and nuclear localization in PC
progression. To regulate cell polarity, aPKC forms a complex
with Par-3 and Par-6. Soriano et al. has shown that Par-3 within
the Par complex inhibits aPKC kinase activity or substrate
interaction (20). Par-3 may be involved in regulating aPKC
activity or accessing other aPKC substrates. Importantly, in some
human cancers, Par-3 loss is associated with accelerated tumor
progression, suggesting that Par-3 functions as a tumor-
suppressor gene (35). Par-3 knockdown experiments have shown
that Par-3 knockdown leads to a glucose-independent activation
of YAP (Figure 4A and C). In contrast, immunofluorescent
staining analysis revealed that wild-type Par-3 over-expression
inhibited the high glucose–induced translocation of YAP to the
nucleus (Figure 3D and E). Furthermore, over-expression of the

dominant-negative mutant of Par-3 S827A, a non-
phosphorylated mutant by aPKC, inhibited YAP activation.
Conversely, the aPKC-binding deficient mutant of Par-3
(S837/829A) did not inhibit the nuclear localization of YAP.
Par-3 phosphorylation by aPKC may be required to suppress
Par-3 inhibition. These findings suggest that Par-3 is involved
in regulating PC progression by modulating the aPKC activity
(Figure 4E). Supporting these findings, Par-3 reportedly plays
a role in regulating the YAP activity (36).

Conclusion

In conclusion, high glucose-stimulated aPKC activation leads
to PC cell progression, which may be mediated by aPKC-
induced YAP activation. These data strongly suggest that
aPKC and YAP inhibition is an effective therapeutic target
for PC. Further studies are required to determine whether an
inhibitor of aPKC and/or YAP can suppress the growth,
migration, and invasion of PC cells.
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