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Abstract

The mortality rate of pancreatic cancer has close parallels to its incidence rate

because of limited therapeutics and lack of effective prognosis. Despite various

novel chemotherapeutics combinations, the 5‐year survival rate is still under

5%. In the current study, we aimed to modulate the aberrantly activated PI3K/

AKT pathway and epithelial‐mesenchymal transition (EMT) signaling with the

treatment of CDK4/6 inhibitor PD‐0332991 (palbociclib) in Panc‐1 and

MiaPaCa‐2 pancreatic cancer cells.

It was found that PD‐0332991 effectively reduced cell viability and proliferation

dose‐dependently within 24 hours. In addition, PD‐0332991 induced cell cycle

arrest at the G1 phase by downregulation of aberrant expression of CDK4/6

through the dephosphorylation of Rb in each cell lines. Although PD‐0332991
treatment increased epithelial markers and decreased mesenchymal markers,

the nuclear translocation of β‐catenin was not prevented by PD‐0332991
treatment, especially in MiaPaCa‐2 cells. Effects of PD‐0332991 on the

regulation of PI3K/AKT signaling and its downstream targets such as GSK‐3
were cell type‐dependent. Although the activity of AKT was inhibited in both

cell lines, the phosphorylation of GSK‐3β at Ser9 increased only in Panc‐1.
In conclusion, PD‐0332991 induced cell cycle arrest and reduced the cell

viability of Panc‐1 and MiaPaCa‐2 cells. However, PD‐0332991 differentially

affects the regulation of the PI3K/AKT pathway and EMT process in cells due to

its distinct influence on Rb and GSK‐3/β‐catenin signaling. Understanding the

effect of PD‐0332991 on the aberrantly activated signaling axis may put forward

a new therapeutic strategy to reduce the cell viability and metastatic process of

pancreatic cancer.
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1 | INTRODUCTION

The high mortality rate affecting both male and female
populations with equal incidence in worldwide due to
increased incidence of aggressive pancreas cancer.1

Despite the positive achievements in combined therapy
options, 5‐year survival is still low.2 Pancreatic cancer
cells exert extensive dysregulation in the cell cycle
machinery. Especially, aberrant induction of K‐Ras due
to mutational alterations in the majority of pancreatic
cancer cells is associated with active PI3K/AKT/mTOR
signaling axis leading to an impaired cyclin D‐CDK4/6
expression profile.3 Cell growth and metabolism are
orchestrated by PI3K/AKT/mTOR pathway, which acts
as a cellular sensor for nutrients and growth factors, and
activated in the downstream of receptors such as IGFR,
EGFR, and other RTKs.4 Given that aberrant activation of
PI3K/AKT/mTOR signaling due to loss of PTEN is
associated with the poor progression and chemoresis-
tance phenotype of pancreatic cancer,5,6 molecular
targeted approach against this pathway can be encoura-
ging. Previous studies indicate that treatment of pan-
creatic cancer cells with mTOR inhibitors such as
everolimus and temsirolimus in long time periods
triggers the activation of PI3K pathway via insulin
receptor substrate, resulting in the secondary AKT
activation and cyclin D1 expression.7,8 AKT is also
critical in the transition of epithelial to the mesenchymal
profile (EMT), which is associated with an increased cell
motility and invasion through transcriptional activation
of EMT‐associated genes such as SNAI2, vimentin, and
Zeb1.9 AKT can directly phosphorylate (serine 552) and
stimulate the nuclear translocation of β‐catenin into the
nucleus to induce transcriptional activation of EMT
markers.10 In addition, active AKT can simultaneously
phosphorylate GSK‐3β (Ser9), which prevents the GSK‐3β
mediated degradation of β‐catenin and Snail. Increased
cellular availability of β‐catenin leads to the transcription
of cyclins and promotes cell cycle machinery. Cyclin D1
is the target gene of β‐catenin/LEF signaling and over-
expression of D‐type mammalian cyclins stabilizes β‐
catenin to stimulate cell cycle. Concomitantly, cyclin D1
upregulation and the loss of negative control over Cdk4/6
results in the excessive activation of cyclin D‐Cdk4/6
complex formation and enhance cell proliferation. It is
well known that EMT‐related Notch, Sonic Hedgehog,
and Wnt signaling pathways also effectively regulate
cyclin D1 as a downstream target. Because cyclin D1
overexpression leads to poor prognosis of pancreatic
cancer, targeted inhibition of cyclin D‐Cdk4/6 may
possess a significant therapeutic potential for pancreatic
cancer treatment.

For this purpose, targeting of cell cycle regulatory
proteins in the treatment of pancreatic cancer gains more
importance to remarkably reduce the cell proliferation
rate. Palbociclib (PD‐0332991), a potent CDK4/6 inhibi-
tor, has received US Food and Drug Administration
approval for the treatment of advanced postmenopausal
breast cancer in combination with letrozole.11 PD‐
0332991 is also a highly selective inhibitor for CDK2
and it can downregulate target genes of E2F transcription
factor due to the dephosphorylation of Rb.12 Thereby,
PD‐0332991 behaves as a potent inhibitor of cell
proliferation by inducing cell cycle arrest at G1. The
potential of PD‐0332991 in clinical utilization with
paclitaxel for the treatment of metastatic pancreatic
cancer is under investigation at phase I clinical trials.13

As recent studies highlight that the administration of
CDK4/6 inhibitor as a single agent is not sufficient to
reduce poor progression pancreatic cancer cells
(Shiau),14-16 the clarification of molecular targets of PD‐
0332991 in different pancreatic cancer cells possess
importance to design combinational therapeutic strate-
gies, In this study, we aim to investigate the effect of PD‐
0332991 on the cell proliferation and invasiveness of
pancreatic cancer cells via the regulation of the PI3K/
AKT pathway and EMT signaling.

2 | MATERIALS AND METHODS

2.1 | Cell lines and reagents

Both pancreatic cancer cells were obtained from American
Type Culture Collection (Rockville, MD). Cells were
incubated at 37°C and 5% CO2 incubator (Hera Cell 150i,
Thermo Lab Systems, Beverly, MA) and maintained in
Dulbecco's modified Eagle medium (DMEM; GIBCO‐Life
Technologies, Carlsbad, CA) medium supplemented with 1%
penicillin/streptomycin (GIBCO, Invitrogen Co, Carlsbad,
CA) and 10% fetal bovine serum (FBS; Pan Biotech GmbH,
Aidenbach, Germany). PD‐0332991 was purchased from
Selleck Chemicals, were dissolved in dimethyl sulfoxide. The
following antibodies; total Rb, p‐Rb (S780), CDK6, CDK4,
p21, c‐Myc, p‐CHK‐1 (S317), cyclin D3, β‐catenin, E‐
cadherin, N‐cadherin, vimentin, PI3K, AKT, P‐AKT (S473),
p‐GSK‐3β (Ser9) polyclonal anti‐rabbit/mouse antibodies and
β‐actin, Histon 3 were purchased from Cell Signaling
Technology (CST; Danvers, MA). Each antibody (dilution
ratio: 1:500‐1:1000) was prepared in superblock T20 (Thermo
Fisher Scientific) reagent (Beverly, MA). According to
manufacturer instructions, HRP‐conjugated secondary anti‐
rabbit or anti‐mouse antibodies from CST (dilution rate:
1:3000) were used for detection.
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2.2 | Cell viability, colony formation,
and cell survival assay

Cell viability response of pancreatic cancer cells to PD‐
0332991 (0‐12.5 µM) was determined for 24 hours using
3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bro-
mide cell viability assay as described previously.17 Cells
were treated with PD‐0332991 for 14 days, and colony
formation was analyzed with 0.1% of crystal violet
staining as described before.17 Cell survival assay was
performed to investigate the effect of PD‐0332991 (2 and
3 µM) on cell growth. A total of 25 × 103 cells per well
were seeded into 12‐well plates in the presence of PD‐
0332991 in the cells. Following incubation for 0 to
96 hours, cells were counted by using automatic cell
counter from NanoEnTek (Cambridge, UK) after staining
with trypan blue dye (0.4% w/v).

2.3 | Cell cycle and Western blot
analysis

Cells (seeding density 5 × 105 in each well/six‐well plate)
were treated with PD‐0332991 (2 and 3 µM) for 24 hours.
Cells fixed in 70% ethanol were treated with RNase A and
propidium iodide staining solution was analyzed by flow
cytometer using C6 software (BD Bioscience).

Cells were harvested with 1X phosphate buffered
saline (PBS) and were lysed on ice with a protein lysis
solution.17 For, nuclear‐cytoplasmic isolation was per-
formed following the NE‐PER Nuclear and Cytoplasmic
Extraction protocol (Thermo Fisher Scientific). Total
protein lysate (30‐50 μg) was separated on a 10%‐12%
sodium dodecyl sulfate‐polyacrylamide gel electrophor-
esis and then transferred onto polyvinylidene fluoride
membranes. Five percent nonfat milk was used to block
the membranes. After that membrane was incubated
with proper primary antibodies and secondary antibodies
for overnight at 4°C. Following the addition of lab‐made
enhanced chemiluminescence reagent,17 membranes
were examined with ChemiDoc MP (Bio‐Rad).

2.4 | Wound healing assay

Cells were seeded at a density of 6 × 105 cells/well in six‐
well plates until cells reached monolayer confluence.
After the treatment of cells with 2 and 3 µM concentra-
tion of PD‐0332991, a straight scratch on the cell
monolayers was created.18 Cells scratched to obtain a
wound layer. Detached‐cells were washed with 1X PBS
and cells were then supplemented with renewed medium
and observed for 0 hours. Cells were treated with
indicated drug concentrations and incubated at 37°C
until monitoring for 24 hours by using a light microscope

(Olympus, Japan) (×10). Images were taken and analyzed
using Olympus Micro DP Manager Image Analysis
program at different time points and presented by bar
graphics using the Graph Pad software (4.04 version).

2.5 | Immunofluorescence analysis

For immunofluorescence examination, cells were seeded to
the coverslip. After drug treatment for 20minutes, −20°C
cold methanol/acetone (1:1) was used as a fixative ., and 1X
PBS containing 3% bovine serum albumin (BSA) was used to
prevent unspecific binding. Cells were incubated for 1 hour
at 37°C with anti‐β‐catenin which is diluted in PBS+0.3%
BSA (1/1000). After that cell was incubated with a secondary
Alexa 488‐conjugated antibody (1/3000). Cells were visua-
lized by a fluorescence microscope (Olympus, Japan) (×40).
The same protocol was performed to visualize the E‐cadherin
and focal adhesion‐related proteins (vinculin, F‐actin).

2.6 | Soft agar assay

The base agar was prepared to create a mixture of 2X
DMEM medium (20% FBS and 2% penicillin/streptomy-
cin‐[GIBCO, Invitrogen Co]) and 0.5% agarose in 1X PBS
at 1:1 ratio. After the dispersal of the 1mL mixture into
each well of six‐well plates, 2.5 × 105 cells/mL in a 1:1
mix of 0.3% agarose and 2X DMEM medium was placed
on top of the base gel. After, 500 µL medium in the
presence or absence of drugs was placed into the wells for
14 days. At Day 14, colonies (>50 μm) were counted and
photographed under an inverted microscope at ×40
objective. Results were also analyzed by fluorescence
microscopy following DAPI staining (Olympus IX70,
Tokyo, Japan).

2.7 | Data analysis

Graph Pad software (4.04 version) was used to analyze
the statistical data were obtained from the averages of at
least three independent experimentations. Image J gel
Analysis program was used for the analysis of Western
blot results and values obtained in the graph were
normalized to β‐actin. Two‐way analysis of variance
Bonferroni's multiple comparisons test was used for
evaluation findings.

3 | RESULTS

3.1 | PD‐0332991 reduced cell viability
and cell proliferation

PD‐0332991 treatment was effective to reduce cell
viability and proliferation in a dose‐dependent manner
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in both pancreatic cancer cells. Increasing concentrations
of PD‐0332991 at 2 and 3 µM for 24 hours decreased cell
viability by approximately 25%‐40% in Panc‐1 and
MiaPaCa‐2 cells, respectively (Figure 1A). As 2 and
3 µM of PD‐0332991 showed moderate cytotoxicity and
cytostatic effects, these concentrations were selected for
the subsequent experiments for 24 hours treatments. The
effect of long‐term treatment was also determined for
evaluation if the response of the PD‐0332991 were
maintained over time by the colony formation assay.
Although the cell viability assay suggested that MiaPaCa‐
2 cells were more sensitive to the PD‐0332991 treatment
for 24 hours than Panc‐1 cells, PD‐0332991 treatment
induced a significant decrease in the colony numbers as
compared with control cells. In addition, Panc‐1 cells
were more sensitive to PD‐0332991 compared with
MiaPaCa‐2 cells (Figure 1B).

Cell survival assay using trypan blue was also
performed to understand the effect of PD‐0332991 on

cell growth and proliferation. Cell growth was inhibited
during 24 hours PD‐0332991 treatment for each concen-
tration. However, 3 µM PD‐0332991 showed a cytotoxic
effect in Panc‐1 cells, but not in MiaPaCa‐2 cells for
48 hours treatment. Knudsen et al15 previously indicated
that MiaPaCa‐2 cells were resistant to PD‐0332991
treatment due to its expression profile of Rb and cyclin
E. The effect of PD‐0332991 on cell growth inhibition was
reduced in 72 and 96 hours especially in MiaPaCa‐2 cells.
These results were correlated with the long‐term effect of
3 µM PD‐0332991 in MiaPaCa‐2 cells (Figure 1C,D).

3.2 | PD‐0332991 induced cell cycle
arrest

The cells were sensitive to PD‐0332991 with a significant
blockade in the G1 phase of the cell cycle (Figure 2A).
However, the different response of PD‐0332991 on cell

FIGURE 1 The effect of cell viability of PD‐0332991 on Panc‐1 and MiaPaCa‐2. Cells (1 × 104) were exposed to PD‐0332991 (0.5‐
12.5 µM) for 24 hours. After drug treatment, MTT cell viability assay proceeded. Columns presented the average ± SD of with three separate
experiments with at least four replicates. B, Long‐term responses to PD‐0332991 in both cell lines were assessed using crystal violet staining
after 10 days of treatment with media replenishment every 3 days. C, D, Cell survival assay for PD‐0332991‐treated Panc‐1 (C) and MiaPaCa‐
2 (D) cells. Cells were seeded at 5 × 104 cells/well and treated with PD‐0332991 (2 and 3 µM) for 24‐96 hours. The data shown exemplify the
mean ± SD from two experiments with three replicates. Data were assessed by two‐way ANOVA test. Asterisks show statistically significant
variances between control and 3 µM PD‐0332991 for 24 hours treatment (*P< .05), control and 3 µM PD‐0332991 for 48 hours treatment in
Panc‐1 (**P= .002), control vs 2 and 3 µM PD‐0332991 for 48 hours treatment in MiaPaCa‐2 cells (***P< .001). ANOVA, analysis of variance;
MTT, 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide
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FIGURE 2 Continued
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proliferation was determined via examination of the
various expression profile of cell cycle regulatory proteins
particularly Rb and CDK4/6 (Figure 2B). Panc‐1 and
MiaPaCa‐2 cells displayed a different response to PD‐
0332991 treatment as Panc‐1 cells showed higher
expression of Rb than MiaPaCa‐1 cells. Phosphorylation
of Rb has various effects on the cell cycle regulation
through the ability of interaction with its different
partner proteins. Phosphorylation of Rb at S780 causes
to lose its ability to bind to E2F.17 PD‐0332991 inhibited
phosphorylation of RB at S780 in Panc‐1 cells; however,
MiaPaCa‐2 cells did not display similar results. As
previously demonstrated in breast cancer cells that Rb
status is important to factor for the response of cells to
PD‐0332991.19 CDK6 were downregulated by 2 and 3 µM
PD‐0332991 in Panc‐1 cells. Although, 2 µM PD‐0332991
treatment upregulated CDK6 expression, 3 µM PD‐
0332991 treatment downregulated CDK6 expression in
MiaPaCa‐2 cells. Two‐micrometer PD‐0332991 treatment
upregulated CDK4 and cyclin D3 in each cell line.
Interestingly, 3 µM PD‐0332991 treatment significantly
reduced the CDK4 and cyclin D3 protein levels in each
cell line. p21 plays an important role in the regulation of
the 1CDK4/6‐cyclin D complex during cell division, such
as stabilizing the CDK4/6‐cyclin D complex or inhibiting
CDK4/6 activity. Three‐micrometer PD‐0332991 treat-
ment decreased the basal levels of p21 in Panc‐1 cells.
This decrease in p21 might also result in the accumula-
tion of cyclin D3 which is known as an early marker of
senescence.20 Another regulator of the cell cycle is c‐Myc
that contains E2F‐binding sites, was downregulated by
3 µM PD‐0332991 in each cell lines. However, 2 µM PD‐
0332991 treatment did not affect the expression of c‐Myc
in MiaPaCa‐2 cells, which consisted of the expression
levels of CDK4/6 and cyclin D.21 Chk1 is activated by
ataxia telangiectasia mutated and Rad 3‐related kinase at
S317 phosphorylation site to inhibit the CDKs and leads
to checkpoint arrest.22 Three‐micrometer PD‐0332991
treatment increased the Chk1 levels in MiaPaCa‐2 cells,
but there was no significant effect in Panc‐1 cells.
Activation of Chk1 might lead to the control of DNA
damage response and prevention of apoptotic process
which triggered by PD‐0332991 treatment.

3.3 | PD‐0332991 increased the epithelial
markers but could not prevent nuclear
translocation of β‐catenin
To investigate the role of PD‐0332991 on the regulation EMT
process, immunofluorescence and immunoblotting assays
were performed. EMT is a critical process and plays
important roles during tumor progression. To determine
the expression profile and localization of E‐cadherin, an
epithelial marker, immunofluorescence analysis was per-
formed. DAPI staining was performed to visualize the nuclei.
MiaPaCa‐2 cells had higher expression of E‐cadherin than
Panc‐1 cells after PD‐0332991 treatment (Figure 3A). In
agreement with the immunofluorescence data, PD‐0332991
treatment increased the expression of E‐cadherin in both cell
lines (Figure 3B). While downregulation of total β‐catenin
expression level was evident following PD‐0332991 treatment
in the Panc‐1 cell, an increase of β‐catenin expression levels
in MiaPaCa‐2 cells was detected in the Western blot
experiments. Interestingly, the protein levels of mesenchymal
marker N‐cadherin showed an increase in response to 2 µM
PD‐0332991, while a slight reduction was observed in
response to 3 µM PD‐0332991 treatment in Panc‐1 cells.
However, each concentration of PD‐0332991 exerted a
significant decrease of N‐cadherin in MiaPaCa‐2 cells.
Finally, EMT marker vimentin expression was not changed
upon PD‐0332991 treatment in Panc‐1 cells, but a dose‐
dependent downregulation was detected in its levels for
MiaPaCa‐2 cells (Figure 3B).

A high level of intracytoplasmic and/or nuclear expres-
sion of β‐catenin in cancer cells was associated with
metastasis.23 To investigate the localization of
β‐catenin, immunofluorescence analysis was performed
(Figure 3C). As shown in Figure 3C, β‐catenin protein
staining got weaker after PD‐0332991 treatment in each cell
line. However, β‐catenin staining was observed in nuclei
after 3 µM PD‐0332991 treatment in MiaPaCa‐2 cells.
Cytoplasmic and nuclear localization of c‐Myc and β‐catenin
levels are associated with poor prognosis and metastasis in
various cancer types.24 To analyze the effect of PD‐0332991
on pancreatic cancer cell metastasis, the expression levels of
β‐catenin and c‐Myc was determined in the nuclear and
cytoplasmic fractions of cells (Figure 3D). A significant

FIGURE 2 The effect of PD‐0332991 (PD) on the cell cycle in a dose‐dependent manner. A, A total of 5 × 105 cells were seeded to six‐
well plates, following indicated drug treatment for 24 hours cells were harvested with trypsin and washed three times with 1X PBS. Cells
were fixed with 70% ethanol for a week in +4°C. PI staining was performed and then cells were analyzed with flow cytometry. Control vs 2
and 3 µM PD‐033299 in Panc‐1 cells: G1: ****P< .0001, S: **P= .002; G2/M: ****P< .0001; control vs 2 and 3 µM PD‐033299 in MiaPaCa‐2
cells: G1, S, G2/M: ****P< .0001. B, The role of PD‐0332991 on the regulation of cell cycle‐related proteins. Total 30 µg of whole cell lysate
was loaded to 12% SDS‐PAGE gels and probed with listed antibodies. Expression profile of Rb, p‐Rb (S780), CDK6, CDK4, cyclin D3, p21,
c‐Myc, and p‐CHK‐1 (S317) were analyzed by immunoblotting following indicated PD‐0332991 treatments in cells. Expression levels of
proteins were analyzed. **P< .01; ***P= .002; ****P< .0001. β‐Actin was used as a loading control. PBS, phosphate buffered saline; PI,
propidium iodide; SDS‐PAGE, sodium dodecyl sulfate‐polyacrylamide gel electrophoresis
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FIGURE 3 The role of PD‐0332991 on the levels and localization of E‐cadherin and β‐catenin. Cells were grown on coverslips
and proceed for immunofluorescence procedure. A, E‐cadherin (green) antibodies were used at concentrations for 1/1000 dilution.
Nuclei were stained with DAPI (blue). B, Following PD‐0332991 treatment for 24 hours, total protein was isolated. Expression levels
of β‐catenin, E‐cadherin, N‐cadherin, and vimentin were analyzed. **P< .01; ***P< .005; ****P< .0002 β‐actin was used as a loading
control. C, β‐Catenin (green) antibodies were used at concentrations for 1/1000 dilution. Nuclei were stained with DAPI (blue). Scale
bar is 10 µM. D, Following PD‐0332991 treatment for 24 hours nuclear‐cytoplasmic protein isolation procedure was proceeded in
Panc‐1 and MiaPaCa‐2 cells. Expression levels of c‐Myc and β‐catenin were analyzed. β‐Actin was used as a cytoplasmic extraction
loading control. Histon 3 was used as a nuclear extraction loading control. *P< .05, **P< .01, ***P= .002
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decrease in the cytoplasmic/nuclear accumulation of c‐Myc
levels was detected. The cytoplasmic β‐catenin levels were
downregulated after 3 µM PD‐0332991 treatment in both
cell lines. Although the nuclear β‐catenin levels were
decreased in MiaPaCa‐2 cells, there was no change in that
of the Panc‐1 cells.

3.4 | The role of PD‐0332991 on actin
cytoskeleton/focal adhesion

As the actin cytoskeleton organization is the driving force
in the acquisition of mesenchymal migratory phenotype
in the EMT process, the dynamicity of actin cytoskeleton/
focal adhesion was investigated in PD‐033299‐treated

FIGURE 3 Continued
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pancreatic cancer cells (Figure 4A,B). F‐actin and
vinculin have been shown to play critical roles in the
adhesion of cells to the extracellular matrix (ECM) and
the formation of adhesions. Thus, we examined the
localization of F‐actin and vinculin after PD‐0332991
treatment (Figure 4A,B). Cell adhesion was triggered by
PD‐0332991 treatment through recruitment of vinculin
from the cytoplasm to the focal adhesion complex in
Panc‐1 cells. Especially 3 µM PD‐0332991‐treated Panc‐1
cells displayed strong F‐actin and vinculin staining at the
cell periphery at the cell adhesion sites.25 However, each
concentration of PD‐0332991 did not significantly induce
the recruitment of vinculin/F‐actin in MiaPaCa‐2 cells. In
addition, the concentration of vinculin‐F‐actin complex
was more abundant in control cells than treated‐
MiaPaCa‐2 cells.

The potential role of PD‐0332991 on wound healing
was also determined. In Figure 4C, wound healing assay
was performed following PD‐0332991 treatment for
24 hours. Cells were stained with DiOC6 to better
visualize the wound closure. Although 2 µM PD‐
0332991 halted cell migration of pancreatic cancer cells
into the wound area, the presence of 3 µM PD‐0332991
completely abrogated the wound bed closure capability of
Panc‐1 and MiaPaCa‐2 cells (Figure 4D).

3.5 | Effects of PD‐0332991 on the cell
survival‐signaling axis

We analyzed the role of PD‐0332991 on the cell survival‐
signaling axis by investigating the downstream targets of
the PI3K/AKT pathway (Figure 5A). PD‐0332991 treat-
ment significantly decreased the PI3K levels while little
change in the total AKT levels was detected in 3 µM PD‐
0332991‐treated cells. The level of active p‐AKT at Ser473
was only decreased in a dose‐dependent manner in
MiaPaCa‐2 cells after PD‐0332991 treatment. PD‐0332991
was potent to suppress the AKT phosphorylation in Panc‐
1 cells. Once activated at Ser473 residue, AKT phosphor-
ylates and inhibits GSK‐3β (Ser9), thereby stimulating
glycogen synthesis under rich nutrient conditions.26

p‐GSK‐3β (Ser9) protein levels in response to PD‐
0332991 was increased in Panc‐1 cells. Conversely, PD‐
0332991 significantly decreased the phosphorylation of
GSK‐3β at Ser9 in MiaPaCa‐2 cells. As previous reports
indicated that AKT dependent phosphorylation of GSK‐
3β led to the translocation of β‐catenin to nucleus
triggering EMT process, soft agar assay was performed
(Figure 5B) to investigate whether PD‐0332991 had an
effect on the anchorage‐independent cell proliferation.
PD‐0332991 treatment at both concentrations induced a
significant decrease in the colony formation ability of
cells. Evaluation of colony numbers by inverted

microscopy demonstrated an important reduction in the
colony cell number for both pancreatic cancer lines.

4 | DISCUSSION

In the current study, we demonstrated that targeting CDK4/6
is remarkable therapeutic strategy due to its ability on the
decreasing cell viability through regulation of cell survival
and metastasis‐related signaling axis in Panc‐1 andMiaPaCa‐
2 cells. Although each selected concentration of PD‐0332991
induced cell cycle arrest at the G1 phase and decreased cell
viability effectively, the Rb expression profile showed an
important regulatory role to evaluate the sensitivity of cells
against PD‐0332991 treatment. This finding was similar to
previous understanding of pancreatic cancer therapy models.
Recent studies indicated that pancreatic cancer cells, which
exerted higher Rb expression levels, were more sensitive to
PD‐0332991, but the cells with low expression of Rb were
resistant to PD‐0332991. In our study, we confirmed this data
by cell viability assay. The cell viability ratio was more
reduced in MiaPaCa‐2 compared with Panc‐1 cells following
PD‐0332991 treatment for 24 hours. However, the long‐term
effect of PD‐0332991 showed that Panc‐1 cells were more
sensitive than MiaPaCa‐2 cells. In addition, biological
evidence from immunoblotting results confirmed that PD‐
0332991 decreased the Rb expression levels, which was
higher in Panc‐1 cells than MiaPaCa‐2 cells. In addition,
phosphorylation of Rb, which is significantly higher in Panc‐
1 cells than MiaPaCa‐2 was decreased by PD‐0332991
treatment. In contrary to various tumor models, pancreatic
cancer models have a disparate response to PD‐0332991 due
to increased expression of cyclin D1.27 PD‐0332991 was
reported to induce cell cycle arrest at the G1 phase, which led
to cyclin D1 accumulation.15 Another study in breast cancer
cells with various expression profile for Rb showed that PD‐
0332991‐treated breast cancer cells with high Rb expression
showed an increased ratio in cell cycle arrest and resulted
with a delay of cell metastasis.19 PD‐0332991 suppressed of
E2F target genes in breast cancer cells, but pancreatic cancer
showed different response through cell cycle regulatory
process. c‐Myc is one of the targets of E2F, which is crucial
on the G1/S transition, and accumulation of c‐Myc is
observed in arrested‐cell at G1 phase.28 In our study, we
observed that c‐Myc was highly expressed in Panc‐1 and
MiaPaCa‐2 cells. According to previous studies, downregula-
tion of c‐Myc is an important therapeutic strategy due to its
ability on the regulation of cell survival‐signaling axis. The
data here showed that PD‐0332991 downregulated the
expression level of c‐Myc. However, PD‐0332991‐treated
MiaPaCa‐2 cells remained c‐Myc expression, which showed
correspondence with a high number of colonies even after
treatment. It was well clarified that transcriptional activation
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FIGURE 4 The role of PD‐0332991 on the EMT process. A, Panc‐1 and B, MiaPaCa‐2 cells were grown on coverslips and proceed
for immunofluorescence procedure for F‐actin (red) and vinculin (green) antibodies were used at concentrations for 1/500 dilution.
Nuclei were stained with DAPI (blue). Scale bar is 10 µM. C, Wound healing assay was performed to evaluate the migration of Panc‐1
and MiaPaCa‐2 cells after 2 and 3 µM PD‐0332991 treatment. A total of 6 × 105 cells/well were seeded. At this density, cells reached at
monolayer confluency after 24 hours. A straight scratch was created with a sterile pipette tip. Then, cells exposed to PD‐0332991.
Wound closure was imaged by fluorescence microscopy after DiOC6 staining (×20). D, Wound closure was determined by the
graphic. EMT, epithelial‐mesenchymal transition. ****P< .0001
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of c‐Myc promoted cell proliferation and anchorage‐inde-
pendent colony growth in pancreatic cancer cells.29 There-
fore, suppression of c‐Myc might also indirectly down-
regulate the E2F‐targeted genes and Rb in PD‐0332991‐
treated Panc‐1 and MiaPaCa‐2 cells.

Cell cycle regulatory genes are related to the
expression of various genes, which are included in
metastasis.30 Therefore, targeting the cell cycle reg-
ulatory genes might increase the efficacy of pancreatic
cancer therapy. Cancer cells exhibit to mesenchymal
characteristics before invasion.31 The earlier clinical
study in pancreatic cancer patients with CDKN2A loss
and mutation concluded that the monotherapy of PD‐
0332991 did not have clinical activity.32 In our study,
the Panc‐1 and MiaPaCa‐2 cells which have homo-
zygote deletion in CDKN2A were used to understand
the underline mechanism of the PD‐0332991 on the
regulation of cell proliferation and metastasis. The
effect of PD‐0332991 on EMT signaling should be

clearly investigated because of the aberrant activity of
cell cycle regulatory genes such as cyclin D and cyclin
E, regulated by the EMT‐related transcription factors.
In light of the investigation, new therapeutic strate-
gies might be developed through the cell survival
related signaling axis in PD‐0332991‐treated Panc‐1
and MiaPaCa‐2 cells. A phase I clinical trial for small
molecule antagonist which has an inhibitory effect on
the interaction between β‐catenin and its transcrip-
tional coactivator CREB‐binding protein suggested
that targeting Wnt signaling by modulating β‐catenin
have a promising therapeutic strategy in pancreatic
cancer patients.33 Therefore, investigation of epithe-
lial to mesenchymal transition‐related genes is neces-
sary to understand the effect of PD‐0332991 on
pancreatic cancer cells. Our results revealed that
3 µM PD‐0332991 increased E‐cadherin expression
and downregulated N‐cadherin, EMT‐associated pro-
tein. Vimentin expression levels were downregulated

FIGURE 4 Continued
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by PD‐0332991 treatment in MiaPaCa‐2 cells, but PD‐
0332991 exerted no significant effect in Panc‐1 cells,
which has lower expression profile. The increasing
rate of E‐cadherin expression is significant to prevent
cell proliferation and metastasis due to an increase in
apoptosis. This process is provided upregulation of
cell adhesion by binding of E‐cadherin to β‐catenin in
MiaPaCa‐2 pancreatic cancer cells.34 A contrary study
showed that PD‐0332991 enhanced cell invasion
through activating transforming growth factor‐beta
(TGF‐β) signaling and Smad transcriptional activity in
COLO‐357 and Panc‐1 cells, but not in TGF‐β–resis-
tant AsPC‐1 cells.35 Therefore, TGF‐β and Smad
activity is should be considered during anti‐CDK4/6
therapy in pancreatic cancer cells. β‐Catenin is
aberrantly activated in various cancer types such as
breast, pancreatic cancers.36,37 In a clinical study,
patients with pancreatic tumors showed that in-
creased‐β‐catenin protein levels, cytoplasmic and
nuclear localization.37 In our study, immunofluores-
cence analysis determined that PD‐0332991 decreased
β‐catenin levels in Panc‐1 cells in the cytoplasm as
well as nuclear localization in Panc‐1 cells. However,
nuclear protein levels of β‐catenin did not effect by
PD‐0332991 treatment in Panc‐1 cells. In addition,
PD‐0332991 treatment did not prevent the nuclear
localization of β‐catenin in MiaPaCa‐2 cell confirmed
by immunofluorescence assay. It has been reported
that E‐cadherin‐β‐catenin association, which provide
cell contact, could be disrupted during tumor progres-
sion. Therefore, dissociation of both E‐cadherin and β‐
catenin resulted in an increase of their protein levels
in tumors.38 Inhibition of β‐catenin signaling sup-
pressed the pancreatic tumor growth through dis-
sociation of nuclear β‐catenin/TCF‐1 complex. Dis-
ruption of the nuclear β‐catenin complex led to a
decrease in β‐catenin‐targeted proteins such as c‐Myc
and cyclin D1.39 Our results revealed that PD‐0332991
treatment decreased cytoplasmic c‐Myc levels, was
associated with the inhibition of cell proliferation in
pancreatic cell lines. The actin cytoskeletons, α‐
actinin, vinculin directly related with the cytoplasmic
region of E‐cadherin regulates cell‐cell adhesion via

stabilizing the cadherin‐catenin complex.40 In addi-
tion, E‐cadherin composes a complex with the death
receptors DR4 and DR5 that induces the apoptotic
signals. Another study showed that binding of actin to
vinculin regulates vinculin activation and is included
in stiffness of ECM and cell migration.41 In the
current study, we observed that PD‐0332991 treatment
increased the F‐actin and vinculin levels. However,
the colocalization of vinculin and F‐actin was more
prominent in the edge of Panc‐1 cells than MiaPaCa‐2
cells after PD‐0332991 treatment. Because, focal
adhesions are the pivotal points for the connection
of the cytoskeleton with the ECM, the regulation of its
components is important for maintaining the meta-
static profile of cancer cells.42 Wound healing assay
also confirmed the effect of PD‐0332991 on EMT in
our experimental cell models. EMT is regulated by
various signaling pathways such as Wnt, PI3K/AKT
signaling axis. PI3K/AKT signaling is a downstream
target of K‐Ras, which is the most frequently mutated
gene in pancreatic cancer cells. Targeting the K‐Ras
unfortunately is not sufficient for the therapy of
pancreatic cancer. Therefore, PI3K/AKT signaling has
been focused as a key therapeutic target to stop
increasing cell proliferation and then, triggered
apoptosis. Our results, which were consisted of the
previous studies, claimed that Panc‐1 cells expressed
the PI3K/AKT signaling‐related proteins higher than
MiaPaCa‐2 cells.43,44 Panc‐1 cells were resistant and
MiaPaCa‐2 cells were sensitive to PI3K‐targeted
therapy. PD‐0332991 treatment decreased the PI3K
levels in each cell lines. Although total AKT levels
were not affected by PD‐0332991 treatment, p‐AKT at
Ser473 was decreased by PD‐0332991 treatment in
both cell lines. PD‐0332991 more efficiently inhibited
AKT signaling in MiaPaCa‐2 cells than Panc‐1 cells.
Studies in pancreatic tumors revealed that novel
therapies might be overcome the challenges of
pancreatic cancer at the molecular level through
combining therapy by targeting both PI3K and
mitogen‐activated protein kinase pathways. However,
the various mutations in pancreatic cancer cells and
late diagnosis of disease are the major obstacles in the

FIGURE 5 PD‐0332991 mediated anti‐survival mechanism and limit EMT progression in a cell type‐dependent manner. A, Total 30 µg
of whole cell lysate was loaded to 12% SDS‐PAGE gels and probed with listed antibodies. A, Expression profile of PI3K, AKT, p‐AKT
(Ser473), and p‐GSK‐3β (Ser9) were determined by immunoblotting following indicated PD‐0332991 treatments. β‐Actin was used as a
loading control. *P< .05; **P< .01; ***P< .005; ****P< .0001. B, A representative colony in soft agar was formed by cells only, or by
coculturing with 2 and 3 µM PD‐0332991 14 days, DAPI stained‐cells were visualized by fluorescence microscopy. The size bar shows
equivalent magnification in both images (×10). At Day 14, colonies larger than 50 μm were counted under an inverted microscope and
photographed (×40). The graphic was represented the colony numbers larger than 50 μm in each cell line. SDS‐PAGE, sodium dodecyl
sulfate‐polyacrylamide gel electrophoresis
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efficacy of inhibitors. GSK‐3 is also a key component
in AKT and β‐catenin pathways, which is observed in
different expression levels in pancreatic cancer cells.45

In a study in Panc‐1 and BxPC3 pancreatic cancer
cells supported that GSK‐3β regulated the radiation‐
triggered inhibition of cell viability and proliferation
through β‐catenin dependent mechanism. Xenografts
of each Panc‐1 and BxPC3 showed silencing of GSK‐3β
displayed resistance. However, silencing of β‐catenin
resulted in sensitization to cell death.46 In the current
study, we observed that MiaPaCa‐2 cells expressed
higher GSK‐3 than Panc‐1 cells. Therefore, PD‐
0332991 exerted the opposite effect on GSK‐3 phos-
phorylation. Phosphorylation of GSK‐3β at Ser9 leads
to the inactivation of GSK‐3, which is resulted with
the stabilization and induction of β‐catenin activity.47

In our results, an increase in p‐GSK‐3β appeared to be
compensatory in the mechanism because of the
expression levels of β‐catenin in Panc‐1 cells. PD‐
0332991 had a synergistic effect with an inhibitor of
hypoxia to induce cell death through increasing of
GSK‐3 in the colorectal cancer cell.48 We observed
that PD‐0332991 effectively halted the anchorage‐
independent growth of cells. Thus, PD‐0332991 can
also be successful therapy option in the treatment of
lung, breast and ovarian cancer stem cell population
via prevention the spheroid formation.49 Anchorage‐
independence associates intensely with invasiveness
and tumorigenicity in several cells types.50

In conclusion, PD‐0332991 decreased cell viability and
induced cell cycle arrest at G1 phase in Panc‐1 andMiaPaCa‐
2 cells. Panc‐1 cells, which have higher Rb expression, were
sensitive to PD‐0332991, but the MiaPaCa‐2 cells with low
expression of Rb were resistant to PD‐0332991. We observed
that each pancreatic cancer cell lines had increased survival
and metastasis capacity due to various expressions of PI3K/
AKT and β‐catenin. Especially attenuated the nuclear
localization of β‐catenin could be at least one of the
mechanism that prevents the EMT‐related gene expression
in pancreatic cancer cells. Although PD‐0332991 treatment
efficiently reduced spheroid formations of cells, the ther-
apeutic efficacy of PD‐0332991 might be increased via
inhibition of β‐catenin.
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