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Notch signaling via regulation of RB and p-AKT but
not PIK3CG contributes to MIA PaCa-2 cell growth
and migration to affect pancreatic carcinogenesis
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Abstract. Pancreatic cancer is one of the leading causes
of cancer-associated mortality. The understanding of the
expression pattern of key protein factors and their function
in pancreatic cancer cells is therefore vital for the diagnosis
and treatment of this malignancy. The results of the present
study reveal that the levels of neurogenic locus notch homolog
protein 2 (Notch2) and phosphorylated (p)-SMAD family
member 2 decreased, whereas the expression of Notch3
and phosphoinositide-3 kinase catalytic subunit-y protein
increased in human pancreatic cancer tissues compared
with tumor-adjacent tissues. Using the human pancreatic
cancer MIA PaCa-2 cell line, it was observed that retino-
blastoma-associated protein (RB) and p-RB expression were
inhibited and p-AKT was upregulated when Notch signaling
was activated in MIA PaCa-2 cells. Furthermore, inhibition
of phosphoinositide-3 kinase catalytic subunit-y (PIK3CG)
activity by AS-605240 was able to block the growth and
migration of MIA PaCa-2 cells. In conclusion, the results of
the present study demonstrate that the Notch signal pathway
may be involved in pancreatic carcinogenesis by modulating
RB and p-AKT. PIK3CG may therefore be a potential target
gene for the treatment of pancreatic cancer.

Introduction

Pancreatic cancer is the fourth-leading cause of
cancer-associated mortality, with an overall 5-year survival
rate less than 5% (1). There are ~40,000 Americans annu-
ally that are diagnosed with pancreatic cancer, and there is
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around an equivalent number of patients that succumb to the
disease (2). Pancreatic cancer prognosis is so poor because
the majority of patients have locally advanced or distant
metastatic disease at the time of presentation (3). Although
patient outcomes have been improved by curative resec-
tion, chemotherapy and biological therapies, the majority
of patients succumb to disease within 5 years owing to the
early recurrence and metastasis of the disease (4). Therefore,
a further understanding the molecular mechanisms involved
in pancreatic cancer is required for improved diagnosis and
treatment of the disease.

Previous research demonstrated that multiple signaling
pathways are implicated in the pathogenesis of pancreatic
cancer, including the neurogenic locus notch homolog protein
(Notch), hedgehog, Wnt/B-catenin and transforming growth
factor-p (TGF-f) (5-7). The Notch receptor family includes
Notchl-4, which control pancreatic differentiation during
development and also participates in the initiation and progres-
sion of pancreatic cancer (8). A previous study indicates that
Notchl functions as a tumor suppressor in a model of GTPase
KRas (K-RAS)-induced pancreatic ductal adenocarcinoma
(PDAC) (9). Notch? is required for the progression of pancre-
atic intraepithelial neoplasia and development of PDAC (10).
Notch3 may be a prognostic biomarker in PDAC. Moreover,
several Notch receptors modify proteins; for example, lunatic
fringe (LFNG), which is a potential tumor suppressor that
regulates the activity of different Notch receptors and can
also serve important roles in pancreatic adenocarcinoma (3).
However, the function and expression pattern of these Notch
receptors in pancreatic cancer remain poorly understood.

Dysregulation of the phosphoinositide-3 kinase
(PI3K)/AKT pathway is implicated in a number of human
diseases, including cancer, diabetes, cardiovascular disease
and neurological diseases (11). Activation is often mediated
by mutations occurring in the PIK3CA gene, which encodes
the p110a catalytic subunit of PI3Ka, a heterodimeric class IA
PI3K that is one of the most frequently mutated genes (16%) in
colorectal cancer (12). Certain reports demonstrate that phos-
phoinositide-3 kinase catalytic subunit-y (PIK3CG) can also
have important roles in sarcomagenesis (13-15). A previous
study suggested that PIK3CG can be regulated by Notch
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signal transduction and is tightly associated with stemness and
migration of claudin-low breast cancer cells (16). According
to these results, the level of PIK3CG expression seems to
be tightly associated with the metastasis and malignancy of
different tumors. Therefore, it is critical to investigate whether
aberrant expression of PIK3CG is associated with the initia-
tion of pancreatic cancer and its metastasis, advanced-stage
diagnosis and resistance to the majority of therapies (3).

The retinoblastoma gene (RB), a tumor suppressor gene,
is dysfunctional in several types of cancer (17). One function
of RB is to prevent cell proliferation by inhibiting cell cycle
progression and recent studies have revealed a substantial role
for RB and its downstream effectors, particularly the E2F
family of transcription factors, in regulating various aspects of
tumor progression, angiogenesis and metastasis (18). In pancre-
atic cancer, dysfunction of RB1 enables TGF-f3 to promote
cancer cell proliferation, and pancreatic carcinogenesis can be
accelerated by the deletion of RB (19,20). A previous study
reported that Notchl exhibits oncogene-like characteristics by
inducing dephosphorylation of Rb in esophageal squamous
carcinoma cells (21). However, the mechanism of the crosstalk
between Notch, TGF-f3 and RB requires further clarification.

In the present study, clinical pancreatic cancer sections
and the human pancreatic cancer MIA PaCa-2 cell line were
examined to assess the expression pattern of the Notch recep-
tors, P-Smad2, RB and PIK3CG and the crosstalk between
these proteins in pancreatic cancer cells to understand further
the mechanisms involved in pancreatic carcinogenesis.

Materials and methods

Tissue samples. A total of 20 patients (male, 16; female, 4)
with pancreatic cancer were included in this study. The median
patient age was 56 years (range, 23-79 years). All tumor
samples were obtained in December 2015 from the Department
of Pathology, The Second Xiangya Hospital of Central South
University (Changsha, China). Tumor samples were obtained
during surgery and in routine diagnostic biopsies. The samples
were fixed in 10% formalin for 24 h at room temperature and
paraffin-embedded. All research biopsies were evaluated by
pathologists specialized in pancreatic cancer diagnostics and
ensured adequate quantity of tumor tissues were used for
analysis. Adjacent tissue samples were located within 1 cm
of the tumor margin and were confirmed to be noncancerous
by pathological examination. Ethical approval for the present
study was provided by the Ethics Committee at The Second
Xiangya Hospital of Central South University (Hunan, China).

Cell culture. The pancreatic cancer MIA PaCa-2 cell line was
purchased from American Type Culture Collection (ATCC;
Manassas, VA, USA). The siRNA-Lfng and Notch3 intracellular
domain (N3IC)-overexpressing MIA PaCa-2 cell models were
established as previously described (3). The cells were cultured
according to ATCC protocols in Dulbecco's modified Eagle's
medium (DMEM) (Corning Incorporated, Corning, NY, USA)
supplemented with 10% fetal bovine serum (Atlanta Biologicals,
Inc., Flowery Branch, GA, USA) at 37°C with 100 U/ml peni-
cillin and 100 pg/ml streptomycin maintained in a humidified
environment containing 5% CO,. For cell counting, MIA
PaCa-2 cells were respectively treated with 100, 50, 25, 12, 6, 3,
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1.5,0.8,0.4,0.2 and 0.1 xM PI3K inhibitor AS-605240 (catalog
no. S1410; Selleck Chemicals, Houston, TX, USA) at 37°C for
72 h. For wound healing assays, MIA PaCa-2 cells were treated
with AS-605240 at a final concentration of 5 M for 48 h.

Cell counting. For cell counting, MIA PaCa-2 cells were
incubated in 10% cell counting kit-8 solution (catalog
no. 40203ES60; Shanghai Yeasen Biotechnology Co., Ltd,
Shanghai, China) diluted in DMEM at 37°C for 3 h. The
absorbance of each well was measured with a microplate
reader, set at an absorbance wavelength of 450 nm. All experi-
ments were performed in triplicate. The cell growth curve was
performing using GraphPad Prism 6.0 software (GraphPad
Software, Inc., La Jolla, CA, USA). Data are represented as
the mean =+ standard error of three independent experiments.

Immunohistochemistry (IHC). Formalin-fixed paraffin-
embedded pancreatic tissues were processed for histology and
IHC as described previously (22,23). For each sample, two
adjacent tissue sections (5-pm thickness) were mounted on
one glass slide. Then, the tissue sections were deparaffinized
and rehydrated using xylene and a graded ethanol series.
Sections were then heated at 100°C in a 10 mM citrate buffer
solution (pH 6.0) for 30 min for antigen retrieval. Endogenous
peroxidase activity was quenched by immersing the sections
in 3% H,O, for 10 min. Next, the staining was performed
using the ImmunoCruz™ ABC Staining system (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) according to the
manufacturer's protocol. The specimens for 1 h in 5% normal
blocking serum in PBS at room temperature. Following removal
of blocking reagent from the slides, the samples were incu-
bated with primary antibodies for overnight at 4°C. Following
washing three times with PBS for 5 mins each, incubation for
30 min at room temperature with biotin-conjugated secondary
antibody at approximately 1 yg/ml was performed. Then the
samples were washed three times with PBS for 5 min each.
Incubation for 30 mins at room temperature with the ABC
reagent was performed, followed by washing three times with
PBS for 5 min each. Subsequently, incubation in peroxidase
substrate and chromogen mixture until the desired stain inten-
sity developed was performed. Then sections were washed in
deionized H,O. When appropriate, dehydration with alcohols
and xylenes was performed as follows: Soak in 90% ethanol
twice for 3 mins each, 100% ethanol twice for 3 min each, then
xylene three times for 10 sec each and excess xylene was wiped
off. Immediately 1-2 drops of permanent mounting medium
was added, covered with a glass coverslip and observed by light
microscopy. A brown color was indicative of a positive result.
Primary antibodies used for immunostaining were as follows:
Notchl (catalog no. bTAN 20; 1:200;, Developmental Studies
Hybridoma Bank (DSHB), University of Iowa, IA, USA),
Notch2 (catalog no. C651.6DbHN; DSHB; 1:200), Notch3
(catalog no. 55114-1-AP; ProteinTech Group, Inc., Chicago,
IL, USA; 1:100), PI3K p110y (catalog no. 5405; Cell Signaling
Technology, Inc., Danvers, MA, USA; 1:100), p-Smad2 (catalog
no. 3101; Cell Signaling Technology, Inc; 1:100). Cytoplasmic
and nuclear staining was considered positive if >10% cells
were positively stained. Surrounding fibrous and inflammatory
tissue was not scored. The slides were graded independently by
two observers blinded to the clinical data.
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Figure 1. Notch receptor expression patterns in human pancreatic cancer and tumor-adjacent tissues. (A) IHC staining for Notchl in human pancreatic cancer
and tumor-adjacent tissues. Arrows point to cells showing staining result of Notchl. (B) IHC staining expression for Notch2 expression in human pancreatic
cancer tissues and tumor-adjacent tissues. Arrows point to cells showing staining result of Notch2. (C) IHC staining showing expression of Notch3 in human
pancreatic cancer tissue and tumor-adjacent tissues. Arrows point to cells showing staining result of Notch3. Scale bars, 50 zm. Notch, neurogenic locus notch

homolog protein. IHC, immunohistochemistry.

Western blotting. For western blotting, the MIA PaCa-2
cells were lysed in radioimmunoprecipitation buffer (Boston
BioProducts Inc., Ashland, MA, USA) with protease inhibitor
cocktail (Roche Applied Science, Penzberg, Germany).
Protein concentrations were determined using the BCA
protein assay kit (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Samples of cell lysate supernatant (50 g protein)
were resolved by 8% SDS-PAGE and electrotransferred to
nitrocellulose membranes. The membranes were blocked in
TBST buffer with 5% w/v non-fat dry milk at room tempera-
ture for 1 h and then probed at 4°C overnight with indicated
antibodies with the following dilutions: Akt (catalog no. 4691;
Cell Signaling), phospho-Akt (Ser473) (catalog no. 4060; Cell
Signaling), phospho-RB (catalog no. 8516; Cell Signaling),
RB (catalog no. 9309; Cell Signaling), PI3K p110y (catalog
no. 5405; Cell Signaling) and f3-actin (catalog no. sc-81178;
Santa Cruz Biotechnology, Inc.), all at 1:1,000 dilution. The
secondary goat anti-rabbit [gG-HRP (catalog no. sc-2004)
and goat anti-mouse IgG-HRP (catalog no. sc-2005) (both
Santa Cruz Biotechnology, Inc.) were used at a 1:4,000 dilu-
tion at room temperature for 2 h. Detection was performed
using ECL Western Blotting Detection reagents (catalog
no. PI32106; Pierce; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). All antibodies were used in accordance with the
manufacturer's instructions.

Wound-healing experiment. Collective cell migration was
measured using wound-healing assay. The cells were seeded
in a 6-well plate at a density of 5x10° cells per well. After
incubation at 37°C for 12 h, a portion of the monolayer was
scratched with a 1,000 ul pipette tip, and examined for
resealing of the ‘wounded’ monolayer after 48 h using a light
microscope.

Statistical analysis. Data from all experiments are presented
as the mean + standard deviation of at least three indepen-
dent experiments performed in duplicate for each construct.
Statistical analysis was performed using the two-tailed
Student's t-test. The software used for statistical analysis
was GraphPad Prism 6.0 software (GraphPad Software, Inc.,
La Jolla, CA, USA). P<0.001 was considered to indicate a
statistically significant difference.

Results

Changes in Notch receptor expression in in pancreatic cancer
tissues compared with tumor-adjacent tissues. The expres-
sion levels of all Notch receptors has been previously found
to be upregulated in the Kras™“-¢!??*;Pdx1-Cre pancreatic
mouse model (3). However, the present study observed that
the expression pattern of Notch receptors in human pancre-
atic tissue samples is different from the expression pattern in
mouse tumor tissues (Fig. 1). Using IHC analysis of samples
from 20 patients, Notchl staining was found to be positive in
4/20 (20%) pancreatic cancer tissues, whereas the adjacent
tissues were all negative for staining (Fig. 1A). Staining for
Notch3 was positive in 19/20 pancreatic cancer tissues (95%)
and negative in all adjacent tissues (Fig. 1C). However, Notch2
staining results were negative in 11/20 (55%) pancreatic cancer
tissues, but positive in all adjacent tissues (Fig. 1B). Therefore,
the Notch?2 receptor may serve a different role to Notchl and
Notch3 in human pancreatic cancer.

PIK3CG and TGF-§3 signal play important roles in pancre-
atic carcinogenesis. Notch signaling antagonizes TGF-3
signaling in the mouse pancreas and in PDAC cells through
downregulation of Tgfb and Tgfbr gene expression (3). The
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Figure 2. PIK3CG and p-Smad?2 expression patterns in human pancreatic cancer and tumor-adjacent tissues. (A) IHC staining for p-Smad?2 expression in human
pancreatic cancer and tumor-adjacent tissues. Arrows point to cells showing staining result of p-Smad2. (B) IHC staining for PIK3CG expression in human
pancreatic cancer tissues and tumor-adjacent tissues. Arrows point to cells showing staining result of PIK3CG. Scale bars, 50 zm. PIK3CG, phosphoinositide-3
kinase catalytic subunit-y; Smad2, SMAD family member 2. IHC, immunohistochemistry.

[HC results of the present study revealed that nuclear staining
of p-smad2 was weaker or the p-smad2 expression decreased
in pancreatic cancer tissues compared with the adjacent tissues
in 17/20 (85%) patients (Fig. 2A), which was consistent with
results in mice found in a previous study (3). Staining for
PIK3CG was found to be stronger in pancreatic cancer tissue
compared with adjacent tissues in 14/20 (70%) patients. To the
best of our knowledge, the results of the present study revealed
that PIK3CG expression is upregulated in human pancreatic
cancer for the first time (Fig. 2B) and that PIK3CG may serve
an important role in human pancreatic cancer.

Notch signaling pathway modulates RB and p-AKT expres-
sion in pancreatic cancer cells. In pancreatic cancer, RB1
dysfunction enabled TGF-f signaling, which was modulated
by Notch signaling to promote cancer cell proliferation (19).
The present authors previously found that PIK3CG gene
expression was modulated by Notch signaling in claudin-low
breast cancer (16). Using the siRNA-Lfng MIA PaCa-2 cell
model, where Notch signaling is activated (3), it was observed
by western blotting that the protein expression level of p-RB
and pan-RB was downregulated compared with the control,
the PIK3CG expression level remained the same and p-AKT
expression was upregulated (Fig. 3A and B). These results
indicated that RB1 and p-AKT, but not PIK3CG, were the
downstream targets of the Notch signaling pathway in the
siRNA-Lfng MIA PaCa-2 cell model, suggesting that P-AKT
may be regulated by Notch signaling through pathways other
than PIK3CG/AKT. Western blot analysis was also performed
to assess the level of RB expression, using another MIA
PaCa-2 cell model in which Notch3IC was over-expressed.
The results confirmed that RB expression was inhibited when
Notch signaling was activated in MIA PaCa-2 cells (Fig. 3C).

Inhibition of PIK3CG blocks the growth and migration of
MIA PaCa-2 cells. PIK3CG has been tightly associated with
claudin-low breast cancer migration and the potential targets
of multiple types of cancer, including sarcoma and gastric
cancer (24). The results of the present study demonstrated that
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Figure 3. RB and p-AKT but not PIK3CG expression can be regulated by
Notch signaling in pancreatic cancer. (A) Western blot analysis of pan-RB,
p-RB and PIK3CG in shLFNG-MIA PaCa-2 and control cells. f-actin
was included as loading control. (B) Western blot analysis of p-AKT and
pan-AKT in shLFNG-MIA PaCa-2 and control cells. B-actin was included
as loading control. (C) Western blot analysis of Notch3, RB and p-RB in
MIA PaCa-2 cells overexpressing Notch3IC. B-actin was included as loading
control. RB, retinoblastoma-associated protein; p-AKT, phosphorylated
RAC-a serine/threonine-protein kinase; PIK3CG, phosphoinositide-3
kinase catalytic subunit-y; Notch, neurogenic locus notch homolog protein;
shLFNG, short hairpin RNA targeted at lunatic fringe; P-, phosphorylated.

PIK3CG was a key gene involved in the growth and migration
of pancreatic cancer cells. The growth of MIA PaCa-2 cells was
markedly reduced upon treatment with the PIK3CG-specific
inhibitor AS-605240 (Fig. 4A). The migration of MIA PaCa-2
cells was significantly blocked when the cells were incubated
with 5 uM AS-605240 for 48 h, as assessed using wound
healing experiments (Fig. 4B and C).

Discussion

Recently, increasing evidence has demonstrated that the
Notch signaling pathway has important roles in the initiation,
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Figure 4. MIA PaCa-2 cell growth and migration were blocked by treatment with phosphoinositide-3 kinase catalytic subunit-y inhibitor AS-605240. (A) MIA
PaCa-2 cells were treated with different concentration of AS-605240 for three days. Data are shown as the mean + standard deviation derived from triplicate
experiments using Cell Counting Kit-8 assay. (B) Wound healing assays using DMSO vehicle or 5 uM AS-605240. Resealing of the ‘wounded’ monolayer was
examined after 48 h. (C) Representative images (magnification, x100) of wound-healing assays in MIA PaCa-2 cells treated with vehicle (DMSO) or 5 uM
AS-605240 for two days. ""P<0.001. OD, optical density; DMSO, dimethyl sulfoxide.

progression and metastasis of a variety of human malignancies,
including pancreatic cancer (25,26). However, the mechanism
by which this happens remains poorly understood. The present
study focused on the current understanding of the molecular
pathogenesis of pancreatic cancer, particularly on the Notch
signaling pathway and its novel molecular targets, including
RB and PIK3CG. The current study may aid the prevention
and treatment of pancreatic cancer.

Pancreatic cancer is a malignant cancer that frequently
metastasizes prior to diagnosis, meaning there is a pressing
requirement to understand the mechanism by which it initiates
and progresses. Data from a previous study demonstrated that
deletion of Lfng in the Kras™S"-6"?P*;Pdx1-Cre mouse model
caused increased activation of Notch3 throughout the initia-
tion and progression of PDAC (3). In the present study, the
expression pattern of Notchl-3 receptors was first assessed
using human clinical samples to confirm the function of the
Notch signaling pathway in pancreatic cancer. The results of
the present study demonstrated that Notch3 expression was
upregulated in the majority of tumor tissues assessed, and
Notchl staining was observed to be positive in a number
of pancreatic cancer tissues by IHC staining. The degree of
Notchl and Notch3 staining was consistent with previous data
from mouse models and clinical specimens (27). The current
study found that Notch2 expression was downregulated in

tumor tissues, meaning that Notch receptors have different
functions in the process of pancreatic carcinogenesis and that
use of a y-secretase inhibitor to block the Notch signaling
pathway for the treatment of pancreatic cancer should be used
cautiously.

A previous study by the present authors demonstrated that
TGF-f, which is regulated by Notch signaling, is tightly asso-
ciated with the metastasis of pancreatic cancer (3). The present
study revealed that the gene expression level of p-Smad2 and
PIK3CG was altered in pancreatic cancer tissues compared
with the adjacent tissues. By over-activating the Notch signaling
pathway in pancreatic cancer MIA PaCa-2 cells, the expres-
sion of RB was downregulated and P-AKT was upregulated,
whereas PIK3CG expression did not change. These results
demonstrated that Notch signaling and PIK3CG may have
important roles in the initiation and progression of pancreatic
cancer. Notch signaling can be an upstream regulator of RB
but not PIK3CG in the pancreas, although PIK3CG could be
a target for Notch signaling in triple-negative breast cancer.
In pancreatic cancer, PIK3CG may function independent of
the Notch signaling pathway and the mechanism involved
in the process is worthy of being further clarified. It is very
promising that both cell growth and migration rate decreased
when MIA PaCa-2 cells were treated with the PIK3CG
inhibitor AS-605240. These data reveal that PIK3CG may be
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a potential target for the treatment of malignant pancreatic
cancer. For future studies, the present authors will investigate
the function of AS-605240 using more pancreatic cell lines
and KrasLSL¢"?P*; Pdx1-Cre mouse models.

In conclusion, the present study revealed the expression
pattern of the Notch receptors, RB and PIK3CG in pancreatic
cancer and adjacent tissue samples, although more pancreatic
cancer tissue samples are required to confirm the experimental
data of the study further. The Notch signaling pathway and
PIK3CG are involved in pancreatic carcinogenesis. Cell model
results revealed that Notch signal pathway is able to modulate
RB expression but not PIK3CG, which is tightly associated
with cell proliferation and migration in pancreatic cancer cells.
The use of more pancreatic cell lines to confirm the present
results is required, as is investigating the different transcrip-
tion factor-binding patterns of the PIK3CG promoter between
pancreatic cancer and claudin-low breast cancer cells. Finally,
the finding of PIK3CG function in pancreas cancer provides
new insights into the functions of this gene, which may be a
novel target gene for the treatment of pancreatic cancer.
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