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Notch4 inhibition reduces migration and invasion
and enhances sensitivity to docetaxel by inhibiting
Akt/fascin in pancreatic cancer cells
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Abstract. Overexpression of Notch4 is associated with
a variety of tumor types. Only sparse information exists
on Notch4 expression in pancreatic cancer (PC). The
present study demonstrated that Notch4 expression was
significantly upregulated in PC cell lines compared with a
non-transformed pancreatic epithelial cell line, HPDE6c-7.
To investigate the possible role of Notch4 in PC cells, an
RNA interference approach was used to silence Notch4
expression. The results revealed that small interfering
RNA (siRNA) targeting Notch4 significantly impeded the
viability, migration and invasion abilities of PC cells in vitro.
Downregulation of Notch4 with siRNA sensitized cells to
the action of docetaxel. Furthermore, Notch4 downregula-
tion enhanced the inhibition of Akt activation and the fascin
expression induced by docetaxel in PC cells. Together, these
data provide insight into the function of Notch4 and suggest
that Notch4 may represent a new potential target for gene
therapy in PC.

Introduction

In spite of a major decline in incidence and mortality over
several decades, pancreatic cancer (PC) is still one of the
most common causes of cancer mortality worldwide (1-3).
Since PC is a tumor with a high potential of invasion and
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metastasis, the majority of patients with PC are in advanced
stage when they are diagnosed (4). Although numerous
studies indicate that tumor invasion and metastasis are
attributed to the increase in cell motility and loss of cell-cell
adhesion (5), the molecular mechanisms of PC invasion and
metastasis are not completely understood.

Notch4, which belongs to a family of transmembrane
receptor proteins (Notchl to Notch4), is upregulated in
numerous malignant tumors and plays critical roles in
various cell fate decisions, including proliferation, apoptosis
and differentiation (6-9). Previous studies demonstrated
that Notch4 is overexpressed in human hepatocellular
carcinoma and is associated with poor overall survival (8),
and that inactivation of Notch4 by small interfering RNA
(siRNA) sensitizes breast tumor cells to TNF-related apop-
tosis-inducing ligand-induced apoptosis (7). Furthermore,
our previous study demonstrated that Notch4 contributes to
gastric cancer cell growth associated with Wntl/p-catenin
activation (6). These data suggest that Notch4 is important in
tumorigenesis, and that Notch4 may be a potential target for
cancer prevention and therapy.

The serine/threonine kinase Akt, also known as protein
kinase B, is a central node in cell signaling downstream of
growth factors, cytokines and other cellular stimuli (10).
Aberrant Akt activation is one of the most common molecular
alterations in cancer and contributes to tumorigenesis (10),
as well as to promote resistance to chemotherapy (11-13).
In addition, Akt is a potential target for enhancing DNA
damage or apoptosis in response to chemotherapeutic agents
in cancer therapy (11-13). Since there may be cross-talk
between Notch4 and Akt (14), we expect that Notch4 may
regulate chemosensitivity via Akt in PC cells.

However, to date, there are no additional studies with
respect to the role of Notch4 in pancreatic carcinogenesis.
In order to investigate the role of Notch4 in pancreatic
carcinogenesis, siRNA was used in the present study to
specifically inhibit Notch4 expression in several PC cell
lines, and cell viability, migration and invasion of PC
cells were detected in vitro. Furthermore, the potential
induction of chemosensitivity in PC cells by a chemothera-
peutic agent under treatment with Notch4 siRNA was also
investigated.
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Materials and methods

Cell culture. The human PC cell lines MiaPaCa-2, BxPC3,
PANC-1 and Capan-1, as well as HPDE6c7, an immortal-
ized but not transformed pancreatic epithelial cell line, were
cultured in 90% RPMI 1640 (Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with antibiotics (1X
penicillin/streptomycin 100 U/ml) and 10% fetal bovine serum
(FBS) (Gibco; Thermo Fisher Scientific, Inc.). Cells were incu-
bated in a humidified atmosphere containing 5% CO, at 37°C.

Western blot analysis. Western blot analysis was performed to
evaluate the protein levels of Notch4, phosphorylated (p)-Akt,
Akt, glycogen synthase kinase 3 (GSK3), p-GSK3 and fascin.
Proteins were harvested from cells using 2X electrophoresis
sample buffer [125 mmol/l Tris-HCI (pH 6.8), 2% sodium
dodecyl sulfate (SDS), 5% glycerol and 1% -mercaptoethanol].
Equal amounts of denatured proteins (35 ug) were resolved by
10% SDS-polyacrylamide gel electrophoresis and then blotted
onto polyvinylidene fluoride membranes (Pall Life Sciences,
Port Washington, NY, USA). After blocking for 2 h with phos-
phate-buffered saline containing 0.1% Tween 20 (PBST) and
5% powdered skim milk, the blots were incubated with primary
Notch4 (cat.no.ab134831; 1:1,000), p-Akt (cat.no.ab8933; 1:500),
Akt (cat. no. ab8805; 1:1,000), GSK3 (cat. no. ab131344; 1:500),
p-GSK3 (cat. no. ab28808; 1:500) and fascin (cat. no. ab97753;
1:1,000) antibodies (Abcam, Cambridge, UK) overnight in 5%
powdered skim milk buffer, washed thrice with PBST and
incubated with horseradish peroxidase-conjugated anti-rabbit
(cat. no. 7074) and anti-mouse (cat. no. 7076) IgG secondary
antibodies (1:2,000; Cell Signaling Technology, Beverly, MA,
USA). An anti-glyceraldehyde 3-phosphate dehydrogenase
antibody (cat. no. sc-25778; 1:1,000; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) was used as a control. All bands were
detected using ECL Western Blotting (GE Healthcare Life
Sciences, Chalfont, UK).

siRNA transfection. The siRNAs targeting specific sequences of
Notch4 and a negative control scrambled siRNA (not homolo-
gous to any gene) were synthesized by Shanghai GenePharma
Co., Ltd. (Shanghai, China) (6). The PC cells were seeded into
6-well plates (4-5x10* cells/well) and cultured in 2 ml of basic
culture medium containing 10% FBS until the cells were 70%
confluent. Cells were transfected with control (non-specific
siRNA) or specific siRNA (100-200 nM) for 48 h.

3-(4,5-Dimethylthiazol-2-yl) 2,5-diphenyltetrazolium
bromide (MTT) assay. Untransfected PC cells (blank control)
and PC cells (1x10°) transfected with Notch4 siRNA or control
siRNA in 200 ul RPMI 1640 were seeded in duplicate into
each well of a 96-well culture plate, and 100 1 MTT (5 mg/ml;
Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) was
added at 24,48, 72,96, 120, 144 and 168 h. After 4-h incubation
at 37°C in 5% CO,, 100 ul dimethyl sulfoxide was added to solu-
bilize the formazan product for 30 min at room temperature.
The absorbance at 570 nm was determined using a microplate
reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Cell migration and invasion assays. Cell migration was
assessed using transwell permeable supports (Corning Inc.,
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Corning, NY, USA). Briefly, cells were allowed to grow to
confluence. In total, 5x10* cells/well were resuspended in
100 pl serum-free medium and plated onto uncoated 8-ym
transwell filter inserts in 24-well plates in triplicate. The
lower chambers contained 600 ul of medium containing
15% FBS as a chemoattractant. Non-migratory cells in
the upper chamber were removed with a cotton swab
following incubation for 16 h. Cells on the bottom side
were fixed in 100% methanol and stained with 0.5 ug/ml
4',6-diamidino-2-phenylindole for 5 min. Cells were counted
using a fluorescence microscope (Eclipse 80i; Nikon Corpo-
ration, Tokyo, Japan) in five random fields. For evaluation of
cell invasion, cells were allowed to invade matrigel-coated
transwell filters. At the end of the experiments, the invaded
cells on the bottom of the membrane were incubated with
0.1% crystal violet solution and dissolved in 20% acetic acid.
Finally, 100 pI dye mixture was transferred to a 96-well plate
for absorbance readings at 560 nm.

Drug sensitivity assay. To assess the chemosensitivity to
docetaxel (Sigma-Aldrich; Merck Millipore), untransfected
PC cells (blank control) and PC cells (1x10%) transfected with
Notch4 siRNA or control siRNA and cultured for 24 h were
incubated with different concentrations of docetaxel (0, 100,
200 and 400 nM) for additional 48 h. Then, cells were treated
with MTT as described earlier. Each group contained five
wells.

Statistical analysis. SPSS 18.0 software (SPSS Inc., Chicago,
IL, USA) was used for statistical analysis. The data were
expressed as the mean =+ standard deviation, and the Student's
t-test was used to determine the significance of differences
between two groups. P<0.05 was considered to indicate a
statistically significant difference.

Results

Expression of Notch4 in PC cell lines. The expression of
Notch4 in the PC cell lines MiaPaCa-2, BxPC3, PANC-1 and
Capan-1, as well as in HPDE6c7, an immortalized but not
transformed pancreatic epithelial cell line, was determined,
and it was observed that, although Notch4 is differentially
expressed in PC cell lines, Notch4 expression was signifi-
cantly upregulated in PC cell lines compared with the normal
pancreatic epithelial cell line HPDE6c7, suggesting a correla-
tion of Notch4 expression with pancreatic tumorigenesis and
malignancy. In addition, Notch4 expression was higher in
MiaPaCa-2, PANC-1 and BxPC3 cells than that in HPDE6c¢7
and Capan-1 cells (Fig. 1).

Silencing of Notch4 in PC cells by RNA interference (RNAi)
approach. To directly test whether silencing of Notch4 was
responsible for the decreased proliferative and invasive capa-
bilities of PC cells, Notch4 expression was downregulated in
MiaPaCa-2 and PANC-1 cells using an RNAi approach. The
protein levels of Notch4 were significantly reduced in Notch4
siRNA-transfected cells after transfection for 48 h compared
with those in the control siRNA or blank control groups
(Fig. 2). These results confirmed that Notch4 expression was
indeed knocked down by Notch4 siRNA in the PC cells.
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Figure 1. Analysis of Notch4 expression in human PC cell lines. The Notch4
expression levels in cellular total protein of PC cell lines and in HPDE6c7
cells were determined by western blotting. Whole-cell extracts of HPDE6c7,
MiaPaCa-2, BxPC3, PANC-1 and Capan-1 cells were used for western blot
analysis. The level of GAPDH was used as an internal control. The data
were obtained from three independent experiments. PC, pancreatic cancer;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 2. Knockdown of Notch4 in pancreatic cancer cells. Western blot
analysis revealed that the expression of Notch4 was highly reduced in Notch4
siRNA-transfected MiaPaCa-2 and PANC-1 cells. GAPDH was used as an
internal control to demonstrate equal protein loading. Lane 1, blank control;
lane 2, control siRNA; lane 3, Notch4 siRNA. The data were obtained from
three independent experiments. GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase; siRNA, small interfering RNA.

Silencing of Notch4 reduces PC cell viability, migration and
invasion in vitro. The cell viability of Notch4-deficient cells
was determined by MTT assay. The results indicated that
silencing of Notch4 significantly suppressed cell viability as
compared with the controls (Fig. 3A). Meanwhile, the cell
viability of MiaPaCa-2 and PANC-1 cells transfected with
control siRNA was not affected (Fig. 3A). Thus, silencing
of Notch4 could inhibit the cell viability of MiaPaCa-2 and
PANC-1 cells in vitro.

To examine whether the targeted downregulation of Notch4
in MiaPaCa-2 and PANC-1 cells affected the cell migration
and invasion abilities, cell migration and invasion assays
were performed. The results of the cell migration (Fig. 3B
and C) and invasion (Fig. 3D) assays revealed that the blank
control and the control siRNA cells had a similar migration
and invasion ability, while cells subjected to Notch4 siRNA
transfection migrated and invaded less efficiently compared
with the blank control and control siRNA cells. Representative
results of cell migration assays are shown in Fig. 3C.

Silencing of Notch4 enhances the sensitivity of PC cells to
docetaxel treatment. To examine whether blockade of Notch4
signaling with Notch4 siRNA potentiated the ability of
docetaxel to inhibit the cell viability of PC cells, MiaPaCa-2
and PANC-1 cells transfected with Notch4 siRNA or control
siRNA cultured for 24 h were incubated with different concen-
trations of docetaxel (0, 100, 200 and 400 nM) for additional
48 h. It was observed that treatment with Notch4 siRNA alone
resulted in no or moderate anti-tumor effects (Fig. 4). The
cell viability of Notch4 siRNA-transfected cells was mark-
edly reduced with the addition of docetaxel relative to that of
the controls, and this reduction was concentration dependent
(Fig. 4). In addition, Notch4 siRNA significantly enhanced
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the inhibition of cell migration (Fig. 3B and C) and invasion
(Fig. 3D) induced by docetaxel in MiaPaCa-2 and PANC-1
cells (Fig. 3). Thus, silencing of Notch4 could increase the
sensitivity of PC cells to docetaxel treatment.

Downregulation of Notch4 enhances the inhibition of fascin
expression and the activation of Akt in PC cells subjected to
docetaxel treatment. To elucidate the molecular mechanism
by which Notch4 silencing induces cells invasion, western
blot analysis was used to examine the expression of fascin, a
critical hallmark of the invasive phenotype of cancer cells (15).
In MiaPaCa-2 and PANC-1 cells, docetaxel or Notch4 siRNA
led to a significant decrease in the expression of fascin, an
actin-binding protein that provides mechanical support and
cell motility and is involved in PC metastasis (15), which was
consistent with the inhibition of cell invasion. Furthermore,
the combination of Notch4 siRNA and docetaxel treatment
decreased the expression of fascin in MiaPaCa-2 and PANC-1
cells to a much lower level than that in cells treated with
Notch4 siRNA or docetaxel alone (Fig. 5).

The Akt family of proteins integrates a wide array of
diverse upstream survival and distress signals to decide cell
fate (16). GSK3 is a primary target of Akt (17). To investi-
gate the mechanism by which Notch4 silencing regulates cell
viability, migration and invasion in MiaPaCa-2 and PANC-1
cells, the protein expression and activation levels of Akt and
GSK3 were examined. Compared with cells treated with
Notch4 siRNA or docetaxel alone, the results of protein
expression of Akt and GSK3 and activation of Akt and GSK3
indicated that p-Akt and p-GSK were significantly downregu-
lated in cells treated with both Notch4 siRNA and docetaxel
(Fig. 5). These data suggest that Notch4 siRNA may enhance
the docetaxel-induced anti-tumor effects by modulating Akt,
GSK3 and fascin in PC cells.

Discussion

One of the primary aims of tumor research is to identify
signaling pathways and genetic factors that contribute to
tumorigenesis and to elucidate the mechanism of tumor devel-
opment (18). In this way, specific proteins can be selected as
potential markers for tumor development or as potential targets
for tumor therapy. Notch4 signaling has gained attention due to
its activation in a number of different tumors (6-8), and Notch4
signaling is involved in the progression of tumors; thus, modu-
lation of this cascade has potential for targeted therapy (6-8).
The present study clearly demonstrated that Notch4 expres-
sion was higher in human PC cell lines compared with that
in a non-transformed pancreatic epithelial cell line. Thus, it is
likely that Notch4 is related to the malignant behavior of PC.
Substantial research has been conducted at the molecular
level, which is expected to identify clues for markers of PC
progression, predictors of outcome and targets for pharma-
cological therapy (1-3). Notch4 has been shown to influence
the cell proliferation of salivary adenoid cystic carcinoma,
triple-negative breast cancer and gastric carcinoma (GC)
cells (6,19,20). In addition, our previous findings revealed that
the activation of Notch4 promoted GC cell growth in vitro and
in vivo, while the inactivation of Notch4 by siRNA had the
opposite effects (6). In the present study, it was demonstrated
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Figure 3. Silencing of Notch4 reduces the cell viability, cell migration and cell invasion abilities of PC cells in vitro. (A) Cells were harvested at days 1-7
post-transfection, and cell viability was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Decreased cell viability was
detected in Notch4 siRNA-transfected cells compared with that of the blank control and control siRNA cells. (B) PC cells were treated as described, and
cell migration assays were performed. The migrated cells on the lower side of the filter were fixed and stained with 4',6-diamidino-2-phenylindole. The mean
number of migrated cells in =5 visual fields of three independent experiments was calculated. (C) Representative experiments of cell migration assays are
shown (magnification, x200). (D) PC cells were treated as described, and cell invasion assays were performed. The invaded cells were stained and eluted for
absorbance readings at 560 nm. Data are the mean + standard deviation of =2 independent experiments ("P<0.05, “P<0.01 vs. control siRNA; "P<0.05 vs.
Notch4 siRNA alone; *P<0.05 vs. docetaxel alone). PC, pancreatic cancer; siRNA, small interfering RNA; A, absorbance.
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Figure 4. Silencing of Notch4 enhances the sensitivity of pancreatic cancer cells to docetaxel treatment. MiaPaCa-2 and PANC-1 cells transfected with control
siRNA or Notch4 siRNA were treated with various concentrations of docetaxel. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide assay. Data are the mean + standard deviation of >2 independent experiments (“P<0.01 vs. control siRNA; “P<0.01 vs. Notch4 siRNA
alone; $P<0.01 vs. docetaxel alone). siRNA, small interfering RNA; A, absorbance.
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Figure 5. Notch4 siRNA regulates the expression of p-Akt, Akt, GSK3, p-GSK3 and fascin in pancreatic cancer cells. The protein expression levels were deter-
mined by western blot analysis. Akt, p-Akt and fascin protein expression were markedly decreased in the Notch4 siRNA + docetaxel group compared with that
in the Notch4 siRNA and docetaxel groups. GAPDH was used as an internal control to demonstrate equal protein loading. Lane 1, blank control; lane 2, control
siRNA; lane 3, Notch4 siRNA; lane 4, docetaxel; lane 5, Notch4 siRNA + docetaxel. GSK3, glycogen synthase kinase 3; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; p, phosphorylated; siRNA, small interfering RNA.

that Notch4 expression was significantly upregulated in PC
cell lines compared with that in an immortalized but not trans-
formed pancreatic epithelial cell line, and RNAi was used to
directly downregulate the expression of Notch4 in PC cells.
Consistently, further observations revealed that silencing of
Notch4 could impede PC cell viability in vitro.

Notch expression in PC was correlated with serosal
invasion, lymph node metastasis, histopathological grading,
tumor-node-metastasis stage and recurrence (21-24). Enhanced
Notch4 expression in salivary adenoid cystic carcinoma may
stand as a novel mechanism for promoting metastasis (25).
Consistently, the present study demonstrated that Notch4
depletion significantly decreased the cell migration and inva-
sion abilities of PC cells. These findings support a regulatory
function for the Notch4 molecule in PC cell tumorigenesis
through modulating cell migration and invasion in vitro.

Docetaxel is a monocyclic monoterpene with a lemon-like
odor and is a major constituent in several citrus oils (26).
Previous studies have demonstrated that docetaxel has a

chemoprotective effect on several types of tumors (27,28).
However, drug resistance is one of the main causes of docetaxel
treatment failure (29,30). In the present study, Notch4 siRNA
significantly enhanced the inhibition of cell migration and
the invasion ability induced by docetaxel in PC cells. This
result indicated that the downregulation of Notch4 enhanced
the sensitivity of PC cells to docetaxel treatment, suggesting
that Notch4 may be an adjuvant gene therapy target to chemo-
therapy of PC.

Akt is a downstream target of Notchl signaling, and a
significant reduction in cell viability and an increase in apop-
tosis in PC cells have been correlated with the downregulation
of Notchl and Akt (31). In the present study, it was observed
that the downregulation of Notch4 inhibited the activation
of Akt, suggesting that Akt signaling may be involved in the
anti-tumor effects induced by Notch4 siRNA. Dysregula-
tion of Akt was involved in docetaxel resistance (32). In the
present study, it was demonstrated that the downregulation of
Notch4 enhanced the inhibition of Akt induced by docetaxel.
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Therefore, it is possible that Akt activation could contribute to
the effects of Notch4 knockdown on cell survival and chemo-
therapy sensitivity. GSK3 is one of the downstream targets of
Akt, and the activation of Akt leads to the phosphorylation
of GSK3 (31,32). In the present study, in agreement with the
decreased phosphorylation of Akt upon Notch4 knockdown,
GSK3 phosphorylation was also decreased by Notch4 knock-
down.

Of note, it was observed that the downregulation of Notch4
reduced the expression of fascin. Several studies reported that
fascin significantly increases cell migration by enhancing the
directional motility of cells (33). The present study demonstrated
that the downregulation of Notch4 decreased the expression of
fascin, suggesting that Notch4 may regulate cell migration, at
least by fascin. In addition, fascin is involved in the chemothera-
peutic resistance of breast cancer cells via the Akt pathway (34).
However, the mutual association between Akt and fascin in PC
is still unclear, and requires in-depth study.

In summary, by using RNAi technology, the expression of
the Notch4 gene was successfully downregulated, and Notch4
depletion effectively suppressed PC cell viability, migration and
invasion abilities, suggesting that silencing of Notch4 inhibits
PC growth and metastasis. It was also demonstrated that Notch4
depletion increased the sensitivity to docetaxel treatment of
PC cells, and increased the expression and/or activation of Akt
and fascin, which may be related to the sensitivity of PC cells
to docetaxel treatment. These findings may at least partially
imply that Notch4 may represent an appropriate target for tumor
therapy of PC. Further studies are necessary to define the exact
role of Notch4 on metastasis and chemotherapy resistance in PC.
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