
Abstract. Background/Aim: It was previously reported that
γ-secretase inhibitors (GSIs) enhance taxane-induced mitotic
arrest and apoptosis in colon cancer cells. To enable the
development of taxane-based chemotherapy for pancreatic
ductal adenocarcinoma (PDAC), this study investigated the
molecular mechanisms by which γ-secretase (GS) complexes
regulate taxane sensitivity. Materials and Methods: The effect
of GS complexes on taxane-induced apoptosis in PDAC cells
was evaluated by a cell cycle analysis. GS complexes were
examined with small interference RNAs targeted to GS
complex-related genes. Results: GSIs and silencing of
presenilin 1 (PS1) did not affect cell proliferation but
resulted in enhanced taxane-induced G2/M accumulation and
apoptosis. Silencing of the Notch gene did not induce these
effects. However, PS2-specific silencing suppressed
proliferation and taxane-induced apoptosis. Conclusion:
Data from this study indicate that GS complexes regulate the
response of PDAC to taxanes through GS-dependent and GS-
independent mechanisms. 

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
deadly types of cancer (1). It was previously reported that γ-
secretase inhibitors (GSIs) enhance taxane-induced apoptosis
in colon cancer cells (2). Therefore, it was hypothesised that

combined taxane and GSI treatment may be an effective
strategy against taxane-resistant cancer, including PDAC.
Furthermore, the effect of GSIs in PDAC cells was
confirmed in the current study. Therefore, to examine the
clinical application of GSIs for incurable PDAC, we analysed
the molecular mechanisms involved in the enhancement of
taxane-induced apoptosis by GSI treatment.

γ-Secretase (GS) complexes are multi-subunit aspartyl
proteases, consisting of 4 proteins: presenilin (PS), nicastrin
(NCT), anterior pharynx defective-1 (Aph-1), and presenilin
enhancer 2 (Pen2) in equal quantities (3). There are two
homologues of PS (PS1 and PS2), and three isoforms of
Aph-1 (Aph-1aS, Aph-1aL, and Aph-1b). Because GS
complexes contain only one of each subunit (3), at least six
active GS complexes have been reported (two PSs × three
Aph-1s) (4). Although the catalytic core of the GS complex
exists in PS, the cleavage of substrates by GS requires a free
N-terminal amine (5). NCT can only recruit substrates that
have a free N-terminal amine in which their large
extracellular domains are already removed by a proteinase in
a process termed ‘ectodermal shedding’. NCT therefore
functions as a receptor for GS substrates. However, to
display full GS activity, PS must be endoproteolytically
cleaved into an N-terminal fragment (PS-NTF) and a 
C-terminal fragment (PS-CTF), each of which contains an
active-site aspartate residue. It has been proposed that NCT
and Aph-1 forms an initial complex in GS complexes, and
Aph-1 and NCT are therefore believed to be responsible for
the formation of GS complexes. Taken together, all four
proteins are necessary and sufficient for GS activity (6).
Although both PS1 and PS2 are essential for GS-mediated
cleavage, the dramatically different phenotypes of the PS1-
deficient and PS2-deficient mice suggest disparate roles of
these proteins (7). PS1-deficient mice exhibit severe
developmental defects and perinatal lethality (8), whereas
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PS2-deficient mice are viable and fertile (7). In addition, it
has been shown that GS complexes have GS activity-
independent biological functions (9).

GS substrate candidates are increasing in number, and
there are over 25 substrates to date, including amyloid β
(Aβ)-peptide, Notch, E-cadherin, and CD44 (10). Among
these proteins, it has been shown that Notch signalling plays
a central role in cell fate during embryonic development of
the pancreas, and that Notch signalling is frequently
dysregulated in several types of cancer including PDAC (11).
Binding of ligands to Notch receptors results in GS-induced
proteolytic cleavage of the transmembrane part of Notch,
releasing the Notch intracellular domain (NICD) (12). NICD
translocates to the nucleus and interacts with the ubiquitous
transcription factor CBF1, thereby activating transcription
(13). Therefore, GSIs are expected to be potential novel
cancer therapeutic agents (14). GSIs are classified into three
types, based on the site of GS binding: active site-binding
GSIs, substrate docking site-binding GSIs, and alternative
binding site GSIs (15). N-[N-(3,5-Difluorophenacetyl-L-
alanyl)]-S-phenylglycine t-butyl ester (DAPT) is an
alternative binding site-based GSI and binds to PS-CTF (15).
{1S-Benzyl-4R-[1-(1S-carbamoyl-2-phenethylcarbamoyl)-
1S-3-methylbutylcarbamoyl]-2R-hydroxy-5-phenylpentyl}
carbamic acid tert-butyl ester (L-685,458) is an active site-
binding GSI and binds to PS-NTF (15). 

(S,S)-2-[2-(3,5-Difluorophenyl)-acetylamino]-N-(1-methyl-
2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepin-3-yl)-
propionamide (compound E), is a miscellaneous GSI and
binds to PS-NTF (16). However, a recent study has shown
that the specificity of PS1 and PS2 toward identical substrates
is different, and that GSIs exhibit different activities toward
PS1-GS compared to PS2-GS (17).

Microtubules are highly dynamic cytoskeletal fibres that
are composed of α- and β-tubulin subunits and play a crucial
role in mitosis and cell division (18). Taxanes, including
paclitaxel (TXL) and docetaxel (TXT), bind to β-tubulin on
the inside microtubule surface, stabilise the microtubule, and
increase microtubule polymerisation (19). As a result, taxanes
halt cell cycle progression in the late G2/M phase through the
prevention of mitotic spindle formation (19). To progress
from the G2 phase to the M phase, cells must pass through
the G2/M checkpoint (20). CDC2, the cyclin-dependent
kinase that normally drives cells into mitosis, is the ultimate
target of pathways that mediate rapid arrest in G2 phase in
response to DNA damage (21). Cyclin A and B, which bind
to CDC2, accumulate as the cell progresses through the G2
phase (21). During the G2 phase, the CDC2/cyclin B1
complex is sequestered in the cytoplasm (21). As cells
approach the G2/M boundary, cyclin B1 becomes
phosphorylated and the CDC2/cyclin B complex accumulates
in the nucleus, where it can induce entry into mitosis (21).
Therefore, CDC2 is an important effector for the G2/M

checkpoint (21). Although taxane-induced apoptosis appears
to occur following a prior mitotic arrest, it has been shown
that the low concentration of taxanes used in this study causes
G2/M accumulation and apoptosis in the absence of mitotic
arrest (22). A high concentration of taxanes may therefore
induce mitotic arrest without an increase in apoptosis, and a
low concentration of TXL may increase apoptosis without an
increased mitotic arrest. Therefore, apoptosis and mitotic
arrest can occur independently, and different phenotypes
induced by TXL may be concentration dependent.

This study reports that inhibition of PS-GS enhances
taxane-induced apoptosis of PDAC cells. In addition, this
effect is not dependent on Notch signalling. Significantly, the
present study is the first demonstrating that PS, and PS2 in
particular, controls cell cycle progression in a GS-independent
manner. GS complexes may regulate the response of PDAC
cells to anti-microtubule agents (AMAs) through both GS-
dependent and GS-independent mechanisms. The Authors
believe that these novel findings enable the development of
GS complexes-targeted strategies for the treatment of patients
with highly chemoresistant PDAC.

Materials and Methods

Reagents and cell cultures. TXL, TXT, vincristine (VCR) and 5-
fluorouracil (5-FU) were obtained from Sigma-Aldrich (St Louis, MO,
USA). Gemcitabine (GEM) and cisplatin (CDDP) were obtained from
LKT Laboratories (St. Paul, MN, USA). GSIs (DAPT, L-685,458, and
compound E), and the cdk inhibitor (2-(R)-(1-ethyl-2-
hydroxyethylamino)-6-benzylamino-9-isopropylpurine, Roscovitine)
were obtained from Calbiochem (San Diego, CA, USA). Five PDAC
cell lines were used. AsPC-1, SUIT-2, PANC-1, and CFPAC-1 were
maintained in RPMI-1640 medium (Nacalai Tesque, Kyoto, Japan)
supplemented with 10% foetal bovine serum (FBS: Biological
Industries, Kibbutz Beit Haemek, Israel), at 37˚C in 5% CO2.
MIAPaCa-2 was maintained in DMEM (Invitrogen Carlsbad, CA,
USA) supplemented with 10% FBS at 37˚C in 5% CO2. Human
umbilical vein endothelial cells (HUVECs) were maintained in EBM-
2 medium (Lonza Walkersville, Inc., USA) supplemented with EGM-
2 SingleQuots (Lonza), at 37˚C in 5% CO2.

Flow cytometry. Cells (3.2×105 cells/well) were plated in 6-well plates,
and treated with the appropriate combinations of drugs. Adherent and
detached cells were harvested by trypsinization, and fixed in ice-cold
75% ethanol for at least one hour. Cell pellets were washed twice with
cold phosphate-buffered saline (PBS), and incubated for 30 min at
room temperature in 1 ml PBS containing 50 μg propidium iodide
(Sigma-Aldrich), 0.1% Triton X-100, 1 mM/l EDTA, and 0.5 mg
ribonuclease A. After staining, samples were analysed using FACScan
(BD Biosciences, San Jose, CA, USA) at 20,000 events per sample.
Data from flow cytometry were analysed with the ModFit LT software
program (Verity Software House, Topsham, ME, USA). Fragmented
apoptotic nuclei were recognisable by their subdiploid (sub-G1) DNA
content. The percentage of sub-G1 cells was recorded for each sample. 

RNA interference. Small interfering RNAs (siRNAs) for Notch1
(ON-TARGETplus SMART pool L-007771), Notch2 (ON-
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TARGETplus SMART pool L-012235), Notch3 (ON-TARGETplus
SMART pool L-011093), RBPSUH (gene encoding CBF1, ON-
TARGETplus SMART pool L-007772), NCTSN (gene encoding
Nicastrin ON-TARGETplus SMART pool L-008043), CCNB1 (gene
encoding cyclin B1, ON-TARGETplus SMART pool L-003206) and
negative control siRNA (ON-TARGETplus SMART pool D-
001810) were obtained from Dharmacon RNA Technologies
(Chicago, IL, USA). siRNAs against PSEN1 (Stealth Select RNAi
HSS108649), PSEN2 (Stealth Select RNAi HSS108653), CDC2
(gene encoding cdk1, Validated Stealth RNAi Duplex1, 12935-006)
and Stealth RNAi Negative Control were obtained from Invitrogen.
Cells were transfected with 50 nM siRNA using the Lipofectamine
RNAiMAX Reagent (Invitrogen) according to the manufacturer’s
instructions. At 48 h after transfection, cells were harvested and
subjected to further analyses.

Plasmids and cell transfection. pCS2+ and pCS2+NICD were
kindly provided by Dr. Raphael Kopan (Washington University,
USA). Cells were plated onto 12-well plates 24 h before
transfection, and transfected with TransFast Transfection Reagent
(Promega, Madison, WI, USA) according to the manufacturer’s
instructions. 

Proliferation assay. Cells (5×103 cells/well) were seeded into 48-
well plates in complete culture medium and were incubated for 24
h at 37˚C. The medium was changed and treated with the
appropriate concentrations of drugs. After 48, 72 or 96 h, cells
were harvested and counted using a particle size distribution
analyser (CDA-500; Sysmex, Hyogo, Japan). Each sample was run
in triplicate.

Hoechst 33342 staining. Apoptotic cells were assessed for nuclear
changes (i.e. chromatin condensation and nuclear fragmentation)
characteristic of apoptosis using Hoechst 33342 dye (Sigma-
Aldrich). In brief, cells were grown in 6-well plates and stained with
Hoechst 33342 dye. Cells were examined by fluorescence
microscopy. The numbers of apoptotic nuclei in five randomly
selected fields (objective lens, ×200) were counted, and apoptosis
was expressed as the percentage of cells with apoptotic
characteristics compared to the total number of cells examined.

Reverse-transcription polymerase chain reaction (RT-PCR). Total RNA
was isolated with the High Pure RNA Isolation Kit (Roche Diagnostics
GmbH, Mannheim, Germany). Complementary DNA (cDNA) was
synthesised by reverse transcribing total RNA with ImProm-II Reverse
Transcriptase (Promega). Standard PCR reactions were performed
using the HotStarTaq DNA polymerase (Qiagen, Valencia, CA, USA).
The sequences of primers used are listed in Table I. 

Real-time RT-PCR. Total RNA was reverse transcribed using the
Quantitect Reverse Transcription Kit (Qiagen) according to the
manufacturer’s protocol. Reactions were performed with SYBR
Premix Ex Taq II (Takara Bio, Shiga, Japan) on a DNA Engine
Opticon 2 system (MJ Research, Waltham, MA, USA). Each sample
was run in triplicate. The sequences of primers used are listed in
Table I.

Immunoblotting. Whole-cell protein extracts were isolated with the M-
PER Mammalian Protein Extraction Reagent kit (Thermo Fisher
Scientific, Rockford, IL, USA) according to the manufacturer’s
instructions. Whole-cell protein extract (75 μg) was separated by
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Table I. Sequences of primers used in this study.

Primers for RT-PCR

Target Forward primer Reverse primer

Notch1 5’-GCCGCCTTTGTGCTTCTGTTC-3’ 5’-CCGGTGGTCTCTCTGGTCGTC-3’
Notch2 5’-CACTGAGCCAAGGCATAGAC-3’ 5’-ATCTGGAAGACACCTTGGGC-3’
Notch3 5’-TCTTGCTGCTGGTCATTCTC-3’ 5’-TGCCTCATCCTCTTCAGTTG-3’
Notch4 5’-CACTGGGTCGATGATGAAGG-3’ 5’-ATCTCCACCTCACACCACTG-3’
β-actin 5’-CCAGGCACCAGGGCGTGATG-3’ 5’-CGGCCAGCCAGGTCCAGACG-3’

Primers for real-time RT-PCR

Target Forward primer Reverse primer

Notch1 5’-CCGCAGTTGTGCTCCTGAA-3’ 5’-ACCTTGGCGGTCTCGTAGCT-3’
Notch2 5’-CACCATGTACCAGATTCCAG-3’ 5’-GCATAACTGTGCTGTGAAGG-3’
Notch3 5’-TCTCAGACTGGTCCGAATCCAC-3’ 5’-CCAAGATCTAAGAACTGACGAGCG-3’
RBPSUH 5’-GCAATGCTTGAACTTACAGGACAGA-3’ 5’-TTCCATCATTTCGGACCAAAGTTAC-3’
PSEN1 5’-TGAGGGTTTCAGTGGGATCATTTAC-3 5’-CAAAGCAGTGTCCACAGAAGCAG-3’
PSEN2 5’-TGCTCTACAAGTACCGCTGCTACAA-3’ 5’-ATGCACACCATGCCCACTG-3’
NCSTN 5’-GAGCAGTGCCAGGATCCAAGTAA-3’ 5’-CCCTGGCTAATCGTGCAGTAGAA-3’
CDC2 5’-GAAGTGTGGCCAGAAGTGGAATC-3’ 5’-CCAGAAATTCGTTTGGCTGGA-3’
CCNB1 5’-AATGAAATTCAGGTTGTTGCAGGAG-3’ 5’-CATGGCAGTGACACCAACCAG-3’
CCND1 5’-ACAAACAGATCATCCGCAAACAC-3’ 5’-TGTTGGGGCTCCTCAGGTTC-3’
MYC 5’-CAGCTGCTTAGACGCTGGATT-3 5’-GTAGAAATACGGCTGCACCGA-3’
β-actin 5’-CCAGGCACCAGGGCGTGATG-3’ 5’-CGGCCAGCCAGGTCCAGACG-3’



electrophoresis on a 7.5% SDS-polyacrylamide gel and electro-
transferred to nitrocellulose membranes. Anti-Notch1 (1:200, C-20;
Santa Cruz Biotechnology, CA, USA), anti-Notch2 (1:200,
C651.6DbHN originally developed by Dr Artavanis-Tsakonas and
obtained from the University of Iowa Development Hybridoma Studies
Bank, USA), anti-Notch3 (1:200, M-20; Santa Cruz Biotechnology) and
anti-β-actin (1:500, I-19; Santa Cruz Biotechnology) antibodies were
used as primary antibodies. After washing, membranes were incubated
with the appropriate horseradish peroxidase-conjugated secondary
antibody (GE Healthcare UK Ltd., UK). Blots were developed using the
ECL Plus Western Blotting Detection System (GE Healthcare).

Immunofluorescence staining. Cells (2×104 cells/well) were seeded
onto pre-underlaid poly-L-lysine coated glass coverslips (Asahi

Techno Glass Corporation, Chiba, Japan) in 24-well plates, and
were incubated for 24 h in complete culture medium. The cells were
fixed in 4% paraformaldehyde and incubated with the primary
antibody, followed by the secondary antibody. The cells were
counterstained with 4’,6-diamino-2-phenylindole (DAPI; Sigma-
Aldrich) to visualise the nuclei. After mounting in Vectorshield
Mounting Medium (Vector Laboratories, Burlingame, CA, USA),
the samples were examined by fluorescence microscopy (Axiomager
A1; Carl Zeiss Imaging, Tokyo, Japan). The antibodies and dilutions
used were as follows: anti-PS1 (1:100, C-20; Santa Cruz
Biotechnology), anti-PS2 (1:100, C-20; Santa Cruz Biotechnology),
anti-NCT (1:100, N-19; Santa Cruz Biotechnology), and Alexa
Fluor 594 rabbit anti-goat IgG at 1:1000 (Molecular Probes,
Eugene, OR, USA).
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Figure 1. Increased TXL-induced apoptosis by treatment with GSIs is dependent on GS activity. A: DAPT increases TXL-induced apoptosis. Five
PDAC cell lines were treated with the indicated TXL concentrations for 24 h in the absence or presence of 25 μM DAPT. Cells were then stained
with Hoechst 33342 and examined by fluorescence microscopy. Apoptotic cells were quantified. B: AsPC-1 and SUIT-2 cells were treated with 
7.5 nM TXL in the absence or presence of 25 μM DAPT for 24 h, and the cell cycle was analysed by flow cytometry. The percentage of sub-G1cells
is indicated. C: Cells were treated with 7.5 nM TXL in the absence or presence of 5 μM L-685,458 or 10 μM compound E for 24 h. The percentage
of sub-G1 cells is indicated. D: AsPC-1 cells were treated with 8 nM TXT or 100 nM VCR in the absence or presence of 25 μM DAPT for 24 h. The
percentage of sub-G1 cells is indicated. E: AsPC-1 cells were treated with 200 nM GEM, 300 μg/ml 5-FU or 80 μM CDDP in the absence or
presence of 25 μM DAPT for 24 h. The percentage of sub-G1 cells is indicated.



Statistical analysis. Student’s t-test was used for the statistical
analyses. P-values of less than 0.05 were considered significant. 

Results

Increase of taxane-induced apoptosis by GSIs is dependent
on GS activity. DAPT at concentrations below 100 μM did
not affect PDAC proliferation (data not shown). However,
DAPT enhanced inhibitory proliferation by TXL and

increased TXL-induced G2/M accumulation and apoptosis
(data not shown) in both AsPC-1 and SUIT-2. Similar effects
by DAPT were observed in 4 out of the 5 PDAC cell lines
examined (Figure 1A). Based on the preliminary data, AsPC-
1 and SUIT-2 were selected as target cells that were used
throughout the study. Because these effects using a
combination of TXL and DAPT (TXL/DAPT) were dose and
time-dependent (data not shown), the TXL concentration,
DAPT concentration, and culture time were determined to be

Tasaka et al: Regulation of Taxane Sensitivity of PDAC by GS Complexes

5003

Figure 2. Increased TXL-induced apoptosis by DAPT is independent of the Notch pathway. A: RT-PCR was used to analyse the expression of a variety
of Notch receptors. HUVEC, Human umbilical vein endothelial cells. B: Real-time RT-PCR showed a simultaneous silencing of Notch1-3. C:
Immunoblotting showed a significant decrease of Notch1-3-derived NICDs (N1-ICD, N2-ICD, and N3-ICD). D: Simultaneous silencing of Notch1-3
did not affect TXL-induced G2/M accumulation or apoptosis in AsPC-1 cells. The percentage of sub-G1 cells is indicated. E: Real-time RT-PCR
showed a significant silencing of CBF1 by siRNA in AsPC-1 cells (left panel). Silencing of CBF1 did not affect TXL-induced G2/M accumulation or
apoptosis (right panels). The percentage of sub-G1 cells is indicated. Values represent the means of triplicate experiments; bars, SD.
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Figure 3. Increased TXL-induced apoptosis by DAPT was observed in PS1 but not PS2 knockdown cells. A: Real-time RT-PCR showed that silencing
of PS1 by siRNA significantly reduced PS1 but not PS2 mRNA levels in AsPC-1 cells (left panels). Immunofluorescence staining revealed that PS1,
but not PS2, protein expression was significantly decreased (×200, middle panels). AsPC-1 cells transfected with control or PS1 siRNAs were treated
with 7.5 nM TXL in the absence or presence of 25 μM DAPT for 24 h (right panels). The percentage of sub-G1 cells is indicated. B: Silencing of
PS2 by siRNA. Real-time RT-PCR (left panels). Immunofluorescence staining (×200, middle panels). Flow cytometric analysis (right panels). C:
Simultaneous silencing of PS1 and PS2 by siRNAs. Real-time RT-PCR (left panels). Immunofluorescence staining (×200, middle panels). Flow
cytometric analysis (right panels). D: Silencing of NCT by siRNA. Real-time RT-PCR showed that NCT silencing by siRNA did not affect the
expression of PS1 or PS2 (upper left panels). Flow cytometric analysis (upper right panels). Immunofluorescence staining (×200, lower panels).
Values represent the means of triplicate experiments; bars, SD.



7.5 nM, 25 μM, and 24 h, respectively. Representative data
are shown in Figure 1B. The two additional GSIs 
L-685,458 and compound E also increased TXL-induced
apoptosis (Figure 1C). In addition, DAPT also increased
TXT- and VCR-induced apoptosis (Figure 1D). DAPT did
not affect apoptosis induced by other chemotherapeutic
agents including GEM, 5-FU, and CDDP, which are
commonly used for the treatment of patients with PDAC
(Figure 1E). These results indicated that the effects of
combined TXL and DAPT treatment are common for
combined GSIs and AMAs, and are specific to AMAs.

Increase of TXL-induced apoptosis by DAPT is independent
of the Notch pathway. When Notch1-4 expression levels were
examined by RT-PCR, the Notch receptors 1-3 were
expressed in PDAC cells (Figure 2A). HUVECs were used
as a positive control cell line for Notch1-4 expression. To
examine whether the Notch pathway contributes to increased
TXL-induced apoptosis by DAPT, a targeted knockdown of
Notch1, Notch2, and Notch3 was performed. Notch1,
Notch2, and Notch3 were separately knocked down using
RNA interference. Transfection of siRNAs targeting Notch1,
Notch2, and Notch3 resulted in an 80% or greater reduction
in mRNA expression (data not shown). Silencing of Notch1-
3 did not affect TXL-induced apoptosis in PDAC cells (data
not shown). Next, to further confirm Notch independent
signalling, Notch1-3 were simultaneously silenced.
Simultaneous silencing reduced the expressions of Notch1-3
by greater than 80% (Figure 2B). In the Notch pathway,
NICD translocates to the nucleus and activates the
transcription of target genes (12). Therefore, to efficiently
silence Notch1-3 by siRNA knockdown, it is necessary to
confirm sufficient decrease of Notch1-3-derived NICDs.
Simultaneous knockdown of Notch1-3 effectively reduced
Notch1-3-derived NICDs (Figure 2C), but did not affect TXL
or TXL/DAPT-induced apoptosis in AsPC-1 cells (Figure
2D). The SW480 human colon cancer cell line was used as a
positive control. Silencing of CBF1, an essential effector of
Notch signalling, did not affect TXL or TXL/DAPT-induced
apoptosis (Figure 2E). These results strongly indicated Notch
independent signalling in TXL/DAPT-induced apoptosis. 

Silencing of PS1 but not PS2 increases TXL-induced
apoptosis. To address whether PS1-GS or PS2-GS is
contributing to TXL/DAPT-induced apoptosis, PS1 and PS2
were silenced at the mRNA level using RNA interference.
Transfection of siRNA targeting PS1 reduced the expression
of PS1 by 80% or greater, but did not affect PS2 expression
(Figure 3A; left panels). Specific silencing of PS1 was also
confirmed at the protein level (Figure 3A; middle panels). As
expected, silencing of PS1 increased TXL-induced apoptosis
(Figure 3A; right panels). In addition, the combination of
PS1-silencing and DAPT further increased the levels of

TXL-induced apoptosis. Similarly, transfection of siRNA
targeting PS2 reduced PS2 expression by 80% or greater, but
did not affect PS1 expression (Figure 3B; left panels).
Specific silencing of PS2 was also confirmed at the protein
level (Figure 3B; middle panels). However, PS2 silencing
suppressed TXL-induced apoptosis (Figure 3B; right panels).
In addition, DAPT did not affect TXL-induced apoptosis in
PS2-knockdown cells. Simultaneous silencing of PS1/PS2
effectively reduced PS1 and PS2 expression levels at the
mRNA (Figure 3C; left panels) and protein levels (Figure
3C; middle panels), and significantly increased TXL-induced
apoptosis. The increase was lower than the increase induced
by DAPT (Figure 3C; right panels).

Next, the contribution of NCT was examined, which
functions as a receptor for GS substrates or a stabiliser of GS
complexes, to TXL-induced apoptosis. Transfection of siRNA
targeting NCT reduced NCT expression at both the mRNA
(Figure 3D; upper left panels) and protein levels (Figure 3D;
lower panels). Silencing of NCT increased TXL-induced
apoptosis (Figure 3D; upper right panels). However, this
increased effect was low compared to the effect induced by
DAPT. Silencing of NCT was confirmed at the protein level
(Figure 3D; lower left panels). Consistent with real-time RT-
PCR, silencing of NCT did not seem to affect the expression
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Figure 4. Silencing of CDC2, and cyclin B1 affects TXL-induced
apoptosis. A: Real-time RT-PCR showed a significant silencing of CDC2
by siRNA in AsPC-1 cells (left panel). Thereafter cells were treated with
7.5 nM TXL in the absence or presence of 25 μM DAPT for 24 h (right
panels). The percentage of sub-G1 cells is indicated. B: Silencing of
cyclin B1 by siRNA. Real-time RT-PCR (left panel). Flow cytometric
analysis (right panels). The percentage of sub-G1 cells is indicated.
Values represent the means of triplicate experiments; bars, SD.



levels of PS1 (Figure 3D; lower middle panels) and PS2 (Figure
3D; lower right panels). However, staining pattern of PS2 in
NCT-silencing cells seems to be relatively heterogeneous
compared with that in control siRNA-transfecting cells.

Silencing of CDC2 or cyclin B1 affects TXL-induced
apoptosis. Because taxanes arrest cell cycle progression in the
late G2/M phase, and cyclin B/CDC2 complex formation is
crucial for G2/M transition, it was examined whether cyclin
B/CDC2 contributes to the increased effect of DAPT on TXL-
induced apoptosis. Transfection of siRNA targeting CDC2
reduced mRNA expression by 80% (Figure 4A; left panel)
and decreased TXL and TXL/DAPT-induced apoptosis
(Figure 4A; right panels). On the contrary, silencing of cyclin
B1 (Figure 4B; left panel) increased TXL-induced apoptosis
(Figure 4B; right panels). Cyclin B1 silencing, however,
marginally affected TXL/DAPT-induced apoptosis. 

PS2 and NCT contribute to cell proliferation in a GS-
independent manner. These data show that silencing of PS2
suppressed TXL-induced apoptosis (Figure 3B). Because PS1
and PS2 compete for the shared cofactors NCT, Aph-1 and Pen2
(23), it was hypothesised that PS1-GS is the main component of
this interaction, and that silencing of PS2 increases PS1
expression and consequently weakens the effect of DAPT and/or
TXL. Silencing of PS2, however, did not affect the expression

levels of PS1 mRNA (Figure 5A). In addition, decreased levels
of TXL-induced apoptosis in PS2-knockdown cells were not
restored even with 100 μM DAPT (Figure 5B) or 50 nM/l TXL
(Figure 5C) treatments. These findings suggested that silencing
PS2 may abrogate the effect of TXL on the cell cycle. 

Because GSIs did not affect cellular proliferation, the effect
of PS silencing on cell proliferation was examined. Although
silencing of PS1 did not affect proliferation, silencing of PS2 or
simultaneous silencing of PS1 and PS2 almost completely
inhibited proliferation (Figure 6A). Necrosis and apoptosis were
not increased in PS2-knockdown or PS1/PS2-knockdown
AsPC-1 cells, suggesting that cell cycle arrest is induced
following PS2 silencing. DAPT did not affect the cell
proliferation profiles. TXL treatment markedly decreased the
proliferation of PS1-knockdown cells but did not appear to
affect PS2- or PS1/PS2-knockdown cells. Combined TXL and
DAPT treatment further decreased the rate of proliferation of
PS1-knockdown cells, but not PS2- or PS1/PS2-knockdown
cells. Silencing of NCT also decreased the cell proliferation
without a significant increase in the percentages of necrotic or
apoptotic cells (Figure 6B). The proliferation pattern was very
similar to that observed in PS1/PS2-knockdown cells.

Silencing of PS2 but not PS1 decreases mRNA expression of
cyclin D1. Because the present data indicated a contribution
of PS2 to cell cycle progression, the role of PS in cell cycle
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Figure 5. A large amount of DAPT or TXL cannot restore the sensitivity of PS2-knockdown AsPC-1 cells to TXL-induced apoptosis. A: Real-time RT-
PCR showed that silencing of PS2 did not affect PS1 expression in AsPC-1 cells. B: PS2-silenced AsPC-1 cells were treated with the indicated
concentrations of DAPT for 24 h. The percentage of sub-G1 cells is indicated. C: PS2-silenced AsPC-1 cells were treated with the indicated
concentrations of TXL for 24 h. The percentage of sub-G1 cells is indicated. Values represent the means of triplicate experiments; bars, SD.



progression was examined. As expected, silencing of PS2 but
not PS1significantly suppressed cyclin D1 expression (Figure
7A). Simultaneous silencing of PS1 and PS2 also suppressed
cyclin D1 expression, but its suppression level was
significantly lower compared to PS2 knockdown alone.
However, silencing of PS did not affect the expression of
cyclin B1 mRNA (Figure 7B). Roscovitine, an inhibitor of
cdk1, 2, and 5, inhibits cell cycle progression by preventing
entry into the S and M phases. Roscovitine almost
completely inhibited TXL and TXL/DAPT-induced apoptosis
and cell proliferation (Figure 7C). Taken together, these data
indicated that silencing of PS2 strongly suppresses the cell
cycle progression in a GS-independent manner. 

Discussion

This study reported that PS-GS plays a crucial role in the
resistance of PDAC to taxanes, and GSIs may be therefore
enhance sensitivity to taxanes. This effect of GSIs is
independent of Notch signalling. In addition, this study
showed for the first time that PS2 acts as an accelerator and

regulates cell cycle progression independently of GS activity.
Thus, it is hypothesised that PS regulates the response of
PDAC against AMAs through both GS-dependent and GS-
independent mechanisms.

Increasing evidence suggests that GS complexes have both
GS-dependent and -independent functions (9). For example,
PS has also been reported to possess GS-independent
functions, such as the regulation of β-catenin/cyclin D (24).
Therefore, it was first examined whether this effect of GSIs
is dependent on GS. Because three different GSIs, which
specifically inhibit PS-GS activity, showed similar effects on
taxane-induced apoptosis, it was concluded that this effect
was dependent on PS-GS. It is supposed that each GS
complex contains only one PS subunit, PS1 or PS2, and that
the substrate-specificity of PS1 and PS2 is different (17).
Therefore, this study examined which PS subunits were
involved in the GSI-induced effects. The present study
showed that silencing of PS1, but not PS2, enhanced taxane-
induced apoptosis. Surprisingly, the silencing of PS2 reduced
the effect of TXL- and TXL/DAPT-induced apoptosis. Based
on these observations, it was supposed at first that PS1-GS
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Figure 6. PS2, but not PS1, contributes to cell proliferation in a GS-
independent manner. A: PS1, PS2, or PS1/PS2-silenced AsPC-1 cells
were cultured with 7.5 nM TXL, 25 μM DAPT, or TXL/DAPT for 48 h.
The cell numbers were counted. Each sample was run in triplicate. B:
NCT-silenced AsPC-1 cells were used as target cells. Values represent
the means of triplicate experiments; bars, SD. *p<0.05.



decreased the sensitivity of PDAC to taxanes, and that PS2-
GS may suppress this function of PS1-GS. However, this
hypothesis was not correct because the data also suggested
the possibility that PS2 silencing suppresses TXL-induced
apoptosis by inhibiting cell cycle progression in a GS-
independent manner. Therefore, it is hypothesised that both
PS1-GS and PS2-GS are involved in the resistance to
taxanes, because the combination of PS1 silencing and
DAPT further increased TXL-induced apoptosis.

There are several potential mechanisms by which PS-GS
contributes to the resistance of PDAC to taxanes. Cancer cells

must possess several protective mechanisms for disabling the
G1 or G2 checkpoint mechanisms because they have already
acquired several genetic mutations. It is recognised that taxanes
induce the accumulation of cells in the G2/M phase and result
in apoptosis by increasing microtubule polymerisation (19).
The higher the TXL concentration, the higher are the resulting
levels of G2/M accumulation and apoptosis at the early stage
(data not shown). Similarly, DAPT accelerated the onset of
TXL-induced apoptosis (data not shown). This finding suggests
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Table II. Similar effects of GSIs on TXL-induced apoptosis in colon
cancer cells and PDAC.

Colon cancer  PDAC 
cells* cells**

1. GS activity-dependent
TXL + +
TXL/DAPT +++ +++
TXL/L-685,458 +++ +++
TXL/Compound E +++ +++

2. AMD-dependent
TXT + +
TXT/DAPT +++ +++
Vincristine + +
Vincristine/DAPT +++ +++
5-FU + +
5-FU/DAPT + +
Gemcitabine Not tested +
Gemcitabine/DAPT Not tested +
Cisplatin + +
Cisplatin/DAPT + +
Camptothecin + Not tested
Camptothecin/DAPT + Not tested

3. Notch-independent
TXL/Notch1(–) + +
TXL/Notch1(–)/DAPT +++ +++
TXL/Notch2(–) + +
TXL/Notch2(–)/DAPT +++ +++
TXL/Notch3(–) + +
TXL/Notch3(–)/DAPT +++ +++
TXL/Notch1(–)/Notch2(–)/Notch3(–) Not tested +
TXL/Notch1(–)/Notch2(–)/Notch3(–)/DAPTNot tested +++
TXL/CBF1(–) + +
TXL/CBF1(–)/DAPT +++ +++
TXL/NICD(+) + Not tested
TXL/NICD(+)/DAPT +++ Not tested

4. Cell cycle-dependent
TXL/Roscovitine – –
TXL/DAPT/Roscovitine – –
TXL/CDC2(–) – –
TXL/cyclinB1(–) ++ ++

5. Caspase-independent
TXL/zVAD-fmk + +
TXL/DAPT/zVAD-fmk +++ +++

*SW480 cells, **AsPC-1 cells + % apoptosis at 7.5 nm TXL (control %
apoptosis); ++ moderate increase over control % apoptosis; +++ marked
increase over control % apoptosis; – significant decrease compared to
control % apoptosis.

Figure 7. Silencing of PS2, but not PS1, decreases the expression of
cyclin D1. A: Real-time RT-PCR demonstrated that silencing of PS2 or
PS1/PS2 decreased cyclin D1 mRNA expression. B: Real-time RT-PCR
revealed that silencing of PS1, PS2 or PS1/PS2 did not affect cyclin B1
mRNA expression. C: AsPC-1 cells were treated with drugs (7.5 nMl
TXL, 25 μM DAPT, 25 μM roscovitine) for 24 h. The percentage of sub-
G1 cells is indicated. Values represent the means of triplicate
experiments; bars, SD. *p<0.05.



that the effects of PS-GS and TXL on the cell cycle are closely
linked. Because taxanes block cell cycle progression in the late
G2/M phase, PS-GS may also be involved in the G2/M phase.
A previous study demonstrated that TXL increases
CDC2/cyclin B activity, required for the G2/M transition, in a
dose-dependent manner, and DAPT further increased this
activity in colon cancer cells (2). Taken together, it is
hypothesised that TXL accelerates both the progression from
G2 phase to M phase and also simultaneously suppresses the
progression from metaphase to anaphase. Furthermore, it is
likely that PS-GS acts as a suppressor against these taxane
functions. This hypothesis is supported by the data of the
current study. TXL-induced apoptosis was reduced by
silencing CDC2. It is known that CDC2 is required for
progression from S to G2. Thus, silencing CDC2 prevents
entry from S phase to G2 phase, and consequently reduces
G2/M accumulation. However, silencing of cyclin B
suppresses progression from G2 to M and consequently
increases G2/M accumulation. GSIs may increase the levels of
apoptosis by increasing G2/M accumulation and/or mitotic
arrest. Several studies have suggested the possibility of cell
cycle regulation, including G0/G1 and G2/M arrest, by GS in
various cancer cell types (25).

The next question is which substrates are targets for PS-GS.
The Notch gene was examined, because it has been shown that
Notch1 is overexpressed in PDAC (11). In addition, Notch
plays an important role in maintaining the undifferentiated,
proliferative state of crypt progenitors in mouse intestines
(26); consistent with this, GSIs exhibit gastrointestinal toxicity
(27). Because the present study was conducted to contribute
to the knowledge used by physicians, it is important to
determine whether the effect of GSIs is Notch-dependent. The
present data strongly indicated Notch-independency, as
follows: firstly, the simultaneous silencing of Notch 1-3
significantly reduced the expression of NICDs, but did not
affect TXL- or TXL/DAPT-induced apoptosis. Secondly, the
silencing of CBF1, an essential effector of Notch signalling,
did not affect TXL- or TXL/DAPT-induced apoptosis. It is
noteworthy that the effects of DAPT on TXL-induced
apoptosis in PDAC were consistent with those in colon cancer
(2) (Table II). Previously published data concerning colon
cancer also suggested GSI-induced Notch-independent effects;
the overexpression of NICD in colon cancer cells did not
affect DAPT effects (data not shown). Taken together, it is
concluded that the effects induced by GSIs are independent of
Notch. Potential target substrates were examined intensively
using known candidate molecules, including E-cadherin,
CD44, and ephrin-B1 (data not shown). However, it was not
possible to definitively identify those substrates which are
targets for PS-GS, which will be examined in future studies.

The present study showed that PS contributes to cell
proliferation in a GS-independent manner. A possibility of
modulation of the cell cycle by PS has been suggested (25, 28-

30). For example, it has been shown that overexpression of PS
induces G1 arrest (28), and that loss of PS in peripheral tissues
leads to the activation of cyclin D1 and hyperproliferation (29).
It has also been indicated that neurons harbouring the PS1
mutation show cyclin D1 up-regulation and an abnormal
neuronal cell cycle (30). Recent reports also revealed a
possibility that the neuronal cell cycle is mediated by a PS1
hydrophilic loop in a GS-independent manner (25). These
findings indicated that PS, and PS1 in particular, is a negative
regulator of cyclin D1 in peripheral tissues. However, the
present data showed that knockdown of PS2 but not PS1
induces cyclin D1 down-regulation and suppresses the
proliferation of PDAC cells. These findings indicated that PS2
regulates the cell cycle and acts as an accelerator. The current
data also showed that knockdown of PS1 but not PS2 increased
Myc mRNA expression (data not shown). In addition, because
the degree of cyclin D1 down-regulation and proliferation
suppression in PS1/PS2-knockdown cells are low compared to
PS2-silenced cells, one cannot rule out the possibility that PS1
acts as a negative regulator in cell cycle progression (28, 29). It
is proposed that PS2 and PS1 have accelerating and
suppressing roles in cell cycle progression, respectively. In the
presence of wild-type PS2, the suppressive function of PS1
may be phenotypically concealed due to the strong accelerating
function of PS2. Because GSIs did not affect both cell cycle
progression and cell proliferation, this effect of PS is
independent of GS. Taken together, it is concluded that GS
complexes regulate the response of PDAC against AMAs
through both GS-dependent and GS-independent mechanisms.
However, the molecular mechanism by which PS controls the
cell cycle progression is still unknown.
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