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Abstract. Notch is a family of transmembrane receptors 
whose activation through proteolytic cleavage by γ-secretase 
targets genes which participate in cell development, differ-
entiation and tumorigenesis. Notch signaling is constitutively 
activated in various cancers, including breast cancer and its 
upregulation is usually related with poor clinical outcomes. 
Therefore, targeting Notch signaling with γ-secretase 
inhibitors (GSIs) is considered a promising strategy for cancer 
treatment. We report that the γ-secretase inhibitor-I (GSI-I) 
sensitizes human breast cancer cells to apoptosis mediated 
by tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL). The antiproliferative GSI-I/TRAIL synergism was 
stronger in ER-negative MDA-MB-231 breast cancer cells 
compared with ER-positive MCF-7 cells. In MDA-MB-231 
cells, GSI-I treatment induced upregulation of DR4 and 
DR5 TRAIL receptors. This effect seemed to be related 
to the activation of the transcription factor AP1 that was a 
consequence of Notch inhibition, as demonstrated by Notch-1 
silencing experiments. Combined treatment induced loss of 
the mitochondrial transmembrane potential and activation of 
caspases. GSI-I alone and/or GSI-I/TRAIL combination also 
induced a significant decrease in the levels of some survival 
factors (survivin, c-IAP-2, Bcl-xL, BimEL and pAKT) and 
upregulation of pro-apoptotic factors BimL, BimS and Noxa, 

enhancing the cytotoxic potential of the two drugs. Taken 
together, these results indicate for the first time that GSI-I/
TRAIL combination could represent a novel and potentially 
effective tool for breast cancer treatment.

Introduction

It is well known that Notch signaling plays fundamental roles in 
the cell, including the maintenance of stemness, the regulation 
of cell proliferation, differentiation and apoptosis during the 
cell development (1). Notch is a transmembrane heterodimeric 
receptor present in humans as four distinct members (Notch 1-4). 
Following the binding of the specific ligand, Notch is activated 
by a cascade of α and γ-secretase‑dependent proteolytic cleav-
ages and its intracellular domain Notch-IC (NIC) translocates 
into the nucleus becoming transcriptionally active (2). It has 
been demonstrated that many different cancers are character-
ized by the constitutive activation of Notch pathway induced 
by genetic alterations such as chromosomal amplification or 
translocation at the Notch receptor loci (3). Dysregulation in 
Notch signaling has been found in various subtypes of breast, 
colon and prostate carcinomas, melanoma and haematological 
malignancies (4-8). Thus, its pathway could represent a potential 
therapeutic target in cancer treatment (9). In particular, since all 
Notch receptors are activated by γ-secretase, the inhibitors of 
this enzyme (GSIs) have attracted increasing interest (10). GSIs 
were firstly employed in the treatment of Alzheimer's disease 
to prevent amyloid precursor protein (APP) cleavage and the 
consequent release of amyloid β-peptide (11). More recently, it 
has been observed that GSIs also possess the ability to induce 
growth arrest and/or apoptosis in some tumor cell lines while 
other tumor cells were resistant to the molecules (12).

Similarly to γ-secretase inhibitors, also tumor necrosis 
factor-related apoptosis-inducing ligand (TRAIL), a member of 
the superfamily of tumor necrosis factor, is capable of inducing 
apoptosis in a wide variety of cancer cells showing an anticancer 
potential (13-15). TRAIL-dependent apoptosis is triggered by the 
binding of TRAIL to its specific DR4 and DR5 receptors which 
results in the interaction with the adaptor molecule FADD and 
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in the recruitment and cleavage of the initiator caspase-8 with 
the consequent activation of executioner protease cascade (16). 
However, it has been reported that a number of malignant cells 
are resistant or develop resistance to TRAIL-induced signaling. 
This is frequently owed to the loss of DR4 and DR5 receptors 
on cell surface (17).

A good strategy to obtain therapeutic advantages in cancer 
cell death could be to find combinations of different compounds 
which act in synergistic manner in order to overcome cell 
resistance and/or allow a dose reduction to decrease the 
side‑effects. Many authors demonstrated that TRAIL signaling 
can be restored in TRAIL resistant cancer cells by different 
classes of compounds, such as cannabinoids (18), inhibitors 
of proteasome (19) or of histone deacetylases (20). Thus, the 
combination of these compounds with recombinant TRAIL 
results in synergistic cytotoxic effects. The mechanisms 
underlying these effects involve the activation of different 
biochemical pathways which have been often clarified even if, 
in other cases, the molecular elucidation of the events remains 
obscure. On the other hand, a limit of the employment of GSIs 
in therapy is represented by their adverse effects in normal 
cells probably due to the wide variety of cellular functions of 
γ-secretase activity (21). To overcome this problem, the inhibi-
tors of γ-secretase have been recently employed in combination 
with other compounds with the aim to identify a therapeutic 
window in which the dosage is sufficient to suppress Notch 
signaling without affecting normal cell functions. Promising 
results have been obtained in haematological cancer malignan-
cies by employing GSIs in combination with Hedgehog and 
Wnt inhibitors (22) as well as with proteasome inhibitors (23).

In this study we investigated whether GSI-I, one of the 
most efficacious γ-secretase inhibitors, is able to revert TRAIL 
resistance of two breast cancer MDA-MB-231 and MCF-7 cell 
lines. The results indicate that the association of GSI-I/TRAIL 
induces strong cytotoxic synergistic effects in MDA-MB-231 
cells which were related to overexpression of DR4 and DR5 
TRAIL receptors. This was probably mediated by the activa-
tion of the transcription factor AP1 which was dependent on 
Notch cleavage inhibition. We suppose that this new combined 
treatment can be useful to improve the therapeutic efficacy in 
TRAIL-resistant breast cancer cells.

Materials and methods

Reagents. γ-secretase inhibitor I (Z-LLNle-CHO) (GSI-I) was 
from Calbiochem (San Diego, CA, USA). TRAIL signaling 
has been activated using a soluble human recombinant TRAIL/
APO2L (PeproTech EC Ltd, London, UK) containing the 
residues of amino acids from 114 to 281 of natural TRAIL. 
z-DEVD-cho was purchased from Promega (Milan, Italy). 
Stock solutions were prepared in dimethyl sulfoxide (DMSO) 
and opportunely diluted in culture medium. The final concen-
tration of DMSO never exceeded 0.1%, a percentage which was 
not toxic and did not interfere with cell growth.

Cell cultures and viability and death assays. Human breast 
cancer estrogen receptor (ER)-negative MDA-MB-231 and 
ER-positive MCF-7 cells were cultured in Dulbecco's modified 
Eagle's medium high glucose (DMEM/HIGH) supplemented 
with 2.0 mM L-glutamine, 10% (v/v) heat-inactivated fetal 

bovine serum (FBS) and antibiotic-antimycotic solution 
(100 U/ml penicillin, 100 µg/ml streptomycin and 250 ng/
ml amphotericin B, Sigma Chemical). Non-essential amino 
acid solution (1.0 mM) was added only in MDA-MB-231 cell 
culture medium. Cells were maintained at 37˚C in a humidi-
fied atmosphere containing 5% CO2. For the experiments, cells 
were seeded at 60-70% confluence, unless otherwise indicated 
and allowed to adhere overnight. Control cells were cultured in 
the presence of vehicle alone.

Cell viability was determined by 3-[4,5-dimethylthiazolyl-2] 
2,5-diphenyltetrazolium bromide assay (MTT, Sigma Chemical) 
as previously reported (24). Cell survival was reported as a 
percentage of the control value referred to vehicle-treated cells.

In order to ascertain the presence of condensed chro-
matin and apoptotic bodies, cells were stained with Hoechst 
33258 dye. Cells, seeded in 96-well plates, were fixed in 3:1 
methanol/acetic acid for 10 min at room temperature, washed 
in phosphate‑buffered saline (PBS) and stained for 30 min in 
PBS containing 40% paraformaldehyde and 10 µg/ml Hoechst 
33258. After washing in PBS nuclear morphology was observed 
under a fluorescence microscope equipped with an automatic 
photomicrograph system (Leica, Germany).

Flow cytometric analysis. Apoptotic cells were quantified by 
measuring the externalized phosphatidylserine residues by 
using Annexin V-FITC/propidium iodide kit (BD Biosciences, 
San Diego, CA, USA) following the manufacturer's instruc-
tions. After treatment, cells were collected, washed with 
ice-cold PBS and suspended in a binding buffer at a concentra-
tion of 106 cells/ml. Flow cytometric analysis was carried out 
as previously reported (18).

Mitochondrial transmembrane potential (∆ψm) dissipation 
was measured by using 3,3-dihexyloxacarbocyanine (DiOC6), 
a lipophilic fluorochrome which exclusively emits within the 
spectrum of green light and accumulates in the mitochondrial 
matrix under the influence of ∆ψm. Cells were incubated 
with 40 nM DiOC6 for 20 min at 37˚C, washed with PBS 
and analyzed by flow cytometry with excitation and emission 
setting of 488 and 525 nm, respectively, using Expo 32 soft-
ware. The percentage of cells showing a lower fluorescence, 
reflecting the loss of ∆ψm, was determined by comparison with 
untreated controls.

Carbonyl cyanide m-chlorophenylhydrazone (50 µM), a 
protonophore that completely de-energizes mitochondria by 
dissipating the transmembrane potential, was used as a posi-
tive control for maximum ∆ψm disruption (data not shown).

Western blot analysis. Western blot analysis was performed as 
previously reported (25). Protein bands were visualized using 
chemiluminescence or alkaline phosphatase staining. Bands 
were quantified by densitometric analysis using ImageJ software 
(NIH). The correct protein loading was verified by means of 
both red Ponceau staining and immunoblotting for actin. All the 
antibodies used were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), except for anti‑caspase-8, -9, -3 and 
Bim (Cell Signaling, Beverly, MA, USA) and anti-DR5 and 
-DR4 (ProSci, Poway, CA, USA).

Quantitative RT-PCR analysis. Total RNA was extracted 
from MDA-MB-231 cells using RNeasy Mini kit (Qiagen, 
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Valencia, CA, USA) and treated with DNase I using the RQ1 
RNase free DNase (Promega, Madison, WI, USA). The 
single‑stranded cDNA was synthesized by the GeneAmp kit for 
reverse transcriptase-polymerase chain reaction (Perkin‑Elmer, 
Foster City, CA, USA). Each cDNA sample (5 µl) was ampli-
fied using iQ SYBR‑Green Supermix (Bio-Rad, Hercules, CA, 
USA) according to the manufacturer's instructions. The 
following primers were used: DR4, sense 5'-AGAACGTCCT 
GGAGCCTGTAAC-3', antisense 5'-ATGTCCATTGCCTG 
ATTCTTTGTG-3' (Ta, 63˚C); DR5, sense 5'-GCACTCACT 
GGAATGACCTC-3', antisense 5'-GCCTTCTTCGCACTG 
ACAC-3' (Ta, 55˚C); GAPDH, sense 5'-TGACATCAAGAAGG 
TGGTGA-3', antisense 5'-TCCACCACCCTGTTGCTGTA-3' 
(Ta, 55˚C). All reactions were performed in triplicate. Linear 
range of a standard curve of serial dilutions was checked for 
each PCR. The relative quantification of DR4 and DR5 gene 
expression was evaluated after normalization with GAPDH 
gene as endogenous control. Data processing and statistical 
analysis were performed by using iQ5 cycler software.

Gene silencing using siRNA. Small interfering RNAs (siRNAs) 
against Notch-1 (siNotch-1) and scrambled siRNA (siScr), 
used as a negative non‑silencing control, were purchased from 
Dharmacon RNA Technologies (Chicago, IL, USA). Notch-1 
sequence (5'-AAGTGTCTGAGGCCAGCAAGA-3') was as 
reported by Rizzo et al (26). Cells (2x105) were plated in a 6‑well 
plate and cultured in antibiotic-free DMEM/HIGH supple-
mented with 2.0 mM L-glutamine and 1.0 mM non‑essential 
amino acid solution for 24 h before the transfection to reach 
about 50% confluence. Then cells were transfected with 50 nM 
siRNA against Notch-1 in the presence of 2.5 µl lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA), in a final volume of 1 ml 
serum-free DME/HIGH medium. The reaction was stopped 
after 6 h of treatment replacing the medium with fresh 10% FBS 
supplemented medium, and after 24 h cells were treated with 
TRAIL as indicated.

Statistical analysis and evaluation of synergy. Cell viability 
data were expressed as the mean ± SE and evaluated by Student's 
t-test. Differences were considered significant when the p‑values 
were <0.05. The median-effect method, originally described by 
Chou and Talalay (27), was employed to quantify the effects of 
drug combination and to evaluate eventual synergistic actions as 
previously reported (18). A CI value significantly <1 indicates 
synergy, a CI not significantly different from 1 indicates addition, 
and a CI significantly >1 indicates antagonism. Synergy occurs 
when the combination of two agents has a therapeutic effect 
greater than the effect of each drug.

Results

Effects of GSI-I/TRAIL combined treatment in MDA-MB-231 
and MCF-7 breast cancer cells. First, the antiproliferative 
effects of GSI-I in combination with TRAIL were examined 
in two breast cancer cell lines with different estrogen receptor 
profiles. The dose-response curves of the effects exerted by 
the compounds, used as a single agent or in combination, 
on cell viability are reported in Fig. 1A. GSI-I at a range of 
doses of 0.25-1 µM for 24 h was almost ineffective in both the 
two cell lines while when used at the highest concentration 

(2.5 µM) caused a reduction in cell viability of about 40% in 
MDA-MB‑231 cells. The addition of 25 ng/ml TRAIL clearly 
potentiated the effects of GSI-I on MDA-MB-231 cells. Indeed, 
TRAIL combination with 1 or 2.5 µM GSI-I reduced cell 
viability of about 30 and 15%, respectively. Treatment of cells 
with TRAIL alone did not induce any cytotoxic effect. The 
addition of 100 µM z-DEVD, a specific inhibitor of caspase-3, 
to co-treated cells induced a reduction in the cytotoxicity of 
about 50%, indicating that GSI-I/TRAIL combination triggered 
a caspase-dependent cell death. In MCF-7 cells the addition of 
TRAIL to GSI-I treated cells induced modest effects and the 
reduction of cell viability was only of about 25% at the highest 
GSI-I concentration. Also in this case, the addition of z-DEVD 
reduced the effect of combined treatment (Fig. 1A).

To evaluate whether cell growth inhibition induced by 
GSI-I/TRAIL combination was due to a synergistic effect we 
analyzed cell growth inhibition curves by using the median 
effect method of Chou and Talalay (27). Cells were treated for 
24 h with different doses of the two compounds employed alone 
or in combination at fixed molar ratios in order to obtain the 
concentrations reducing cell viability of 25, 50 and 75%. Data 
were used to calculate the combination index (CI) at the different 
fractional effects. Analysis of CI always showed values <1.0 indi-
cating clear synergistic interactions between GSI-I and TRAIL 
(Fig. 1B). Since the effects were more evident in MDA-MB-231 
than in MCF-7 cells, most of the successive experiments were 
performed in MDA-MB-231 cells employing 1 µM GSI-I and 
25 ng/ml TRAIL individually or in combination.

Then, we examined the effects of the two compounds on 
cell morphology by means of light microscopy. As shown in 
Fig. 1C (top panel) after treatment with GSI-I/TRAIL combina-
tion for 24 h cells appeared rounded, fragmented and floated in 
the medium, while the two drugs, employed separately, did not 
induce any significant effect. In the same experimental condi-
tions, fluorescence microscopy analysis of nuclei stained with 
Hoechst 33258 evidenced a marked increase in the number of 
cells with condensed and fragmented nuclei, a typical apoptotic 
feature (Fig. 1C, middle panel).

To quantify early apoptotic effects, we analyzed the exter-
nalisation of phosphatidylserine on cell plasma membranes 
by means of Annexin V/propidium iodide staining. As shown 
in Fig. 1C (bottom panel), following GSI-I/TRAIL combined 
treatment for 6  h, 22.6% of MDA-MB-231 cells resulted 
Annexin V positive/propidium iodide negative, while no effect 
was observed in cells treated with the compounds employed 
separately.

GSI-I sensitizes MDA-MB-231 cells to TRAIL-induced apop-
tosis by upregulation of DR4 and DR5 death receptors. It is well 
known that in many experimental systems TRAIL actions are 
dependent on the presence of its specific death receptors DR4 
and DR5 on cell membrane (28). Western blot analysis showed 
that MDA-MB-231 cells express very small amounts of these 
receptors and this could explain TRAIL resistance (Fig. 2A). 
The addition of 1 µM GSI-I time-dependently enhanced the 
expression levels of both DR4 and DR5 which reached the 
maximum at 16 h of treatment (Fig. 2A). The increase of these 
receptors was a consequence of a new protein synthesis as 
demonstrated by real-time quantitative RT-PCR for both DR4 
and DR5 mRNAs (Fig. 2B). In particular, the GSI-I effect on 
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both mRNAs was evident at 8 h and after 16 h of treatment the 
increase in mRNAs induced by GSI-I was more than 2-fold with 
respect to the control value. Similar effects on DR4 and DR5, 
both at protein and mRNA level, were observed after treatment 

with GSI-I/TRAIL combination while treatment with 25 ng/ml 
TRAIL alone was ineffective (Fig. 2B).

GSI-I-dependent DR4 and DR5 increase triggered 
TRAIL‑induced activation of extrinsic apoptotic pathway. 

Figure 1. GSI-I/TRAIL combined treatment induces apoptotic cell death in breast cancer cells. (A) Cytotoxic effects exerted on MDA-MB-231 and MCF-7 cells by 
GSI-I employed alone or in combination with recombinant TRAIL. The effect of caspase-3 inhibitor z-DEVD is also shown. After treatment for 24 h cell viability 
was evaluated by MTT assay as reported in Materials and methods. (B) Synergistic effects exerted by combinations of GSI-I with TRAIL. Cells were treated for 
24 h with the two compounds at concentrations which changed in a fixed ratio. At the end cell viability was measured by MTT assay and data were employed to 
calculate combination index (CI) at the different fractional effects (P<0.05). (C) Apoptotic effects induced by treatment of MDA-MB-231 cells with 1 µM GSI-I 
and/or 25 ng/ml TRAIL for 24 h. Apoptotic morphology was evaluated by light microscopy (top panel) and after staining of the cells with Hoechst 33258 (middle 
panel), magnification, x200. Annexin V positive cells were quantified by flow cytometric analysis after double staining of cells with Annexin V and propidum 
iodide at 6 h of treatment (bottom panel). Results are representative of three independent experiments.
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Western blot analysis demonstrated that GSI-I/TRAIL 
combined treatment for 16 h led to the activation of caspase-8 
evidenced as a marked decrease in the procaspase form with the 

concomitant appearance of the active cleaved forms. Combined 
treatment also induced a clear reduction of both the long and 
short forms of FLICE inhibitory protein (cFLIP), the main 

Figure 2. GSI-I stimulates the activation of TRAIL signaling and the activation of c-jun pathway in human MDA-MB-231 cells. Western blot analysis of TRAIL 
receptors, c-FLIP, procaspase-8 and c-jun pathway in MDA-MB-231 (A, C and D) or MCF-7 (E and F) cells. Cells were treated for 16 h with GSI-I and TRAIL 
employed alone or in combination. Western blot analyses were performed using specific antibodies as indicated. Actin blots were included to show equal protein 
loading for all of the samples. B reports real-time RT-PCR analysis of DR4 and DR5 mRNAs performed in MDA-MB-231 cells treated with the compounds as 
reported in Materials and methods. Results are representative of three independent experiments.
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inhibitor of caspase-8 (Fig. 2C). No significant effects on the 
level of these factors were observed in cells treated with the two 
compounds employed separately.

Based on the above reported data, we performed experi-
ments to investigate the mechanism whereby GSI-I induces 
DR4 and DR5 upregulation in MDA-MB-231 cells. It has been 
suggested that the transcription factor AP1 is responsible for 
the synthesis of DR4 and DR5 mRNAs (29). To investigate the 
involvement of AP1 in GSI-I and/or GSI-I/TRAIL effects, we 
analyzed the level of c-Jun, the main component of AP1. Fig. 2D 
shows that in MDA-MB-231 cells incubated in the presence of 
GSI-I or GSI-I/TRAIL for 16 h both the levels of c-Jun and its 
active phosphorylated form, evidenced by means of a specific 
antibody, were clearly increased. Since the phosphorylation and 
activation of c-Jun depends on the activity of phospho-JNK, we 
performed western blot analysis to verify whether treatment 
of MDA-MB-231 cells with GSI-I modulated the level of this 
kinase. The results indicated a significant increase in the band 
corresponding to phospho-JNK in cells treated with GSI-I or 
GSI-I/TRAIL combination.

It has been reported that MCF-7 cells express high level of 
DR5 TRAIL receptor even if they result resistant to TRAIL action 
owing to the formation of an inhibitory complex consisting of 
DR5, FADD, caspase-8 and c-FLIPL (30). Parallel experiments 
carried out in MCF-7 cells confirmed the presence of high levels 
of both DR4 and DR5 TRAIL receptors which were not modi-
fied by treatment with GSI-I alone or GSI-I/TRAIL combined 
treatment (Fig. 2E). Moreover, no reduction in the level of the 
two splicing forms of c-FLIP nor pro-caspase-8 cleavage was 
evidenced by western blot analysis (Fig. 2F).

GSI-I/TRAIL co-treatment induces a mitochondria-dependent 
apoptotic pathway. Then, we analysed whether treatment 
with the two drugs induces mitochondrial dysfunction in 
MDA-MB-231 cells. We evaluated the loss of mitochondrial 
transmembrane potential (∆ψm) by means of a flow cytometric 
assay which employs DiOC6, a mitochondrial specific and 
voltage-dependent dye. Fig. 3A shows that treatment of cells for 
16 h with GSI-I or TRAIL employed separately caused only a 
weak dissipation of ∆ψm which instead reached about 65% after 
the GSI-I/TRAIL combined treatment.

This result focused the attention on a possible activation of 
caspase-9, the apoptotic protease activity related to mitochon-
drial dysfunction. Indeed, Fig. 3B shows that this enzyme was 
activated in MDA-MB-231 cells treated with the two drugs 
in combination, as indicated by the marked decrease in the 
procaspase form and the concomitant production of the active 
one at lower molecular weight. In the same conditions we also 
observed the activation of executioner caspase-3. None of 
these effects was observed by treating the cells with the two 
compounds employed separately.

The expression of apoptosis-related factors is modulated by 
treatment with GSI-I and/or GSI-I/TRAIL. It is well known 
that programmed cell death can be regulated by certain factors 
with either pro- or anti-apoptotic action. Thus, the upregulation 
of the former and/or the downregulation of the latter can be 
considered as key events in the induction of apoptosis (31). To 
this purpose, we examined the expression levels of some factors 
including Bcl-2 and IAP family members in MDA-MB-231 

cells treated with GSI-I and/or TRAIL. As shown in Fig. 3C, 
we observed that the band corresponding to Noxa, a BH3-only 
member of Bcl-2 family, was undetectable in untreated cells 
while 1 µM GSI-I treatment for 16 h significantly increased the 
intensity of the band (Fig. 3C). The increasing effect exerted by 
GSI-I was not modified by the addition of TRAIL. Moreover, 
the level of BimS and BimL, two forms with major apoptotic 
action of the BH3-only factor Bim (32), also were increased 
after GSI-I or GSI-I/TRAIL treatment.

Moreover, we assessed the involvement of the anti‑apoptotic 
factors Bcl-2, Bcl-xL and some IAP family proteins. The results 
reported in Fig. 3C indicate that in co-treated cells no variation 
on the levels of Bcl-2 and X-IAP occurred while the intensity 
of the bands corresponding to Bcl-xL and IAP-2 were clearly 
reduced. Only weak effects were observed on the c-IAP-1 level.

Survivin is another IAP family member, present in different 
alternative spliced forms, which is often overexpressed in various 
cancers (33). In MDA-MB-231 untreated cells, we detected the 
37 kDa form, endowed with high anti‑apoptotic activity and 
the 2B form with lower anti‑apoptotic action (34). The 37 kDa 
band of survivin almost disappeared in cells treated with both 
GSI-I alone and in combination with TRAIL while the band 
corresponding to 2B form increased (Fig. 3C). We hypothesize 
that the increase in this form could represent an attempt of the 
cells to counteract the cytotoxic effects induced by the drugs.

Many authors reported alterations in PI3K-AKT pathway in 
human cancers. Constitutively active PI3K or AKT results in an 
enhanced protection against apoptotic insults, such as growth 
factor deprivation, UV irradiation or loss of matrix attachment 
(35,36). Moreover, it has been observed that in a large number 
of tumor cells the cytotoxic activity of anticancer drugs is 
accompanied by the downregulation of these enzymes (37). 
Thus, we analyzed in MDA-MB-231 cells the level of the 
active phosphorylated form of AKT and its possible variation 
following treatment with GSI-I and TRAIL, separately or in 
combination. Western blot analysis showed that the level of the 
band corresponding to phospho-AKT, measured by means of a 
specific antibody, dramatically decreased after treatment when 
the two drugs were combined (Fig. 3C).

Notch signaling knockdown promotes TRAIL-induced apop-
tosis. Since it has been demonstrated that γ-secretase inhibitors 
can act through different biochemical pathways, we investi-
gated whether the synergistic effects induced by GSI-I/TRAIL 
combination were related to the specific inhibition of Notch 
signaling induced by GSI-I. We silenced the Notch gene and 
evaluated the effects of TRAIL addition. For these experiments 
we employed the sequence identified by Rizzo et al (26) which 
is able to knock down both Notch-1 and Notch-4 because 
of Notch-1, as demonstrated by the authors, is upstream of 
Notch-4. After confirming the reduction in Notch-1 level 
(Fig.  4A, upper panel), we analyzed the effect of TRAIL 
addition on MDA-MB-231 cell viability. Fig. 4B shows that 
treatment of Notch-1 silenced MDA-MB-231 cells with 25 ng/
ml TRAIL alone for 24 h induced cytotoxic effects very similar 
to those observed in non-silenced cells treated with GSI-I/
TRAIL combination. The results were also confirmed by light 
microscopy which evidenced the presence of the typical apop-
totic morphology in TRAIL-treated siNotch-1 cells (Fig. 4C). 
Moreover, to confirm that the increase in the level of c-Jun 
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and DR5 receptor were due to the downregulation of Notch 
induced by GSI-I we examined the levels of these factors in 
siNotch-1 silenced cells. As shown in Fig. 4A (lower panel) the 
basal levels of the bands corresponding to the two factors were 
markedly increased in siNotch-1 silenced cells. These effects 
were absent in scrambled siRNA transfected (siScr) cells.

Discussion

The aim of this study was to investigate the effect of GSI-I, 
one of the most frequently employed γ-secretase inhibitors, 
in modulating TRAIL sensitivity and activating apoptosis 
in TRAIL‑resistant breast cancer cells. The hypothesis of 
associating TRAIL and GSIs arose by the observation that 

many tumor cells develop TRAIL resistance which can 
be overcome in the presence of different compounds. On 
the other hand, although displaying anticancer potential, 
GSIs often show toxic side‑effects. For the first time data 
presented in this paper demonstrate a strong synergistic 
interaction between GSI-I and TRAIL which effectively 
reduced breast cancer cell viability also when employed at 
subtoxic doses (1 µM GSI-I/25 ng/ml TRAIL). Noteworthy, 
GSI-I/TRAIL combined treatment was particularly effective 
in MDA-MB‑231 cells which are usually resistant to chemo-
therapy being ER-negative and mutated p53 (38). Differently, 
MCF-7 cells, another breast cancer cell line characterized by 
the presence of estrogen receptors and wild-type p53, were 
less sensitive to the effects of the combined treatment.

Figure 3. Cytotoxic effects of TRAIL and GSI-I are accompanied by dissipation of mitochondrial transmembrane potential (∆ψm) (A), activation of caspase-9 
and -3 (B) and modulation of pro- and anti-apoptotic factors (C). MDA-MB-231 cells were treated for 16 h in the presence of GSI-I and/or TRAIL. ∆ψm was 
evaluated by flow cytometry using the lipophilic dye DiOC6 as reported in Materials and methods and the levels of the proteins by western blot analysis using 
specific antibodies as indicated. Actin blots were included to show equal protein loading for all of the samples. Results are representative of three independent 
experiments.
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Morphological observations suggested that MDA-MB-231 
cell death is related to the induction of apoptosis; cells were 
positive to Αnnexin V/propidium iodide test and the nuclei 
presented chromatin condensation. The activation of apoptotic 
pathway was also confirmed by the dissipation of transmem-
brane mitochondrial potential and the activation of caspase 
activities observed after combined treatment.

Many events induced by GSI-I could be responsible for 
sensitization of cells to TRAIL-mediated apoptosis and some 
of these are strictly related to the activity of GSI-I as inhibitor 
of γ-secretase, the main enzyme responsible for the cleavage 
and activation of Notch receptor (39). The results provided 
evidence that treatment with GSI-I strongly upregulates 
TRAIL receptors DR4 and DR5, at both mRNA and protein 
expression levels, an event which is involved in the sensitiza-
tion to TRAIL-induced apoptosis by different compounds. 
Death receptor upregulation was associated with caspase-8 
activation and decrease in c-FLIP level, an anti‑apoptotic 
protein which operates as an endogenous antagonist of 
caspase-8. Differently from MDA-MB-231 cells, MCF-7 cells 
are characterized by high levels of DR4 and DR5 receptors but 
the presence of c-FLIPL in an inhibitor complex with DR5, 
FADD and caspase-8 make these cells resistant to TRAIL 
action  (30). Data reported in this paper demonstrated that 

GSI-I or GSI-I/TRAIL combined treatment was unable to 
modulate the expression level of TRAIL death receptors and 
of cFLIP in MCF-7 cells.

We were interested to ascertain the molecular mecha-
nism whereby GSI-I enhances TRAIL receptor expression 
in MDA-MB-231 cells. It has been reported that the tran-
scriptional activation of DR4 and DR5 can be dependent on 
the transcription factor AP1, a dimeric complex commonly 
constituted by c-Jun and c-Fos (29). In GSI-I-treated cells 
we observed an increase in level of c-Jun and in that of 
its phosphorylated active form, as well as, in the level of 
phospho-JNK, the enzyme responsible for c-Jun activation. 
Both these events can be related to Notch signaling; in fact, 
it has been reported that the active cytoplasmic fragment 
of Notch (NIC) inhibits AP1 (40) and, moreover, it can be 
responsible for the downregulation of JNK (41). We conclude 
that the failed cleavage of Notch consequent to the use of 
the γ-secretase inhibitor could prevent the inhibition of AP1 
and JNK thus allowing the transcriptional activation of DR4 
and DR5. However, since studies by Han et al suggested 
that GSIs can also act as inhibitors of proteasome activity 
(42), we can not exclude that the increased levels of DR4 and 
DR5 receptors were, al least partially, related to their failed 
degradation.

Figure 4. RNA interfering against Notch-1 in combination with TRAIL treatment mimics the cytotoxic effect of GSI-I/TRAIL association. MDA-MB-231 cells 
were transfected for 6 h with siNotch-1 or siScr. Cells were treated with 25 ng/ml TRAIL for 24 h. (A) Western blot analysis of the levels of Notch-1, c-Jun and DR5 
was performed as reported in Materials and methods. (B) Cell viability was estimated by MTT assay and expressed as the percentage of control value. (C) Apoptotic 
morphology of TRAIL-treated siNotch-1 silenced cells was evaluated by light microscopy, magnification, x200.
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The central role of Notch in MDA-MB-231 death pathway 
induced by GSI-I/TRAIL combination was also confirmed 
by silencing experiments against Notch. In siNotch silenced 
cells, we observed an increase in the levels of both c-Jun and 
DR5 similar to that observed after GSI-I or GSI-I/TRAIL 
treatment. Moreover, in silenced cells treated with TRAIL 
alone we also observed cytotoxic effects similar to those 
obtained after GSI-I/TRAIL combined treatment. Overall, 
data reported seem to indicate that the synergistic effects 
induced by the combination of the two drugs are a specific 
consequence of GSI-I action on γ-secretase activity.

Another mechanism through which GSI-I may sensitize 
MDA-MB-231 cells to apoptosis induced by TRAIL seems 
to be related to the modulation of pro- and anti-apoptotic 
factors. In many experimental models, the downregulation 
of survival factors and the concomitant upregulation of 
pro-apoptotic ones trigger a path that leads to cell death 
following treatment with anticancer drugs. Furthermore, it 
has been demonstrated a cross-talk between Notch signaling 
and the expression of some of these factors. Lee et al (43) 
reported in breast cancer cells the decrease of survivin as a 
consequence of Notch inhibition, while Rizzo et al reported 
that in breast cancer cells knockdown of Notch increased 
the levels of the pro-apoptotic factor Noxa (26). Data of the 
present study indicate that in MDA-MB-231 cells, besides 
the effects on Noxa and survivin, treatment with GSI-I/
TRAIL combination also induced a clear reduction in the 
levels of the phosphorylated form of AKT, which can be 
considered a key factor in growth and cell survival, together 
with that of c-IAP-2, another member of the IAP family. 
Moreover, some members of the Bcl-2 family, such as Bcl-xL 
and BimEL, are also downregulated following treatment with 
the two compounds in combination. Conversely, treatment 
with GSI-I and/or TRAIL involved upregulation of the pro-
apoptotic factors BimL and BimS.

In conclusion, the results presented here provide the first 
evidence that the inhibition of Notch signaling by GSI-I 
sensitizes MDA-MB-231 cells to TRAIL signaling, thus 
resulting in a strong synergistic antiproliferative effect on 
breast cancer cells. This is a consequence of: i) the marked 
increase in the expression level of DR4 and DR5, ii) the 
decrease of some survival factors and iii) the increase in 
some pro-apoptotic ones. These events, even if separated 
from each other, contribute to the induction of cell death. At 
first glance, our results seem to conflict with those reported 
by Wang et al (44) who demonstrated that in human hepato-
carcinoma cells TRAIL-induced apoptosis can be triggered 
by the activation of Notch pathway. However, the authors 
indicated that the observed enhancement of TRAIL recep-
tors is dependent on upregulation of p53 which is wild‑type 
in hepatoma cells, differently from MDA-MB‑231 breast 
cancer cells. Although the biochemical pathways induced by 
these compounds should be further explored, GSI-I/TRAIL 
association suggests a possible novel strategy for breast 
cancer treatment.
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