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Phospho-Bcl-2 was downregulated and Bax was upregu-
lated by both the single and combination drug treatments. 
Bim was induced by a single drug treatment and was 
enhanced by combination treatment. Combination treat-
ment-induced apoptosis was decreased by Bim inhibition, 
suggesting that the antitumor effect of the drug combina-
tion was dependent on Bim.
Conclusion  Based on our data, we propose that the com-
bination treatment is a promising strategy for NSCLC 
therapy.
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Introduction

Lung cancer is the most common cause of malignancy-
related death in the world, and despite advances in treat-
ment, its incidence rate is still increasing [1, 2]. To improve 
the poor prognosis of patients with NSCLC, further studies 
that specifically examine the development of new therapeu-
tic strategies are required.

The Notch receptor is a single-pass transmembrane pro-
tein that regulates cell-fate determination in multicellular 
organisms. There are four Notch receptors, which bind two 
families of ligands, Jagged and Delta-like, in mammals [3, 4]. 
Upon ligand binding, the Notch receptor undergoes a number 
of proteolytic cleavages. The final cleavage by the γ-secretase 
complex results in release of the Notch intracellular domain 
(NICD), which forms a nuclear complex with the transcrip-
tion factor CSL (CBF, Sel, Lag-1) and induces the expression 
of target genes such as Hairy and enhancer of split (Hes) and 
Hairy/enhancer of split related with the YRPW (Hey) gene 
family [3, 4]. Several studies have highlighted the aberrant 
activation of Notch pathways in the tumorigenesis of many 
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cancers [5–8]. We have reported that γ-secretase inhibi-
tor (GSI) downregulates NICD expression and inhibits the 
growth of lung cancer both in vitro and in vivo [9].

The role of the Notch pathway in tumorigenesis is also 
related to the regulation of apoptosis. Deregulation of apop-
tosis has been demonstrated to lead to cancer development, 
proliferation, and treatment resistance [10, 11]. The mito-
chondria-mediated apoptotic pathway is largely regulated by 
Bcl-2 family proteins, with members of this family possess-
ing at least one of four conserved motifs that are known as 
Bcl-2 homology domains (BH1–BH4) [12]. This Bcl-2 fam-
ily has been divided into three subfamilies: (1) pro-survival 
family members, (2) pro-apoptotic family members that 
contain multiple Bcl-2 homology domains, and (3) BH3-
only proteins such as Bim that exhibit sequence homology 
only in the BH3 domain [12–14]. We demonstrated that 
Notch3 modulates apoptosis in Notch-expressing NSCLC 
through Bcl-2 family proteins, especially through Bim [15].

ABT-737, a small-molecule BH3 domain mimetic that 
functions as a Bcl-2 inhibitor, has been shown to bind with 
high affinity to Bcl-2 and Bcl-xL, thereby freeing Bax or 
Bak to trigger permeabilization of the mitochondrial mem-
brane and caspase-3 activation and subsequently cell death 
[16]. It has exhibited preclinical activity as a single agent 
in several cancer cells [17–19]. Although the combination 
of GSI and ABT-737 showed synergistic antitumor effects 
in multiple myeloma and breast cancer [20, 21], there have 
been no reports regarding the combined effect of GSI and 
ABT-737 in NSCLC. Because regulation of the Bcl-2 fam-
ily is also important for the suppression of Notch-express-
ing NSCLC, in this study we evaluated the antitumor 
effect of the combination of GSI and ABT-737 in vitro and 
in vivo and its association with the Bcl-2 family in Notch-
expressing NSCLC.

Materials and methods

Cell lines and inhibitors

The NSCLC cell lines H460, A549, H1793, and H1395 
were obtained from the American Type Culture Collection. 

HCC2429 was established as previously described [22]. 
H1395 cells do not express Notch, whereas the other four 
cell lines have been shown previously to have high Notch3 
expression [9]. Cell lines were maintained in RPMI supple-
mented with 10% fetal calf serum at 37°C in a humid envi-
ronment in 5% CO2. γ-Secretase inhibitor XX (GSI XX) 
was obtained from Calbiochem (San Diego, CA, USA). 
ABT-737 (S1002) was obtained from Sellek Chemicals 
(Houston, TX, USA).

MTT proliferation assay

All cell lines were seeded into a 96-well plate at a density 
of 4000 cells per well and were incubated overnight. The 
cells were treated with increasing concentrations of GSI 
XX, ABT-737, or a combination of GSI XX and ABT-
737 and then incubated for 4  days. The MTT assay was 
performed according to the manufacturer’s recommenda-
tion. In this assay, the absorption of light was determined 
at 560  nm using a microplate reader (Varioskan Flash; 
Thermo Fisher Scientific). IC50 data of the single treatment 
of each cell line were determined (Table  1). All experi-
ments were performed in quintuplicate.

CI isobologram assessment of the combination of GSI 
XX and ABT‑737

All cell lines were seeded into a 96-well plate at a density 
of 4000 cells per well and were incubated overnight. GSI 
XX and ABT-737 were administered to each cell line at a 
constant concentration ratio, which was determined by the 
IC50 data of the single drug treatment (Table 1). The MTT 
assay was performed, and the combined cytotoxicity of GSI 
XX and ABT-737 in each cell line was analyzed by a Fa-CI 
isobologram plot using the computer software Compusyn 
(Biosoft, Cambridge, UK); the Chou–Talalay method for 
the combination of two drugs based on the median effect 
equation has been previously described [23]. The concen-
tration–effect curve for each drug alone was determined 
based on experimental observations using the median effect 
principle and was compared with the effect achieved with a 
combination of the two drugs to derive a combination index 
(CI) value. The CI value offers quantitative definitions for 
the additive effect (CI = 1), synergism (CI < 1), and antag-
onism (CI > 1) of drug combinations.

Antibodies and Western blotting analysis

H460 and HCC2429 cells were seeded at a density of 
1.0 × 105 cells per well into a 6-well plate and incubated 
overnight. H460 cells were treated with control, or with 
15 μM GSI XX and/or 7.5 μM ABT-737. HCC2429 cells 
were treated with control, or with 7.5 μM GSI XX and/

Table 1   IC50 data of GSI XX and ABT-737

GSI XX (μM) ABT-737 (μM)

HCC2429 7.6 ± 0.7 3 ± 0.4

H460 15.8 ± 2.3 8.5 ± 1.2

A549 15.2 ± 2.4 12.5 ± 2.2

H1793 10.2 ± 1.0 4.2 ± 1.0

H1395 46.5 ± 4.3 23.7 ± 1.8

(Notch negative)
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or 1 μM ABT-737. The administered drug concentration 
was based on the IC50 dose for each cell line. Cells were 
harvested at 72 h after treatment. These harvested proteins 
were applied for Western blotting analysis. Notch3 was 
detected using a rabbit polyclonal antibody from Allele 
Biotechnology and Pharmaceuticals (ABP-PAB-10683; 
San Diego, CA, USA) at 1:500 dilution. Anti-pro-survival 
Bcl-2 family antibodies and polyclonal rabbit antibodies to 
phospho-Bcl-2 (2827), Bcl-2 (2870), Bcl-xL (2764), and 
Mcl-1 (4572) were obtained from Cell Signaling Technol-
ogy (Danvers, MA, USA). Anti-pro-apoptotic Bcl-2 family 
antibodies, and polyclonal rabbit antibodies to phospho-
Bad (5284), Bad (9239), Bax (5023), Bik (4592), BID 
(2002), Bak (6947), and Puma (4975) were obtained from 
Cell Signaling Technology. The polyclonal rabbit antibody 
to Bim (B7929) was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). The polyclonal rabbit antibody to Noxa 
was obtained from Biovision (Mountain View, CA, USA). 
The polyclonal rabbit antibody to PARP (9542) was pur-
chased from Cell Signaling Technology. All analyses were 
stained with Ponceau S, and equal protein loading was 
confirmed.

Real‑time RT‑PCR

H460 and HCC2429 cells were seeded at a density of 
1.0 × 105 cells per well into a 6-well plate and were incu-
bated overnight. The cells were treated with control, or 
with GSI XX and/or ABT-737. At 72 h after treatment, total 
RNA was isolated using the RNeasy Mini Kit (Qiagen, 
Valencia, CA, USA) following the manufacturer’s instruc-
tions. RNA was reverse transcribed into cDNA by using 
TaqMan reverse transcription reagents with random hexam-
ers obtained from Applied Biosystems (Life Technologies, 
Carlsbad, CA, USA). Expression of Hey1 and GAPDH 
mRNA was determined by the quantitative real-time pol-
ymerase chain reaction (RT-PCR) with the ABI Prism 
7900HT Sequence Detection System (Applied Biosys-
tems) according to the manufacturer’s instructions, using 
Hey1 and GAPDH reagents obtained from Applied Biosys-
tems. The mean relative expression levels were compared 
to expression of an internal control (GAPDH). All PCR 
amplifications were performed using a MicroAmp optical 
96-well reaction plate with a TaqMan Fast Universal PCR 
Master Mix and with the TaqMan Gene Expression Assay 
kit (Applied Biosystems).

siRNA transfection

H460 and HCC2429 were seeded at a density of 
1.0  ×  105 cells per well into a 6-well plate the day 
before transfection. The Bim siRNA sequence was ON-
TARGET plus SMART obtained from Thermo Fisher 

Scientific. Cells were transfected with 100 pmol siRNA 
in Opti-MEM medium (Invitrogen) using 100 pmol lipo-
fectamine 2000 (Invitrogen). Medium was exchanged 
after 6  h and the cells were then incubated overnight. 
Cells were treated with control, or with GSI XX (H460, 
15  μM; HCC2429, 7.5  μM) and/or ABT-737 (H460, 
7.5 μM; HCC2429, 1 μM) and were harvested at 48  h 
after treatment. To confirm the efficiency of siRNA 
transfection and assess the apoptosis, Bim protein 
expression and PARP expression with or without treat-
ment were measured at 72 h after transfection by West-
ern blotting analysis. Nonspecific siRNAs against the 
target sequence, ON-TARGET plus Non-targeting pool, 
were used as controls.

Apoptosis analysis

H460 and HCC2429 cells were seeded at a density of 
1.0 × 105 cells per well into a 6-well plate, incubated over-
night, and subsequently treated with control or with GSI 
XX (H460, 15 μM; HCC2429, 7.5 μM) and/or ABT-737 
(H460, 7.5 μM; HCC2429, 1 μM). The cells were incu-
bated for 48  h and then stained with FITC-conjugated 
Annexin V and propidium iodide (PI), using the Annexin 
V-FITC Apoptosis Detection kit (Calbiochem). The per-
centage of apoptotic cells (Annexin V-positive and PI-
negative population) was determined using flow cytometry 
(BD FACSCalibur; Becton, Dickinson, Frankin Lakes, NJ, 
USA).

In vivo tumorigenicity

All animal husbandry and experiments were performed 
under protocols approved by the Institutional Animal Care 
Committee at Hokkaido University School of Medicine. 
H460 and HCC2429 cells (1.0 × 106 cells) were diluted in 
100 μl phosphate-buffered saline (PBS) and injected sub-
cutaneously into the right posterior leg of athymic, 5-week-
old, female nude mice (nu+/nu+). When the tumors were 
palpable, the mice were randomly assigned to one of four 
groups: control group, the GSI XX or the ABT-737 sin-
gle drug treatment group, or the combination of GSI XX 
and ABT-737 group. Each group consisted of eight mice. 
In GSI XX and/or ABT-737 treatment, 200  μg/kg GSI 
XX was administered intraperitoneally (i.p.) on days 1, 2, 
3, and 8, 9, 10, as previously described [9] and/or 100 μg/
kg ABT-737 was administered by i.p. on days 1 and 14, as 
previously described [20]. The tumors were then measured 
every 2  days using digital calipers. Tumor volume (TV) 
was determined using the formula TV = (length) × (width)  
× (height)/2 [24]. Tumor growth rate (%TV) on day X was 
calculated as (TV on day X/TV on day 1) × 100, as previ-
ously described [9].



260	 Int J Clin Oncol (2017) 22:257–268

1 3

A549

GSI  XX

H1793
C

el
lu

la
r v

ia
bi

lit
y 

(%
)

0

20

40

60

80

100

0uM 4uM 8uM 16uM 20uM

HCC2429

*

*
*

C
el

lu
la

r v
ia

bi
lit

y 
(%

)

0

20

40

60

80

100

0uM 4uM 8uM 16uM 20uM

**

H460

0

20

40

60

80

100

0uM 4uM 8uM 16uM 20uM

C
el

lu
la

r v
ia

bi
lit

y 
(%

)

*

*

C
el

lu
la

r v
ia

bi
lit

y 
(%

)

0

20

40

60

80

100

0uM 2.5uM 5uM 10uM 20uM

*
*

0

20

40

60

80

100

0uM 2uM 4uM 8uM 12uM

C
el

lu
la

r v
ia

bi
lit

y 
(%

)

*
*

0

20

40

60

80

100

0uM 1uM 2uM 4uM 8uM

C
el

lu
la

r v
ia

bi
lit

y 
(%

)

*
*

0

20

40

60

80

100

0uM 4uM 8uM 16uM 20uM

C
el

lu
la

r v
ia

bi
lit

y 
(%

)

**

0

20

40

60

80

100

0uM 1uM 2uM 4uM 8uM

*

C
el

lu
la

r v
ia

bi
lit

y 
(%

)

*

9242CCH064H

3971H945A

ABT-737
B

A

0

20

40

60

80

100

0uM  20uM   40uM   60uM   80uM

C
el

lu
la

r v
ia

bi
lit

y(
%

)

*
*

H1395



261Int J Clin Oncol (2017) 22:257–268	

1 3

Statistical analysis

Statistical analysis was carried out using Microsoft Excel 
software. Significance between the control and observation 
arms of both in  vitro and in  vivo assays was determined 
using analysis of variance (ANOVA). Statistical signifi-
cance was established at p < 0.05.

Results

Combined antitumor effect of GSI XX and ABT‑737 
on Notch‑expressing lung cancer cell lines

To investigate the antitumor effect of GSI XX, ABT-737, 
and combination therapy, we used the MTT assay to meas-
ure cell viability following drug treatment of four lung can-
cer cell lines (H460, HCC2429, H1793, A549), which were 
previously shown to have high Notch3 expression [9]. GSI 
XX or ABT-737 alone inhibited the growth of the lung can-
cer cells in a dose-dependent manner (Fig. 1a, b). The IC50 
of GSI XX or ABT-737 varied according to the lung cancer 
cell line (Table 1). The lung cancer cells were then treated 
with a combination of GSI XX and ABT-737 at a constant 
ratio, with doses determined based on the IC50 of the single 
treatment, and the combined antitumor effect was evalu-
ated. The combination index was less than 1 for all four cell 
lines, indicating that combination therapy showed a syner-
gistic antitumor effect (Fig. 2a). On the other hand, H1395 
cells, which do not express Notch, showed resistance to 
GSI XX (Table 1). Moreover, combination index following 
treatment of H1395 cells with a combination of GSI XX 
and ABT-737 was about 1, which suggested an additive, 
but not a synergistic, antitumor effect of this combination 
(Fig. 2b). To determine the antitumor effect of combination 
treatment in vivo, we utilized xenograft models. Treatment 
with GSI XX or ABT-737 alone inhibited tumor growth 
compared with control. Furthermore, the combination treat-
ment of GSI XX and ABT-737 significantly delayed tumor 

growth compared with either single agent alone (Fig. 2c). 
No body weight loss was observed (data not shown), indi-
cating that all treatments were well tolerated.

Combination of GSI XX and ABT‑737 modulates the 
expression of Bcl‑2 family proteins

We previously showed that Notch inhibition by GSI 
induced apoptosis through Bcl-2 family proteins [15]. 
ABT-737 also modulates Bcl-2-related proteins and 
induces apoptosis [26]. We first used Western blotting to 
evaluate the expression of the Bcl-2 family in H460 and 
HCC2429 cells treated with GSI XX, ABT-737 alone, or 
the combination treatment. The expression of the pro-sur-
vival Bcl-2 proteins phospho-Bcl-2 and BclxL was sup-
pressed by single or combination drug treatment (Fig. 3a). 
Conversely, the expression of the pro-apoptotic protein 
BAK was upregulated by treatment (Fig.  3b). As we had 
previously observed that the BH3-only protein, Bim, was 
induced and was necessary for induction of apoptosis by 
Notch inhibition [15], the expression of BH3-only proteins 
was also evaluated following single or combination drug 
treatment. Bim was upregulated in both cell lines by singe 
drug treatment, and this upregulation was enhanced by the 
combination drug treatment (Fig. 3c). Although Noxa was 
reportedly induced by Notch inhibition [20, 21], the expres-
sion of Noxa and that of other BH3-only proteins were not 
affected by any treatment (Fig. 3c; Supplementary Fig. 1). 
We next evaluated the expression of Notch following sin-
gle or combination drug treatment. NICD3 and Hey1 were 
downregulated by GSI, as we reported previously (Fig. 4a, 
b) [9]. NICD suppression seems to be attenuated slightly 
in the combination compared to GSI XX monotherapy in 
H460 (Fig.  4a). Although there were no reports whether 
ABT-737 affected Notch expression, ABT-737 might have 
some influence on Notch expression. However, no differ-
ence of Hey-1 mRNA suppression between GSI and the 
combination was seen (Fig. 4b), indicating that the attenu-
ation of NICD suppression by combination treatment in 
H460 did not have as much impact on the Notch pathway 
downregulation.

Bim is necessary for the apoptosis induced by drug 
treatment

Because GSI or ABT-737 was reported to induce apoptosis 
through Bcl-2-related proteins, we evaluated the expression 
of poly-ADP ribose polymerase (PARP) and the percent-
age of apoptotic cells following the single or combination 

Fig. 1   GSI XX or ABT-737 inhibited cell proliferation in a dose-
dependent manner. The cells were treated with increasing concen-
trations of control or GSI XX and/or ABT-737. Treated cells were 
then incubated for 4 days. The MTT assay was performed and IC50 
data of a single treatment of each cell line were determined. a IC50 
of GSI XX in Notch-expressing NSCLC cell lines and H1395 Notch-
negative cell line. GSI XX inhibited the growth of NSCLC in a dose 
dependent manner. *p  <  0.05 vs. control. b IC50 of ABT-737 in 
Notch-expressing NSCLC cell lines. ABT-737 inhibited the growth of 
NSCLC cells in a dose-dependent manner. *p < 0.05 vs. control

◂
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drug treatment. Cleaved PARP was induced by single drug 
treatment and enhanced by combination drug treatment 
(Fig.  5a). Moreover, apoptosis was induced by single drug 
treatment and increased by combination drug treatment 
(Fig. 5b). We previously reported that induction of apopto-
sis by Notch3 inhibition depends on Bim [15]. Therefore, to 
evaluate whether Bim was important in the antitumor effect 
of the combination of GSI XX and ABT-737, we used Bim 
siRNA to suppress Bim expression in H460 and HCC2429 
cells. The treatment-induced upregulation of Bim was miti-
gated by Bim siRNA (Fig. 6a). The loss of Bim abrogated 
the induction of PARP in the cells treated with the single or 
combination drug treatment (Fig.  6a). Furthermore, induc-
tion of apoptosis by the single or combination drug treatment 
was impaired by inhibition of Bim expression (Fig. 6b).

Discussion

In the current study, we showed that the combination 
therapy of GSI XX and ABT-737 enhanced the inhibition 
of tumor growth of Notch-expressing NSCLC cells both 
in vitro and in vivo compared with a single drug treatment. 
Treatment with the combination modulated the expression 
of both pro-survival Bcl-2 family proteins and proapoptotic 
Bcl-2 family proteins. Furthermore, the combined antitu-
mor effect was dependent on Bim, which has previously 
been shown to operate in tumor suppression and initiation 
of apoptosis [11, 12]. These data provide a rationale for 
modulating Bcl-2 family proteins and inducing apoptosis in 
Notch-expressing NSCLC, suggesting that this combined 
treatment might be a promising new therapy.

In our data, Notch inhibition induced Bim upregulation 
and phosphor Bcl-2 upregulation. Bim is regulated by the 
ERK/MAPK pathway and is required to mediate epithelial 
growth factor receptor (EGFR) inhibitor-induced apopto-
sis in lung cancer cells [25]. Bim can bind and neutralize 
pro-apoptotic Bcl-2 family members, such as Bcl-2, which 
inhibit pro-survival Bcl-2 family members such as Bax and 
Bak [12–14]. Moreover, it has already been shown that 
the Notch pathway cross-talked with the MAPK pathway 
[26]. We revealed that loss of Notch activity resulted in the 
downregulation of phospho-ERK and the upregulation of 
Bim [9, 15]. We also showed that loss of Notch and EGFR 
inhibition induced Bim significantly compared to Notch 
suppression only [15]. Those data suggest that Notch mod-
ulates Bim through the EGFR pathway and upregulation of 
Bim by Notch inhibition inhibited Bcl-2.

GSI is not specific for Notch and is known to mediate 
the proteolysis of several transmembrane proteins, includ-
ing amyloid precursor protein, E-cadherin, CD44, and 
ErbB4 [27–29]. We have already shown that the antitumor 
effect of GSI, as MRK-003 (Merck), was relatively Notch3 
dependent, using Notch3 siRNA stable clones and tran-
sient transfection [9]. Moreover, we have previously dem-
onstrated that the combined antitumor effect of GSI and 
radiation was effective only in Notch-expressing cell lines, 
because the Notch-negative cell line, H1395, showed no 
combined antitumor effect [29]. In this study, we found that 
H1395 displayed resistance to GSI XX and no synergistic 
antitumor effect, following treatment with the combina-
tion of GSI XX and ABT-737, indicating that the combined 
antitumor effect was dependent on the Notch pathway.

ABT-737 binds to Bcl-2 and Bcl-xL, thereby functioning 
as an antagonist, and disrupts Bcl-2/BAX association [16–
19]. In this study, we showed that ABT-737 induced Bim 
and that the combination treatment enhanced Bim expres-
sion, which suggested that ABT-737 not only participated 
in the apoptotic signaling pathway through inhibition of 
the function of Bcl-2/Bcl-xL, but that it could also enhance 
apoptosis induced by Bim. It was reported that ABT-737 
upregulates Bim expression through the activation of JNK/
c-Jun signaling pathways in erythroid cells and HeLa cells 
[30, 31]. Although we have not investigated the association 
between Bim and the JNK pathway and there have been no 
reports that Bim induced by ABT-737 was dependent on 
the JNK pathway in NSCLC, the JNK pathway might be 
involved in the enhancement of apoptosis observed in this 
study. Further study is warranted to establish this point.

Fig. 2   The combination of GSI XX and ABT-737 showed a syner-
gistic antitumor effect in  vitro and inhibition of tumor proliferation 
in  vivo. a The Fa-CI plot of isobologram analysis of GSI XX and 
ABT-737 treatment in four Notch-expressing lung cancer cell lines. 
The CI value was less than 1, indicating a synergistic effect. b The 
Fa-CI plot of isobologram analysis of GSI XX and ABT-737 treat-
ment of H1395, a Notch-negative lung cancer cell line. For H1395, 
the CI value was around 1, which suggested an additive, but not 
a synergistic, antitumor effect of this combination. c H460 and 
HCC2429 cells (1.0 ×  106 cells) were injected subcutaneously into 
the right posterior leg of athymic, 5-week-old, female nude mice 
(nu+/nu+). In GSI XX and/or ABT-737 treatment, 200 μg/kg GSI 
XX was administered intraperitoneally (i.p.) on days 1, 2, 3, and 8, 
9, 10, and/or 100 μg/kg ABT-737 was administered by i.p. on days 
1 and 14. The combination of GSI XX and ABT-737 significantly 
inhibited the growth of Notch-expressing lung cancer compared to 
control or single treatment in in vivo xenograft models (n = 8)
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Fig. 3   Bcl-2 protein expression was regulated by treatment. H460 
cells were treated with control, or with 15  μM GSI XX and/or 
7.5 μM ABT-737. HCC2429 cells were treated with control, or with 
7.5 μM GSI XX and/or 1 μM ABT-737. The administered drug con-
centration was based on the IC50 dose for each cell line. Cells were 
harvested at 72  h after treatment. a The protein expression of pro-
survival Bcl-2 members was analyzed in H460 and HCC2429 cells 
by Western blotting. The expression of phospho-Bcl-2 and Bcl-xL 

was downregulated by treatment, but the expression of Mcl-1 was 
not affected. b The protein expression of proapoptotic Bcl-2 family 
members was evaluated by Western blotting. BAX expression was 
upregulated by treatment. c Expression of the BH3-only proteins, 
Bim and Noxa, was evaluated by Western blotting. Bim expression 
was induced by single treatment and enhanced by combination treat-
ment. The expression of Noxa was unchanged by drug treatment
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Although ABT-737 shows high affinity for Bcl-2 and 
Bcl-xL, it exhibits low affinity for Mcl-1 [16]. Consist-
ent with the low affinity of ABT-737 for Mcl-1, tumor 
cells that overexpress Mcl-1 are resistant to ABT-737, 
and neutralization of Mcl-1 increases drug sensitiv-
ity [32, 33]. In multiple myeloma cells and breast can-
cer cells, addition of GSI upregulates the expression of 
the BH3-only protein, Noxa, which is a potent regulator 
of Mcl-1 and enhances sensitivity of the cells to ABT-
737 [20, 21]. However, the mechanism of GSI-induced 

Noxa upregulation is unclear. We previously showed 
that Notch inhibition results in downregulation of the 
MAPK pathway, which modulates Bim, and that fol-
lowing GSI administration, Bim induction was observed 
but Noxa expression was not affected [15]. Consist-
ent with our former data, in this study the addition of 
GSI XX had no impact on the expression of Noxa and 
Mcl-1 and increased apoptosis through modulation of 
Bcl2/BclxL and Bim. The function of Notch has been 
reported to be context dependent and complicated. For 

Fig. 4   NICD3 and Hey-1 
were suppressed by GSI XX or 
combination. The NSCLC cell 
lines were treated as in Fig. 2. 
a The expression of NICD3 
was analyzed by Western 
blotting. NICD3 expression 
was inhibited by GSI XX or 
combination of both cell lines. b 
The mRNA of Hey-1 was ana-
lyzed using real-time RT-PCR. 
Hey-1 mRNA was suppressed 
by GSI XX or combination 
in both cell lines. Results are 
the mean ± SD. *p < 0.05 vs. 
control
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example, although Notch3 is activated and promotes the 
proliferation of NSCLC [9, 15], Notch1 suppresses the 
growth of SCLC cell lines [34, 35]. Thus, the origin of 
the tumor and the various types of Notch pathway regula-
tion affected by GSI might account for the difference in 

activation of Bcl-2 subfamily proteins between different 
types of malignant diseases.

The current study is the first to clarify the combined 
antitumor effect of GSI and ABT-737 in Notch-express-
ing NSCLC. The combination therapy of GSI XX and 

Fig. 5   Combination of GSI 
XX and ABT-737 enhanced 
apoptosis. H460 and HCC2429 
cells were treated with control, 
or with GSI XX (H460, 15 μM; 
HCC2429, 7.5 μM) and/or 
ABT-737 (H460, 7.5 μM; 
HCC2429, 1 μM). and were 
incubated for 48 h. Then cells 
were assayed by Western 
blotting of PARP (a) and were 
stained with FITC-conjugated 
Annexin V and propidium 
iodide (PI) (b). a Combination 
therapy increased the expression 
of cleaved PARP compared to 
single treatment. b Combination 
therapy induced apoptosis in 
a significantly higher number 
of cells compared to single 
treatment
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ABT-737 showed greater antitumor effect than single drug 
therapy against Notch-expressing NSCLC both in vitro and 
in vivo, indicating that this therapy might be a new strategy 
for lung cancer therapy.
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