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Abstract. The Notch receptor serves a fundamental role in 
the regulation of cell fate determination through intracellular 
signal transmission. Mutation of the Notch receptor results 
in abnormal active signaling, leading to the development of 
diseases involving abnormal cell growth, including malignant 
tumors. Therefore, the Notch signaling pathway is a useful 
pharmacological target for the treatment of cancer. In the 
present study, a compound screening system was designed 
to identify inhibitors of the Notch signaling targeting Notch 
intracellular domain (NIcd). A total of 9,600 compounds were 
analyzed using the Michigan cancer Foundation-7 (McF7) 
human breast adenocarcinoma cell line and the SH-SY5Y 
human neuroblastoma cell line with the reporter assay 
system using an artificial protein encoding a partial Notch 
carboxyl-terminal fragment fused to the Gal4 dNA-binding 
domain. The molecular mechanism underlying the inhibition 
of Notch signaling by a hit compound was further validated 
using biochemical and cell biological approaches. Using the 
screening system, a potential candidate, Notch signaling 
inhibitor-1 (NSI-1), was isolated which showed 50% inhibition 
at 6.1 µM in an exogenous Notch signaling system. In addi-
tion, NSI-1 suppressed the nuclear translocation of NIcd and 
endogenous gene expression of hairy and enhancer of split-1, 
indicating that NSI-1 specifically targets Notch. Notably, 

NSI-1 suppressed the cell viability of McF7 cells and another 
human breast adenocarcinoma cell line, MdA-MB-231 exhib-
iting constitutive and high Notch signaling activity, whereas no 
significant effect was observed in the SH‑SY5Y cells bearing a 
lower Notch signaling activity. NSI‑1 significantly suppressed 
the viability of SH-SY5Y cells expressing exogenous human 
Notch1. These results indicate that NSI-1 is a novel Notch 
signaling inhibitor and suggest its potential as a useful drug 
for the treatment of diseases induced by constitutively active 
Notch signaling.

Introduction

Notch, a type I transmembrane protein, functions as a critical 
receptor for cell-cell signal transmission. Notch signaling 
serves a key role in the regulation of cell fate through lateral 
inhibition during neurogenesis (1) and is significantly depen-
dent on the proteolytic cleavage of the Notch receptor and its 
ligands (2). Following its biosynthesis, Notch is cleaved at the 
S1 site by furin, also known as paired basic amino acid cleaving 
enzyme, within the Golgi to generate the mature heterodi-
meric receptor composed of an extracellular amino-terminal 
fragment and a membrane-tethered carboxyl-terminal frag-
ment (3,4). The Notch extracellular domain then interacts with 
delta/Serrate/LAG-2, a ligand expressed in the cell surface of 
neighboring cells. consequently, Notch undergoes sequential 
cleavages at the S2 and S3 sites by AdAM10 and intramem-
brane γ-secretase complex, respectively, resulting in the release 
of the Notch intracellular domain (NIcd) fragment into the 
cytoplasm (5). NIcd then translocates into the nucleus and 
activates the transcription of target genes (6). Notch cleavage 
by the γ-secretase complex, composed of four transmem-
brane proteins, Aph-1, Nicastrin, Pen-2 and Presenilin (7-11), 
is the final step in the generation of NICD. Therefore, the 
dysregulated γ-secretase-mediated cleavage of Notch results 
in aberrant downstream signaling, which leads to the develop-
ment of diseases including malignant tumors (12-14). These 
observations suggest that Notch signaling can be a potent drug 
target in cancer cells. Efforts aimed at the identification of 
Notch signaling inhibitors (15‑17) have led to the identification 
of various compounds capable of suppressing Notch signaling. 
Furthermore, investigations of Notch inhibitors in clinical 
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trials have demonstrated that the inhibition of Notch signaling 
promises to be an effective cancer therapy (13,16,17). 
N‑[N‑(3,5‑difluorophenacetyl)‑l‑alanyl]‑S‑phenylglycine 
t-butyl ester (dAPT) is a well-characterized compound that 
inhibits γ-secretase by binding to the carboxyl-terminal frag-
ment of presenilin (18), a catalytic component of the γ-secretase 
complex. As the activity of Notch signaling is dependent on the 
generation of NIcd by γ-secretase, γ-secretase inhibitors, such 
as dAPT, effectively inhibit Notch signaling in cells. However, 
γ-secretase targets >100 type I membrane proteins (19), 
suggesting that inhibiting Notch signaling specifically may be 
difficult. The present study aimed to identify novel anti‑Notch 
signaling drugs by designing a compound screening system 
and isolating compounds capable of inhibiting NIcd function. 
Following the screening of 9,600 compounds and performing 
validation experiments, the compound Notch signaling inhib-
itor-1 (NSI-1) was isolated, which suppresses Notch signaling 
by inhibiting the nuclear translocation of NIcd. In addition, 
it was demonstrated that NSI-1 successfully suppressed cell 
proliferation in Michigan cancer Foundation-7 (McF-7) and 
MDA‑MB‑231 breast cancer cell lines. Therefore, these find-
ings suggest that NSI-1 may be a useful anticancer drug that 
targets Notch signaling through a novel mechanism.

Materials and methods

Plasmid construction. The sequences of the constructs utilized 
in the present study were confirmed using a DNA sequencer 
(ABI 3130xl genetic analyzer; Thermo Fisher Scientific, Inc.). 
All of PCR amplifications were performed with Thermal cycler 
dIcE (Takara Bio, Inc., Otsu, Japan) using Ex Taq polymerase 
(Takara Bio, Inc., Otsu, Japan) otherwise indicated. The 
Notch∆E∆Gal4 construct was generated using the following 
subcloning steps: The signal sequence (ss)-coding cdNA 
(1-63 bp) and the Notch truncated fragment [∆E∆-coding cdNA 
(5,161‑6,609 bp)] of human Notch1 were amplified by PCR 
(for ss, 96˚C, 30 sec, 57˚C, 30 sec, 72˚C, 15 sec, 22 cycles, for 
∆E∆, 96˚C, 30 sec, 57˚C, 30 sec, 72˚C, 1 min, 22 cycles) using 
specific primer sets (forward for ss, 5'‑TAT AGA ATT CAT GCC 
Gcc GcT ccT GGc Gcc ccT G-3'; reverse for ss, 5'-cTc 
Gcc GcA cGA GGc GTG cAG AGT GAG Acc-3', forward 
for ∆E∆, 5;-GGT cTc AcT cTG cAc Gcc TcG TGc GGc 
GAG-3'; reverse for ∆E∆, 5'-cTT cTc GAG cAG GGA GTc 
cAc GGG cGA-3') with the hNotch1/pcAMP plasmid (20) 
as a template. The resulting cdNA fragments were combined 
by PCR (96˚C, 30 sec, 57˚C, 30 sec, 72˚C, 1 min, 22 cycles; 
forward, 5'-TAT AGA ATT cAT Gcc Gcc GcT ccT GGc Gcc 
ccT G-3'; reverse, 5'-cTT cTc GAG cAG GGA GTc cAc GGG 
cGA-3') to obtain the ss-∆E∆ cdNA fragment containing 
EcoRI and XhoI digestion sites at the 5' and 3' ends, respec-
tively. A cdNA fragment coding FLAG tag with a methionine 
accompanying XhoI and ApaI digestion sites at the 5' and 
3' ends, respectively, was synthesized and ligated to the 3' end 
of the ss-∆E∆ cdNA fragment to obtain ss-∆E∆-FLAG. This 
fragment was then digested with EcoRI and ApaI and subse-
quently ligated to pcdNA3.1/hygro (V870-20; Thermo Fisher 
Scientific, Inc.), which was previously digested with EcoRI and 
ApaI, to obtain ss-∆E∆-FLAG/pcdNA3.1hygro. cdNA coding 
the Gal4 dNA-binding domain (Gal4dBd) was obtained from 
the pBINd vector (Promega, cat. no. E2440) by digesting 

with XhoI and ApaI. ss-∆E∆-FLAG/pcdNA3.1hygro was also 
digested with XhoI and ApaI and ligated to Gal4dBd to obtain 
ss-∆E∆-Gal4dBd/pcdNA3.1hygro. The herpes simplex virus 
protein 16 (VP16)-coding cdNA containing XhoI and XbaI 
digestion sites at the 5' and 3' ends, respectively, was prepared 
from pACT (Promega, cat. no. C9360) by PCR (96˚C, 30 sec, 
57˚C, 30 sec, 72˚C, 15 sec, 25 cycles) with a specific primer 
set (forward, 5'-ATc TcG AcG Gcc ccc ccG A-3'; reverse, 
5'-Tcc cGG Acc cGG GGA ATc-3') and digested with XhoI 
and XbaI. ss-∆E∆-Gal4dBd/pcdNA3.1hygro was also 
digested with XhoI and XbaI and ligated to VP16 to obtain 
ss-∆E∆-VP16-Gal4dBd/pcdNA3.1hygro, which was then 
digested with EcoRI and PmeI to obtain the cdNA fragment 
ss-∆E∆-VP16-Gal4dBd. The Piggybac vector (SBI, PB513B-1) 
was digested with EcoRI. Both the ss-∆E∆-VP16-Gal4dBd 
fragment and the pre-digested PiggyBac vector were 
blunted using T4 dNA polymerase and ligated to obtain 
Notch-ss-∆E∆-VP16-Gal4dBd/PiggyBac.

The pG5luc/PiggyBac construct was generated using the 
following subcloning steps: cdNA encoding luciferase was 
obtained from the pG5luc vector (Promega, cat. no. E2440) 
by digestion with NotI and BamHI. The Piggybac vector was 
digested with BstXI and SpeI. Subsequently, both the frag-
ments were blunted and ligated to obtain pG5luc/PiggyBac.

The simian virus 40 (SV40) LucGreenPuro/PiggyBac 
construct was generated using the following subcloning 
steps: The dNA fragment containing the SV40 promoter was 
obtained from pcdNA3.1 by digesting with VspI and SmaI. The 
PiggyBac vector was digested with SpeI and XbaI and ligated 
to SV40 to obtain SV40/PiggyBac. cdNA encoding luciferase 
was obtained by digestion of pG5luc with HindIII and BamHI. 
SV40/PiggyBac was then digested with EcoRI and BamHI, 
blunted, and ligated to obtain SV40LucGreenPuro/PiggyBac.

To obtain c99-Gal4/pBINd, c99-coding cdNA was 
amplified from a plasmid previously described (21) using 
a specific primer set (forward, 5'-TAT AGG ATc ccG ccA 
ccA TGc TGc ccG G-3'; reverse, 5'-TAT AGG TAc cGT TcT 
GCA TCT GCT C‑3'; 95˚C, 10 sec, 57˚C, 30 sec, 72˚C, 1 min, 
22 cycles), digested with BamHI and KpnI, and cloned into the 
pBINd vector at the sites.

To obtain Notch1/pcdNA3.1, human Notch1 full-length 
coding cdNA containing EcoRI and XhoI sites at the 5' and 
3' ends, respectively, was prepared from the hNotch1/pcAMP 
plasmid using a specific primer set by PCR (forward, 5'‑TAT 
AGA ATT cGA cGA TGc cGc cGc Tcc TGG cG-3', reverse, 
5'‑TAT ACT CGA GCT ATT ACT TGA AGG CCT CCG G‑3', 95˚C, 
10 sec, 57˚C, 30 sec, 72˚C, 3 min, 25 cycles) and cloned into the 
sites of pcDNA3.1 (Thermo Fisher Scientific, Inc.). Construction 
of NFLAG-hFE65/pcdNA3.1 was completed as previously 
described (22).

To obtain NotchIcd constructs used in Fig. S1, first 
NotchIcd-VP16-Gal4/pcdNA3.1 was prepared, which 
included NotchIcd full length. Total RNA was isolated 
from MdA-MB-231 cells, reverse transcribed to obtain 1st 
cDNA (45˚C, 60 min followed by 95˚C, 5 min) using the 
Prime Script 1st strand cdNA Synthesis kit (Takara Bio, 
Inc.). Following PcR procedures were performed using 
PrimeSTAR Max dNA polymerase (Takara Bio, Inc.). 
Notch‑ICD for Notch1, Notch2 and Notch3 were amplified by 
PCR (98˚C, 10 sec, 68˚C, 2 min, 32 cycles) using primer sets 
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as follows: Notch1Icd forward, 5'-ccG AAT Tcc cAc cAT 
GGT GcT GcT GTc ccG cAA G-3' and reverse, 5'-cGc cTc 
GAG TTA cTT GAA GGc cTc cGG AAT G-3'; Notch2Icd 
forward, 5'-ccG AAT Tcc Acc ATG GTA ATc ATG GcA 
AAA cG-3' and reverse, 5'-cGc cTc GAG TcA cGc ATA 
AAc cTG cAT G-3'; Notch3Icd forward, 5'-ccG AAT Tcc 
cAc cAT GGc ccG GcG cAA GcG-3' and reverse, 5'-cGc 
cTc GAG TcA GGc cAA cAc TTG ccT c-3'. Amplified 
cdNA fragments were digested with EcoRI and XhoI and 
cloned into VP16-Gal4/pcdNA3.1. NotchIcd∆-VP16-Gal4/
pcDNA3.1 was constructed via inverse PCR (98˚C, 10 sec, 
68˚C, 4 min, 12 cycles) using the above‑mentioned plasmids 
as a template and the following primer sets: Notch1Icd∆ 
forward, 5'-cGc AAT GGG cGG TAG GcG TG-3' and reverse, 
5'-GAA cGG GGA GGG cAG cAG TGG-3'; Notch2Icd∆ 
forward, 5'-cGc AAT GGG cGG TAG GcG TG-3' and reverse, 
5'-ATc cAT ATG GTc TGT GAT GTc-3'; Notch3Icd∆ 
forward, 5'-cGc AAT GGG cGG TAG GcG TG-3' and reverse, 
5'-GGT GAT cTc AcG GTT GGc AAA G-3'. The transfection 
efficacy of plasmid was confirmed by quantitative PCR and 
immunostain (Figs. S2 and S3).

Cell culture and plasmid transfection. Two human breast 
adenocarcinoma cell lines, McF-7 (ATcc, cat. no. HTB-22) 
and MdA-MB-231 (ATcc, cat. no. cRM-HTB-2) and 
the SH-SY5Y human neuroblastoma cell line (ATcc, 
cat. no. cRL-2266) were maintained in dMEM (Wako) supple-
mented with 5% FBS (MP Biomedicals, cat. no. 2916754) at 
37˚C, 5% CO2. All cell lines were purchased from ATcc, guar-
anteed as Mycoplasma negative. It was also confirmed that they 
exhibited fine nuclear DAPI staining without additional stains. 
The plasmids were transfected using Lipofectamine 2000 
(Thermo Fisher Scientific, Inc.) following the manufacturer's 
protocol. To obtain stably transfected McF7 cell lines, the 
McF7 cells were transiently transfected with plasmids and 
then subjected to drug selection with Geneticin (Wako Pure 
chemical Industries, Ltd., Osaka, Japan). A clone was then 
selected by the abundance of luciferase activity.

Compound screening. The ‘core Library’ containing 
9,600 compounds was provided by the drug discovery 
Initiative at the University of Tokyo. McF-7 cells stably 
transfected with Notch-ss-∆E∆VP16Gal4/PiggyBac and 
pG5luc/PiggyBac were used for the initial screening. The 
stable McF-7 cells (8x104/well) were plated onto a 96-well 
plate. After 24 h, the medium was replaced with fresh medium 
containing the compounds (10 µM) and allowed to incubate 
at 37˚C for 24 h. The luciferase activity was then measured 
using the Steady-Glo luciferase assay system (Promega) 
and 2300 EnSpire (PerkinElmer, Inc.) according to the 
manufacturer's protocol. The first candidates that showed 
>30% inhibitory activity relative to the dMSO control were 
selected. The hit compounds were further validated with tran-
siently transfected SH-SY5Y cells using the same protocol as 
that described above. The same procedure was used with the 
SV40LucGreenPuro/PiggyBac plasmid to exclude false posi-
tive compounds.

Preparation of derivatives. All commercial reagents were 
purchased from Wako Pure chemical Industries, Ltd.. The 

synthesized compound was characterized using thin-layer 
chromatography (TLc), mass spectrometry (MS) and 
nuclear magnetic resonance (NMR). TLc was performed on a 
Wakogel FM plate. All microwave syntheses were performed 
in the Biotage Initiator. 1H NMR spectra were recorded with 
JEOL JNM-EcX400P (400 MHz) or JEOL JNM-EcX400 
(400 MHz). chemical shift was expressed as delta values 
relative to tetramethylsilane (TMS) in units of parts per 
million (ppm) with TMS as an internal standard. MS was 
conducted in the LPLc system with Waters SQ detector 2. All 
starting materials were synthesized according to previously 
reported procedures (23). Flash column chromatography was 
performed using the Biotage Isolera Prime system. details 
of synthesis and structures of the derivatives are described 
in data S1.

Calculation of the 50% inhibition rate (IR50) and minimum 
effective concentration. Initially, a sigmoidal curve fitting 
of the values was obtained from the luciferase reporter 
assay performed in SH-SY5Y cells with 0.01, 0.1, 1, 10 and 
20 µM dAPT or NSI-1 (in triplicate) using R software. The 
inhibition ratio (IR) from maximum to minimum was then 
calculated using a sigmoid function. The IR50 was defined 
as the concentration at 50% of the ratio. The minimum effec-
tive concentration used in the present study was calculated 
as follows: First, the maximum IR of dAPT treatment was 
calculated from the graph, which was ~85% inhibition induced 
by 10 µM dAPT. The concentration of NSI-1 that showed the 
same IR (~85%) was then calculated, rounded and used as the 
minimum effective concentration (15 µM).

Reverse transcription‑quantitative (RT‑q)PCR analysis. Total 
RNA was isolated from the cells using TRIzol (Thermo Fisher 
Scientific, Inc.) following the manufacturer's protocol. Total 
RNA (5 µg) was subjected to RT (45˚C, 60 min followed by 
95˚C, 5 min) using the Prime Script 1st strand cDNA Synthesis 
kit (Takara Bio, Inc., Otsu, Japan). cdNA was then subjected 
to qPcR analysis using the Mx3000P qPcR system (Agilent 
Technologies, Inc.) with THUNdERBIRd SYBR qPcR mix 
(Toyobo Life Sciences, Osaka, Japan). PCR condition; 95˚C, 
15 sec followed by 95˚C, 10 sec, 60˚C, 30 sec, 40 cycles. The 
primers used were as follows: Luciferase, forward 5'-TcA 
AAG AGG cGA AcT GTG TG-3' and reverse 5'-TTT Tcc GTc 
ATc GTc TTT cc-3', hairy and enhancer of split-1 (HES1), 
forward 5'-AcG AcA ccG GAT AAA ccA AA-3' and reverse 
5'-cGG AGG TGc TTc AcT GTc AT-3' and GAPdH, forward 
5'-AGG GcT GcT TTT AAc TcT GGT-3' and reverse 5'-ccc 
cAc TTG ATT TTG GAG GGA-3'. The 2-∆∆cq method was used 
for analysis (24).

Luciferase assay for C99‑Gal4. The SH-SY5Y cells were trans-
fected with c99-Gal4/pBINd, pG5luc and NFLAG-hFE65/
pcdNA3.1 using Lipofectamine 2000 following the manu-
facturer's protocol and the luciferase assay was performed as 
described above.

Immunoblotting. The immunoblotting procedure was 
performed as previously described (25). Briefly, the cell 
lysate prepared with RIPA buffer [50 mM Tris, 150 mM 
Nacl, 1% (w/v) NP-40, 0.1% (w/v) SdS, 1% (w/v) deoxy-
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cholate], protein concentration was determined by Lowry 
method, was separated by SdS-PAGE (30 µg/lane) using 
6% polyacrylamide gel, transferred onto a nitrocellulose 
membrane, blocked with 5% skim milk in tris-buffered saline 
with 0.05% Tween-20 (TBST) for 1 h at room temperature 
and probed at 4˚C for overnight with specific antibodies listed 
below. Following 3 washes with TBST and incubation with 
secondary antibodies at room temperature for 1 h, the protein 
bands were detected with EcL reagents (GE Healthcare 
Life Sciences) using the LAS4000 mini system (Fujifilm). 
The antibodies used were as follows: Mouse monoclonal 
anti-Gal4dBd (1:200, 630403, clontech Laboratories, 
Inc.), anti-α-tubulin (1:500, 017-25031Wako Pure chemical 
Industries, Ltd.), rabbit polyclonal anti-NIcd (1:1,000, 
SAB4502019, Sigma-Aldrich; Merck KGaA), goat polyclonal 
anti-Notch1 (1:200, sc-6014, Santa cruz Biotechnology, Inc.), 
Notch Isoform Antibody Sampler kit (3640, cell Signaling 
Technology, Inc., 1:1,000 for all three antibodies), mouse 
IgG HRP Linked F(ab')2 Fragment (1:5,000, NA9310V, 
GE Healthcare Life Sciences), rabbit IgG HRP Linked F(ab')2 
Fragment (1:5,000, NA9340V, GE Healthcare Life Sciences) 
and donkey anti-goat IgG-HRP (1:5,000, sc-2033, Santa cruz 
Biotechnology, Inc.). ImageJ software (NIH, Bethesda, MA, 
USA, version 1.52f) was used to quantify the protein band 
intensities.

Immunostaining. SH‑SY5Y cells were fixed with 4% (w/v) 
paraformaldehyde in PBS for 10 min at room temperature, 
permeabilized in 0.25% (w/v) Triton X-100 in PBS for 5 min 
at room temperature, and blocked with 6% (w/v) bovine serum 
albumin (BSA, 013-25773, Wako Pure chemical Industries, 
Ltd.) in PBS for 10 min at room temperature. The cells were 
then incubated with primary antibodies diluted with 6% BSA 
in PBS at 4˚C overnight. The primary antibodies used were 
a mouse monoclonal anti-Gal4dBd antibody (1:4,000, 
630403, clontech Laboratories, Inc.) and a rabbit polyclonal 
anti-trans golgi network 46 (TGN46) antibody (1:200, T-7576, 
Sigma). Following extensive washes with PBS, the cells were 
incubated with secondary antibodies (diluted with 6% BSA 
in PBS) and DAPI (3 µg/ml) for 1 h at 4˚C. The secondary 
antibodies used were a goat anti-rabbit IgG coupled with 
Alexa Fluor 546 (1:1,000, A11010, Thermo Fisher Scientific, 
Inc.) and a donkey anti-mouse IgG coupled with Alexa Fluor 
488 (1:1,000, A21202, Thermo Fisher Scientific, Inc.). Images 
were captured under a fluorescence microscope (BZ‑X700; 
Keyence Corp.). The fluorescence intensities were quantified 
using ImageJ software (NIH).

Cytotoxicity assay. The cells were cultured with 10 µM dAPT, 
15 µM NSI-1 or dMSO, and cell viability was analyzed using 
an MTT assay at 48 and 72 h after the addition of the reagents. 
Briefly, the medium was replaced with MTT-containing 
medium (500 µg/ml) and incubated at 37˚C for 4 h. The 
formed formazan was then dissolved with dMSO and the 
absorbance at 570 nm was measured using the 2300 EnSpire 
reader (PerkinElmer, Inc.).

Lactate dehydrogenase (LDH) assay. For the LdH assay, 
the cells were cultured with 10 µM dAPT, 15-µM NSI-1 or 
dMSO, and 100 µl medium was collected at 24, 48 and 72 h 

after addition of the reagent. LdH activity was then assayed 
using the cytotoxicity LdH Assay kit-WST (cK12, dojindo 
Molecular Technologies, Inc.). The absorbance at 490 nm 
(Od490) was determined using the 2300 EnSpire plate reader 
(PerkinElmer).

Statistical analysis. One-way ANOVA with a Tukey post hoc 
test was performed using a website (https://astatsa.com/
OneWay_Anova_with_TukeyHSd/) for statistical analyses. 
However, for the results of the LdH assay for cells treated with 
dMSO, dAPT or NSI-1, the effect of NSI-1 on the production 
of NIcd by dAPT, the effect of Notch1 on the gene expression 
of HES1, and the effect of NSI-1 on Notch family receptors, 
Student's t-test was used in Excel 16 for Windows.

Results

Screening and identification of compounds suppressing 
the function of NICD. To establish the compound screening 
system, an McF-7 cell line stably expressing Notch∆E∆Gal4 
and pG5luc/PiggyBac was generated. Notch∆E∆Gal4 encodes 
a human Notch1 truncated fragment containing amino acids 
1,721-2,203, including the S3 cleaving site (between amino 
acids 1,753 and 1,754), with a 21-amino acid Notch1 signal 
sequence at its amino terminus and a Gal4 dNA-binding 
domain (Gal4dBd) at its carboxyl terminus (Fig. 1A). A 
Gal4-targeting dNA sequence is found upstream of the 
luciferase gene in pG5luc/PiggyBac. Upon cleavage of 
Notch∆E∆Gal4 by γ-secretase, the generated NIcd translo-
cates into the nucleus resulting in luciferase activity (Fig. 1B). 
A reduction of luciferase activity was set to a specific criterion 
to identify Notch signaling inhibitors. dAPT (26), which 
lowers luciferase activity by suppressing the generation of 
NIcd-Gal4, was used as a positive control.

A total of 9,600 compounds were screened from the 
‘core library’ provided by drug discovery Initiative of the 
University of Tokyo, and 80 compound candidates were 
obtained that showed <70% luciferase activity compared 
with that in the dMSO control (Fig. 2, left panel). To exclude 
cell type-dependency, the human neuroblastoma SH-SY5Y 
cell line was used to re-screen those compounds with the 
same system. Of the 80 compounds, 26 compounds showed 
a reduction consistent with that observed in McF-7 cells. 
These 26 compounds were further examined using an SV40 
promoter-driven luciferase system to exclude compounds that 
directly affect luciferase expression and/or activity. Finally, 
one compound was obtained, candidate 1 (Fig. 2, left panel), 
which reduced luciferase activity by ~40%, comparable to the 
activity reduction observed following dAPT treatment and 
showed no reduction in the false positive assay compared with 
the dMSO control (data not shown). Subsequently, to identify 
a critical scaffold structure for Notch signaling inhibition, 
four analogs of candidate 1 with different scaffolds were 
screened. Among these compounds, candidate 2 was selected 
as a potential candidate (Fig. 2, middle panel) as it showed the 
highest inhibition in luciferase activity assay, similar to the 
activity observed following dAPT treatment (data not shown). 
candidate 2 shared an indole structure with candidate 1. 
However, the cyclohexane at amine of 5-hydroxyindole was 
replaced with an isopropyl group. cytochrome P450 metabo-
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lizes the 5-phenol structure into p-imiquinone, which may 
yield a hepatotoxicity similar to that observed in the conversion 
of acetaminophen to N-acetyl-p-benzoquinone imine (27). 
Therefore, to avoid the 5-phenol structure, 18 derivatives were 
prepared from candidate 2 (data S1) and were used for further 
screening. Finally, the potential Notch signaling inhibitor 
‘NSI‑1’ was identified, in which the hydroxide of 5‑phenol had 
been replaced with fluorine (Fig. 2, right panel).

NSI‑1 is a potential Notch selective inhibitor. NSI-1 and 
dAPT treatments resulted in 50% inhibition at 6.10±0.16 
and 1.78±0.51 µM, respectively, in SH-SY5Y cells using the 
Notch∆E∆Gal4-driven system (Fig. 3A). The minimum effec-
tive concentrations were determined as 15 and 10 µM for NSI-1 
and dAPT, respectively, and were used for further analyses. 
NSI‑1 significantly reduced luciferase activity similar to that 

observed following dAPT treatment (Fig. 3B; 24,308±2,428 
for dMSO, 7,473±1,287 for 10 µM dAPT and 9,833±1,030 
for 15 µM NSI-1, n=4, P<0.01 vs. dMSO control). However, 
no reduction in luciferase activity was observed in SH-SY5Y 
cells using the SV40-driven system (Fig. 3B, 17,107±2,848 
for dMSO, 17,753±1,645 for 10 µM dAPT and 17,390±3,373 
for 15 µM NSI‑1, n=4). Furthermore, to confirm the effects 
of NSI-1 on luciferase transcript levels, luciferase mRNA 
was quantified using RT-qPcR analysis. It was found that 
NSI‑1 and DAPT treatments significantly reduced luciferase 
transcript levels (Fig. 3c; 0.19±0.15 for 10 µM dAPT and 
0.28±0.11 for 15 µM NSI-1 relative to dMSO control; n=3; 
P<0.01 vs. dMSO control).

To refine the selectivity of NSI-1 for Notch, the effect 
of NSI-1 on amyloid-β precursor protein (APP) processing 
was analyzed. APP is a type I transmembrane protein that 

Figure 1. Overview of the screening system used in the identification of Notch signaling inhibitors. (A) Depiction of human Notch1 full‑length protein (top) 
and the Notch∆E∆Gal4 construct used in the screening system (bottom). Numbers indicate amino acid positions of full‑length human Notch1. (B) Depiction 
of the compound screening system. First, γ‑secretase cleaves Notch∆E∆Gal4 and releases NICD‑Gal4, which translocates into the nucleus. NICD‑Gal4 then 
binds to the Gal4-binding sequence upstream of the luciferase gene and induces luciferase transcription. NIcd, Notch intracellular domain.

Figure 2. Identification of Notch signaling inhibitor‑1 using the screening system. Structures of three compounds obtained through screening are shown. The 
description above each compound represents the number of hit and total compounds examined and the cell line used. The presence (+) or absence (-) of possible 
hepatotoxicity is indicated below the compounds. McF7, Michigan cancer Foundation-7.
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undergoes a sequential cleavage similar to Notch. cleavage of 
APP at the β-site by β-site APP cleaving enzyme 1 releases 
a large amino-terminal fragment into the extracellular space 
and leaves a carboxyl-terminal fragment β [cTFβ (C99)] on 
the membrane. Once γ-secretase cleaves cTFβ at the γ/ε-sites, 
the intracellular domain is released into the cytoplasm, stabi-
lized by the cytoplasmic protein FE65, and translocated into 
the nucleus (28). This indicates that cTFβ (c99), which is 
composed of 99 amino acids of the APP carboxyl-terminal 
region, is a direct substrate of γ-secretase. The construct 
c99-Gal4 was constructed encoding c99 bearing the signal 
sequence of APP at its amino terminus separated by a dipeptide 
linker Asp + Ala, which was then fused to the amino terminus 
of Gal4dBd (Fig. 3d). c99-Gal4 and FE65 were expressed 
in SH-SY5Y cells and the luciferase activity was measured 
following treatment with dMSO, dAPT or NSI-1. consistent 
with a previous report (29), DAPT significantly suppressed the 
transactivation activity in a dose-dependent manner (Fig. 3d, 
172,100±9,699 for dMSO, 103,613±13,409, 98,900±17,761 and 
67,580±9,279 for 0.1, 1 and 10 µM dAPT treatment, respec-
tively, n=3, P<0.01 vs. dMSO control). In contrast to dAPT 

treatment, treatment with NSI‑1 did not result in a significant 
reduction of activity, even at 10 µM (Fig. 3d, 144,007±24,273, 
128,397±13,415 and 144,113±33,005 for 0.1, 1 and 10 µM 
NSI-1, respectively, n=3, P<0.01 vs. dMSO control), suggesting 
that NSI-1 selectively acts on Notch.

NSI‑1 suppresses the nuclear translocation of NICD. To 
determine the molecular target of NSI-1, the level of NIcd 
generated from the Notch∆E∆Gal4 protein in the lysates of 
cells treated with DMSO, DAPT or NSI‑1 was first investi-
gated by immunoblotting with an anti-Gal4dBd antibody. 
Three specific protein bands were identified (arrowhead and 
two arrows in top panel of Fig. 4A). An anti‑NICD‑specific 
antibody detected two faster migrating protein bands (arrows 
in middle panel in Fig. 4A), indicating that they represent 
NIcd-Gal4, whereas the slower migrating protein band 
represents Notch∆E∆Gal4 (arrowhead in top panel in Fig. 4A). 
These results were confirmed by a significant decrease of the 
two faster migrating bands when treated with 10 µM dAPT 
(graph in Fig. 4A, 0.33±0.09 for 10 µM dAPT, n=3, P<0.01 
vs. DMSO control). By contrast, no significant quantitative 

Figure 3. Validation of NSI-1 as a Notch signaling inhibitor. (A) IR50 of dAPT and NSI-1. The dose-response inhibition curve in luciferase assay systems 
in SH‑SY5Y cells driven by Notch∆E∆Gal4 treated with several concentrations of DAPT or NSI‑1 was obtained (n=3, mean ± SEM) and the concentration 
at 50% inhibition was indicated. (B) Validation of NSI‑1 activity in luciferase assay systems in SH‑SY5Y cells driven by Notch∆E∆Gal4 or SV40‑Luc. The 
RLU obtained in a luciferase assay with each treatment are indicated (n=4, mean ± Sd; **P<0.01, one-way ANOVA with Tukey post hoc test). (c) Reduction 
of luciferase gene expression by NSI-1. Expression of luciferase gene assessed by RT-qPcR analysis following indicated treatment in SH-SY5Y cells. The 
value of the control (dMSO) was set to 1.0 (n=3, mean ± Sd; **P<0.01, one-way ANOVA with Tukey post hoc test). (d) Effect of NSI-1 on APP processing. 
Left, human APP full-length protein (top) and the construct encoding c99-Gal4 (bottom). Numbers indicate amino acid positions of the human APP695 
isoform. Right, measurement of luciferase activity in SH-SY5Y cells treated with dMSO (control), dAPT (left) or NSI-1 (right) at indicated concentrations 
(n=3, mean ± Sd, **P<0.01; one-way ANOVA with Tukey post hoc test). NSI-1, Notch signaling inhibitor-1; IR50, 50% inhibition rate; RLU, relative light units; 
DAPT, N‑[N‑(3,5‑difluorophenacetyl)‑l‑alanyl]‑S‑phenylglycine t‑butyl ester; RT‑qPCR, reverse transcription‑quantitative PCR; APP, amyloid‑β precursor 
protein.
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decrease of the two NIcd-Gal4 bands was observed with 
either 15 or 30 µM NSI-1 (graph in Fig. 4A, 1.14±0.26 for 
15 µM and 1.09±0.35 for 30 µM, n=3). As NSI‑1 significantly 
suppressed luciferase activity at those concentrations (Fig. 3B), 
the observations indicate that the NSI-1 does not target the 
generation of NIcd.

Subsequently, the localization of the generated NIcd was 
investigated. cells expressing Notch∆E∆Gal4 were treated 
with dMSO, dAPT or NSI-1, and NIcd-Gal4 was detected 
by immunofluorescence using an anti-Gal4dBd antibody. 
An anti-TGN46 antibody (Golgi marker) and the nuclear dye 
dAPI were also used. As NIcd-Gal4 contains two nuclear 
localization signals from Notch full-length protein (6), it 
was expected that it would localize to the nucleus once 
γ-secretase released it into the cytoplasm. In control cells, the 
anti-Gal4dBd signal spread through the nucleus and partially 
co-localized in a cluster with Golgi marker TGN46 (top panels 
in Fig. 4B). However, in cells treated with dAPT or NSI-1, the 
anti-Gal4dBd signal accumulated in the extranuclear region 

(middle and lower panels in Fig. 4B). In NSI-1 treated cells, the 
anti-Gal4dBd signal was partially colocalized with Golgi but 
distributed through the cytoplasm, suggesting that the cleaved 
NICD is tethered at those sites. Quantification of the nuclear/
entire cell signal intensity ratio showed a significant reduction 
of nuclear signal in cells treated with dAPT and NSI-1 (graph 
in Fig. 4B, 1.0±0.48 for dMSO, 0.31±0.21 for 10 µM dAPT and 
0.17±0.07 for 15 µM NSI-1, n=10, P<0.01 vs. dMSO control). 
Although it was not possible to identify the precise location 
of NIcd-Gal4 in cells treated with NSI-1, taken together with 
the biochemical analysis, the results show that NSI-1 inhibited 
the nuclear translocation of NIcd and suppressed its function.

NSI‑1 suppresses the viability of cultured cell lines dependent 
on the expression of Notch1. The effect of NSI-1 on cell viability 
was then examined. Treatment of the McF-7 cells with 15 µM 
NSI‑1 significantly reduced cell viability at 72 h (left graph 
in Fig. 5A). Treatment with 10 µM DAPT also significantly 
reduced the cell viability of McF-7 cells. Similar results 

Figure 4. NSI-1 inhibits the nuclear translocation of NIcd. (A) Effect of NSI-1 on the processing of Notch∆E∆Gal4. Immunoblot analysis of NIcd-Gal4 
in SH-SY5Y cells expressing Notch∆E∆Gal4 or control (no exogenous protein) following treatment with dMSO, dAPT (10 µM), or NSI-1 (15 and 30 µM). 
Arrowhead and arrows indicate Notch∆E∆Gal4 and NICD‑Gal4, respectively. Asterisk indicates a non‑specific protein band. The graph shows the relative 
ratio of NIcd-Gal4 protein band intensities to control sample (n=3, mean ± Sd; **P<0.01, one-way ANOVA with Tukey post hoc test). (B) Localization of 
Notch∆E∆Gal4 and NIcd-Gal4. Representative images show Notch∆E∆Gal4-expressing SH-SY5Y cells treated with dMSO control (top panels), 10 µM 
dAPT (middle panels), or 15 µM NSI-1 (bottom panels) for 24 h and immunostained with anti-Gal4dBd (left), anti-TGN46 (middle left), and dAPI (middle 
right). Merged images of cells immunostained with anti-Gal4dBd and anti-TGN46 are shown on the right. Scale bar, 10 µm. The graph shows the ratio of 
intensities in the nucleus to the whole region quantified and normalized to the ratio of DMSO‑treated cells (n=10, mean ± SD; **P<0.01, one-way ANOVA with 
Tukey post hoc test). NSI‑1, Notch signaling inhibitor‑1; NICD, Notch intracellular domain; DAPT, N‑[N‑(3,5‑difluorophenacetyl)‑l‑alanyl]‑S‑phenylglycine 
t-butyl ester; ctrl, control; Gal4dBd, Gal4 dNA-binding domain; TGN46, trans golgi network 46.
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were obtained using another human adenocarcinoma line, 
MDA‑MB‑231 cells, in which NSI‑1 and DAPT significantly 
suppressed cell viability at 72 h (middle graph in Fig. 5A). 
Treatment of SH‑SY5Y cells did not result in a significant 
reduction of cell viability (right graph in Fig. 5A). Additionally, 
their cytotoxicity was analyzed using an LdH assay (Fig. S4). 
NSI-1 along with dAPT had a minor effect on cytotoxicity 
compared with that following dMSO treatment, which showed 
no reverse correlation to the results of the MTT assay shown in 
Fig. 5A. These results indicate that NSI-1 and dAPT suppress 
cell proliferation rather than inducing cell death. considering 

the specificity of NSI‑1 for Notch signaling, it was consid-
ered that endogenous Notch signaling activity may result in 
different cell viability in McF-7, MdA-MB-231 and SH-SY5Y 
cells. Notably, the full-length protein expression of Notch1 
was markedly higher in McF-7 cells than that in SH-SY5Y 
cells (Fig. 5B). In addition, McF-7 and MdA-MB-231 cells 
produced a large amount of Notch1-derived carboxyl-terminal 
fragment (cTF) and/or NIcd, indicating the presence of a 
constitutively active Notch signaling in those cell lines, which 
is consistent with a previous report (30). Unlike these cell lines, 
SH-SY5Y cells showed cTF and/or NIcd below the level of 

Figure 5. NSI-1 suppresses the viability of cell lines dependent on Notch signaling activity. (A) Effect of NSI-1 on the viability of McF-7, MdA-MB-231 and 
SH-SY5Y cells. Viability of McF-7 (left), MdA-MB-231 (middle) and SH-SY5Y (right) cells treated for 72 h with dMSO, dAPT or NSI-1 (10 or 15 µM) 
was analyzed using an MTT assay. The value at time 0 in each condition was set to 1.0 (n=3, mean ± Sd; **P<0.01, *P<0.05, one-way ANOVA with Tukey 
post hoc test). (B) Protein expression of Notch1 in McF-7, MdA-MB-231 and SH-SY5Y cells. Immunoblot analyzing full-length Notch1 (Full), cTF/NIcd 
and α-tubulin in lysates prepared from McF-7, MdA-MB-231 and SH-SY5Y cells. Protein standards are indicated on the right. (c) Gene expression of 
HES1 in McF-7, MdA-MB-231 and SH-SY5Y cells. HES1 gene transcript was quantified by RT‑qPCR analysis. The relative ratio to the average value in 
McF7 is shown (n=3, mean ± Sd; ***P<0.005 vs. McF7 cells; one-way ANOVA with Tukey post hoc test). (d) Suppression of the gene expression of HES1 
in McF-7 cells treated with 1 µM dAPT, 1 µM NSI-1 or 1 µM dAPT + 1 µM NSI-1. Expression of the HES1 gene transcript in the treated McF-7 cells was 
analyzed by RT-qPcR analysis (n=3, mean ± Sd; **P<0.01, one-way ANOVA with Tukey post hoc test). (E) Protein expression of exogenous human Notch1 in 
SH-SY5Y cells. cell lysates from vector control (-) and human Notch1-coding plasmid-transfected (+) cells were analyzed. (F) Effect of NSI-1 on the viability 
of SH‑SY5Y cells expressing exogenous human Notch1. NSI‑1, Notch signaling inhibitor‑1; DAPT, N‑[N‑(3,5‑difluorophenacetyl)‑l‑alanyl]‑S‑phenylglycine 
t-butyl ester; cTF, carboxyl-terminal fragment; NIcd, Notch intracellular domain; McF7, Michigan cancer Foundation-7; n=3, mean ± Sd; ***P<0.005, 
one-way ANOVA with Tukey's post hoc test.
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detection (Fig. 5B). To confirm constitutively active Notch 
signaling in McF-7 and MdA-MB-231 cells, the expression 
of endogenous HES1, a Notch target gene, was analyzed using 
RT-qPcR analysis. The expression of HES1 was significantly 
higher in the McF-7 and MdA-MB-231 cells than that in the 
SH-SY5Y cells (Fig. 5c, 1.05±0.25 for MdA-MB-231 and 
0.05±0.01 for SH-SY5Y relative to McF7, P<0.05, n=3). These 
results clearly demonstrate that endogenous Notch signaling 
activity was significantly higher in MCF‑7 and MDA‑MB‑231 
cells than that in SH-SY5Y cells. Subsequently, the effect 
of NSI-1 on Notch target gene expression was investigated, 
which revealed that NSI‑1 significantly suppressed the expres-
sion of endogenous HES1 in McF-7 cells, similar to dAPT 
treatment, suggesting that NSI-1 inhibits endogenous Notch 
signaling (Fig. 5d, 0.57±0.04 for 1 µM dAPT, 0.77±0.03 for 
1 µM NSI-1, n=3, P<0.01 vs. control). There was no additive 
effect of NSI-1 to dAPT treatment on the expression of HES1 
(Fig. 5d, 0.54±0.08 for 1 µM dAPT + 1 µM NSI-1, n=3, 
P<0.01 vs. control). Furthermore, it was confirmed that NSI‑1 
had no additive effect on the suppressed production of NIcd 
by dAPT treatment (Fig. S5). As dAPT and NSI-1 suppressed 
Notch signaling but NSI-1 did not facilitate the effect of dAPT 
on the gene expression of HES1, these results suggest that 
they inhibit the Notch signaling pathway via distinct mecha-
nisms, with NSI-1 suppressing NIcd nuclear translocation, 
and dAPT suppressing NIcd production. Finally, the effect 
of NSI-1 on SH-SY5Y cells expressing exogenous human 
Notch1 was analyzed. Its expression and cleaved products 
were confirmed by immunoblotting (Fig. 5E) and it was 
found that it significantly facilitated the expression of HES1 
(Fig. S6). Treatment of these cells with both 10 µM dAPT and 
15 µM NSI‑1 significantly suppressed cell viability compared 
with that in the dMSO control (Fig. 5F, 5.44±0.91 for 10 µM 
dAPT, 5.59±0.39 for 15 µM NSI-1, n=3, P<0.001 vs. control), 
corroborating that NSI‑1 specifically targets Notch1 signaling.

Discussion

The present study identified a novel Notch signaling inhibitor, 
NSI-1, which inhibited the nuclear translocation of NIcd 
through a mechanism distinct from that used by dAPT, another 
Notch signaling inhibitor targeting γ-secretase. Notably, NSI-1 
had no effect on the cleavage of Notch by γ-secretase. As most 
of currently developed Notch signaling inhibitors are antibodies 
specifically targeting Notch and its ligands (16,17), with the 
exception of γ-secretase inhibitors, NSI-1 is a novel compound 
that may target Notch signaling through a unique mechanism.

Although how NSI-1 suppresses NIcd nuclear transloca-
tion remains unclear, the results of the present study clearly 
showed that NSI-1 had no effect on a general nuclear import 
mechanism as no significant reduction was observed in 
c99-Gal4- and SV40-driven systems. Therefore, NSI-1 may 
act specifically on the localization of NICD. Furthermore, 
it has been reported that, in addition to nuclear localization 
signals, post‑translational modifications and the interacting 
proteins are responsible for NIcd nuclear localization (31-34). 
In addition to these specific molecular mechanisms, there 
is another possibility that NSI-1 induced the aggregation of 
NIcd that suppressed its flexibility. Therefore, additional 
studies are required to determine which of several possible 

molecular mechanisms may be involved in the suppression of 
the nuclear translocation of NIcd by NSI-1. However, NSI-1 
appears to be valuable as a suppressor for the Notch signaling 
pathway.

The desired outcome of Notch signaling inhibition is the 
induction of cancer cell death or suppression of cancer cell 
proliferation. Of note, NSI‑1 significantly reduced the cell 
viability of McF-7 and MdA-MB-231 cells, whereas no effect 
on SH-SY5Y cells was observed. The present study also showed 
that DAPT treatment significantly suppressed the cell viability 
of McF7 and MdA-MB-231 cells but not of SH-SY5Y cells. 
consistent with these results, a previous report demonstrated 
that Notch signaling was inactive at baseline in SH-SY5Y 
cells, which was activated by Notch ligands (35). Another 
report indicated that the level of nuclear NIcd was low under 
a normal condition in SH-SY5Y cells, but was increased when 
the cells were under oxygen- and glucose-deprived condi-
tions (36). In contrast to these reports and the observations in 
the present study, reports have indicated that Notch signaling 
was active in SH-SY5Y cells (37,38). These observations 
suggest the possibility that Notch signaling in SH-SY5Y cells 
is susceptible to the experimental conditions, which may be 
a reason why dAPT and NSI-1 had no effect on SH-SY5Y 
cells in the present study. As the present study revealed that 
basic Notch signaling activity was significantly higher in 
McF-7 and MdA-MB-231 cells than in SH-SY5Y cells, it was 
suggested that NSI-1 suppresses the cell viability of McF-7 and 
MdA-MB-231 cells through the inhibition of Notch signaling. 
Notably, NSI‑1 significantly reduced the cell viability of the 
SH-SY5Y cell line expressing exogenous human Notch1, 
supporting this suggestion. Regardless of the effect of NSI-1 
on cell viability, a marginal time-dependent increase of cell 
viability was observed in the McF-7 and MdA-MB-231 
cells, suggesting that inhibition of the nuclear translocation of 
NICD may be insufficient for the outcome. Previous studies 
have shown that targeting Notch signaling with a combination 
of dAPT and other drugs resulted in a superior anticancer 
effect (14,39,40). Therefore, a combination of NSI-1 with other 
drugs may potentially maximize the anticancer effect of NSI-1. 
considering anticancer treatments appear to be more effective 
when Notch signaling is inhibited in cancer and cancer stem 
cells (41), further studies should investigate the effect of NSI-1 
on cancer stem cells.

The present study preliminarily analyzed the effect of NSI-1 
on two other Notch family receptors, Notch2 and Notch3, which 
are expressed in the SH-SY5Y cell line (Fig. S7) (35). Using 
Notch-Icd-Gal4 constructs, it was found that NSI-1 suppressed 
the activity of all of those constructs (Fig. S1), indicating that 
NSI-1 targets not only Notch1 but also Notch2 and Notch3. As 
Notch family proteins share their protein domains and func-
tions (42), these results suggest that NSI-1 may suppress the 
nuclear translocation of NIcd via a molecular mechanism 
through common domains of Notch family receptors.

It is important to have a variety of clinical strategies 
targeting a single critical pathway, such as the Notch signaling 
pathway. Although further investigations are required to 
identify its molecular target and to evaluate its advantage for 
clinical use, the present study suggests NSI-1 is eligible as a 
seed compound for further development of a novel and unique 
Notch signaling inhibitor.
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