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Dipeptide y-secretase inhibitor treatment enhances the
anti-tumor effects of cisplatin against gastric cancer
by suppressing cancer stem cell properties
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Abstract. The y-secretase inhibitor blocks Notch activity
by preventing its cleavage at the cell surface. In the present
study, the effect of the y-secretase inhibitor on the viability
of gastric cancer cells when administered in combination
with cisplatin was investigated, with particular focus on
CD44hie"gr-5MeM cancer cells. The four gastric cancer cell
lines, MKN45, MKN74, SC-6-JCK and SH-10-TC, were
used for the experiments. In the MTT assay, treatment with
25 uM dipeptide y-secretase inhibitor (DAPT) alone did not
affect cell proliferation in any of the four cell lines. Gastric
cancer cells subjected to combination treatment with DAPT
and cisplatin exhibited decreased viability when compared
with those treated with cisplatin alone. Flow cytometry was
performed to evaluate the expression of cluster of differen-
tiation (CD)-44 and leucine-rich repeat-containing G-protein
coupled receptor 5 (Lgr-5), two cancer stem cell markers in
gastric cancers. Treatment with cisplatin alone significantly
increased the proportion of CD44Me"gr-5Me" cells. However,
the addition of DAPT to cisplatin reduced the CD44"e"] gr-5hieh
fraction, suggesting that DAPT reduced the number of gastric
cancer cells. In conclusion, the present study demonstrated

Correspondence to: Dr Masaya Iwamuro, Department of
Gastroenterology and Hepatology, Okayama University Graduate
School of Medicine, Dentistry and Pharmaceutical Sciences,
2-5-1 Shikata-cho, Kita-ku, Okayama 700-8558, Japan

E-mail: iwamuromasaya@yahoo.co.jp

Abbreviations: CDDP, cisplatin, DAPT, dipeptide y-secretase
inhibitor; DMSO, dimethyl sulfoxide; NICD, intracellular domain of
the Notch receptor

Key words: cancer stem cell, y-secretase inhibitor, gastric cancer,
Notch pathway

the synergistic effects of DAPT in combination with cisplatin
by decreasing the survival of gastric cancer cells. In addition,
combination treatment with DAPT reduced the number of
CD44Mergr-5hieh cells, which are thought to exhibit cancer
stem cell properties. These results highlight the therapeutic
potential of DAPT in gastric cancer treatment.

Introduction

Gastric cancer remains one of the leading causes of cancer
mortality (1). Although new anti-tumor drugs, such as
molecular target therapeutic agents, have been developed and
used for the treatment of gastric cancers, disease progression
often occurs even during chemotherapy. Resistance to chemo-
therapy is a major obstacle in the therapeutic management
of gastric cancer. Several possible mechanisms responsible
for chemoresistance have been proposed. First, the cancer
stem cell theory hypothesizes that cancer stem cells develop
tumorigenic properties and resistance to chemotherapeutic
agents over time (2-5). Cancer stem cells possess self-renewal
properties and are capable of differentiating into multiple
cell types, which in turn promotes clonal tumor initiation
and long-term clonal repopulation potential within the tumor.
Furthermore, these cancer stem cells can exhibit intrinsic or
acquired chemo-resistance, which are mediated by multiple
mechanisms, including the formation of tumor spheroids,
protection by a vascular niche, residence in the quiescent
state, overexpression of transporter proteins associated with
drug efflux and detoxification, and activation of antiapoptotic
signaling pathways (2). Thus, based on the cancer stem cell
concept, the development of new strategies targeting these cells
is expected to improve outcomes of gastric cancer patients.
The Notch pathway is involved in various developmental
and homeostatic processes, cell proliferation regulation, cell
fate, differentiation, and cell death (6). The Notch pathway
plays a role in juxtacrine interactions, during which intercel-
lular signals are transmitted to adjacent responding cells. The
Notch cascade is mediated by Notch ligands and receptors, as
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well as the intracellular domain of the Notch receptor (NICD).
The interactions between Notch ligands and their receptors
initiate y-secretase-dependent cleavage of the Notch receptor
and leads to the release of NICD, which then translocates into
the nucleus to regulate gene expression and other effector
molecules. Several studies have reported that Notch signaling
is associated with various types of cancers (7,8). For example,
Notchl mRNA levels were demonstrated to be upregulated
in gastric cancer tissues. Moreover, Notch2 receptor, Notch
ligands, Jagged-1, Jagged-2, DLL-1,and DLL-3, and the major
downstream targets of Notch signaling, namely, HES-/, and
HES-2, were also significantly upregulated in gastric cancer
tissues relative to normal gastric tissues (9). Another study
reported that HES-1 can suppress the transcription of genes
associated with differentiation of gastrointestinal epithelial
cells. Thus, the above findings suggested that the canonical
Notch signaling pathway contributes to the maintenance of
cancer stem cell properties during gastric cancer carcinogen-
esis (10,11). Conversely, inhibition of the Notch pathway can
reduce the cancer stem cell population and eventually lead to
improved chemotherapy efficacy.

In the present study, we investigated the effects of
v-secretase inhibitor, which effectively blocks Notch activity
by preventing its cleavage at the cell surface, on the viability
of gastric cancer cells when administered in combination with
cisplatin. Our experiments focused on CD44"e"_gr-5"eh cancer
cells, which represent a cancer stem cell-like population.

Materials and methods

Cell lines and reagents. The human gastric adenocarci-
noma cell lines MKN45 and MKN74 were purchased from
the RIKEN BioResource Center (Ibaraki, Japan). Cells
were grown in RPMI-1640 medium supplemented with
10% heat-inactivated fetal bovine serum (FBS), penicillin
(5,000 U/ml), streptomycin (5 mg/ml) and amphotericin B
(250 pg/ml) at 37°C in a balanced air humidified incubator
with 5% CO, atmosphere. SC-6-JCK and SH-10-TC were
procured from Cell Resource Center for Biomedical Research,
Cell Bank, Institute of Development, Aging and Cancer,
Tohoku University (Sendai, Japan). Cells were grown in
RPMI-1640 medium supplemented with 10% heat-inactivated
FBS, penicillin (5,000 U/ml), streptomycin (5 mg/ml), and
amphotericin B (250 pg/ml) at 37°C in a balanced air humidi-
fied incubator with 5% CO, atmosphere.

Cisplatin was purchased from Wako (no. 3039-20093; Tokyo,
Japan). Dipeptide y-secretase inhibitor (DAPT, y-secretase
inhibitor IX, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-
sphenylglycine t-butyl ester) was purchased from Merck KGaA
(CALBIOCHEM; no. 565770, Darmstadt, Germany) and
dissolved in dimethyl sulfoxide (DMSO).

MTT assay. Inhibition of cellular proliferation was measured
by the modified MTT [3-(4,5 dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide] assay, which distinguishes
live cells based on their ability to convert thiazolyl blue to
dark blue formazan. Cells were seeded into 24-well culture
plates at a density of approximately 10,000 cells/well. After
24 h, cells were added with 500 p1 of medium with or without
cisplatin and DAPT. MTT assay was performed after 72 h
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of incubation. In this experiment, the culture media were
not replaced nor added with DAPT and/or cisplatin for 72 h.
After treatment, each well was added with 50 ul of MTT and
incubated at 37°C for 1 h. Subsequently, wells were added
with 400 ul of DMSO for 30 min at room temperature to
solubilize the formazan product. The absorbance at 570 nm
was measured using MULTISKAN GO (Thermo Fisher
Scientific, Inc., Waltham, MA, USA).

Westernblotanalysis. Approximately 200,000 cells were seeded
into each well of six-well culture plates. After 24 h, cells were
treated with 2 ml of medium/well and 16 ul of DMSO (control)
or 50 uM DAPT. Cells were harvested after 24, 48, and 72 h
and analyzed via western blot analysis. Antibodies targeting
NICD (no. AP21093a; Abgent, Inc., San Diego, CA, USA),
B-actin (no. 4967; Cell Signaling Technology, Inc., Danvers,
MA, USA), and HES-1 (no. ab49170; Abcam, Cambridge, UK)
were used as primary antibodies. HRP-conjugated anti-rabbit
IgG antibody (no. 7074; Cell Signaling Technology, Inc.) was
used as secondary antibody.

Next, we investigated protein expression in the presence
of DAPT and/or cisplatin. Approximately 200,000 cells were
seeded into each well of six-well culture plates. After 24 h of
incubation, cells were treated with 2 ml of medium/well with
or without cisplatin and DAPT for 72 h. Antibodies targeting
NICD, B-actin, and HES-1 were used as primary antibodies.
HRP-conjugated anti-rabbit IgG antibody was used as
secondary antibody, as described above.

Flow cytometry assay. Approximately 1.0x10° cells were
seeded into a 100-mm plate and cultured in 10 ml of
medium with or without cisplatin and DAPT for 72 h. Cells
were assessed using a MACS Quant Analyzer (Miltenyi
Biotec, Bergisch Gladbach, Germany). Fluorescein isothio-
cyanate-conjugated anti-CD44 (no. 130-095-195; Miltenyi
Biotec) and allophycocyanin-conjugated anti-Lgr-5 antibodies
(no. 130-100-854; Miltenyi Biotec) were used as markers for
gastric cancer stem cells. The voltage settings were adjusted
in histograms of the control samples that were treated with
DMSO alone and the visual peak of the population was set
as 10°. We used 10° as the threshold point. For example, for
CD44 expression analysis, cells with fluorophore brightness
above 10° were judged as CD44"e" and those below 10° were
judged as CD44' v,

To calculate statistical differences with respect to
percentages of CD44"e" or Lgr-5"" cells between samples,
approximately 5.0x10° cells were seeded into 6-well plates
and cultured in 2 ml/well of medium with or without
cisplatin and DAPT. Three wells were used for each condi-
tion. After 72 h, cells were labeled with anti-CD44 and
anti-Lgr-5 antibodies and assessed using a MACS Quant
Analyzer.

Statistical analysis. Data are presented as the mean + standard
deviation of three independent experiments. Statistical
analyses were performed using JMP 14.0.0 software (SAS
Institute, Inc., Cary, NC, USA), and one-way analysis of vari-
ance followed by a Tukey-Kramer post hoc test for multiple
comparisons. P<0.05 was considered to indicate a statistically
significant difference.
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Figure 1. Expression of NICD and the downstream protein HES1 in MKN45 cells. MKN45 cells were treated with 50 #M DAPT for 24, 48 and 72 h. Then,
cells were lysed and evaluated via western blot analysis using antibodies targeting NICD and HESI. Antibodies against B-actin were used to verify the equal
loading of cellular proteins. Representative blots of >3 independent experiments are presented. NICD, intracellular domain of the Notch receptor; HES1, Hes
family basic helix-loop-helix transcription factor 1; DAPT, dipeptide y-secretase inhibitor.

Results

Seventy-two-hour exposure to DAPT suppresses downstream
targets of Notch signaling. Results of western blot analysis
revealed that NICD and HES-1, the primary downstream
targets of Notch signaling, were downregulated for at least 72 h
in MKN45 cells (Fig. 1). Therefore, cells were analyzed after
72 h of exposure to the reagents in the subsequent analyses.

Exposure to 0.5 ug/ml cisplatin reduces gastric cancer cell
number. We determined the cisplatin concentration that
reduced the number of gastric cancer cells by 20 to 30%. In
MKN45 cells, the results of MTT assay showed that treat-
ment with 0.1, 0.5, and 1.0 pug/ml cisplatin resulted in 7.0,
20.0 and 37.8% reduction in the number of gastric cancer cells
relative to control samples, respectively (Fig. 2A). Similarly, in
MKN 74 cells, 0.1,0.5 and 1.0 pg/ml cisplatin resulted in 12.2,
25.1 and 41.9% reduction in the number of gastric cancer cells,
respectively (Fig. 2B). Therefore, 0.5 pg/ml cisplatin was used
in subsequent experiments.

Combined treatment with cisplatin and DAPT downregulates
both Notch and HES-1. We investigated the effect of DAPT
in combination with 0.5 xg/ml cisplatin. Results of western
blot analysis showed that treatment with cisplatin alone did
not affect NICD or HES-1 in both MKN45 and MKN74 cells
(Fig. 3). In MKN74 cells, a higher concentration of 25 yM
DAPT did not produce evident changes in NICD and HES-1
levels, whereas 50 uM DAPT downregulated both Notch and
HES-1 (Fig. 3B). In MKN45 cells, treatment with 25 or 50 uM
DAPT alone slightly reduced the protein levels of NICD and
HES-1, but downregulation was more evident after combined
treatment with cisplatin and 25 or 50 M DAPT (Fig. 3A).

Combined treatment with cisplatin and DAPT synergistically
suppresses gastric cancer cell proliferation. MTT assay was
performed to investigate cell proliferation in four gastric
cancer cell lines, namely, MKN45, MKN74, SC-6-JCK, and
SH-10-TC, in the presence of DAPT and/or cisplatin. Results
showed that treatment with 25 M DAPT alone did not affect
cell proliferation in all four cell lines (Fig. 4). Combined
treatment with DAPT and cisplatin decreased the number of
gastric cancer cells than treatment with cisplatin alone. The

difference reached statistical significance when the cells were
treated with 50 uM DAPT and cisplatin in all four cell lines.
The dose-dependent inhibitory effect of DAPT on cell prolif-
eration when administered in combination with cisplatin was
most apparent in the SC-6-JCK cell line, in which the number
of gastric cancer cells was reduced by 30.2% upon treatment
with 25 yM DAPT and by 58.7% upon treatment with 50 yM
DAPT relative to samples treated with cisplatin alone.

DAPT and cisplatin combination treatment reduces expression
of stem cell markers CD44 and Lgr-5 more than cisplatin treat-
ment alone. Fig. 5 shows the results of flow cytometry analysis.
As described above, CD44 and Lgr-5 were used as cancer stem
cell markers for gastric cancer. In untreated MKN45 cells, 18.2%
of cells were positive for both CD44 and Lgr-5 (Fig. 5A, left
above). Although treatment with cisplatin alone increased the
number of cells positive for CD44 and Lgr-5 to 41.8% (Fig. 5A,
right above), addition of DAPT to cisplatin significantly reduced
the number of cells to 34.7% (Fig. 5A, right below). Similarly,
in MKN74 cells, cisplatin treatment increased the number of
cells positive for CD44 and Lgr-5 from 15.9 to 34.8% (Fig. 5B).
Combined treatment with DAPT and cisplatin decreased the
number of CD44-and Lgr-5-positive cells to 21.7%.

Treatment with cisplatin alone increased the proportion of
CD44Me"gr-5MieM cells, whereas combination treatment with
cisplatin and DAPT reduced the CD44"e"Lgr-5"e" fraction.
However, although DAPT treatment decreased the propor-
tion of CD44"eh cells, its effects on Lgr-5"" cells were not
consistent. For instance, in MKN74 cells, combination treat-
ment with DAPT and cisplatin (35.8%) reduced the number
of Lgr-5"e" cells (CD44Me"Lgr-5"e" cells plus CD44"VLgr-5hieh
cells) compared to treatment with cisplatin alone (46.8%).
The decrease in the number of Lgr-5"" cells upon combina-
tion treatment with DAPT and cisplatin compared with that
observed with cisplatin alone was more apparent in SC-6-JCK
cells (84.6 to 68.8%). On the other hand, the DAPT treatment
group showed a similar proportion of Lgr-5"e" cells (32.7%)
as that of the control (no treatment) group (31.0%). Moreover,
in MKN45 cells, the DAPT treatment group showed a higher
number of Lgr-5"e" cells (40.4%) than that of the control
group (33.7%). The proportion of Lgr-5"" cells observed after
combination treatment with DAPT and cisplatin (59.1%) was
similar to that observed after cisplatin treatment (54.0%).
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Figure 2. Effect of CDDP in (A) MKN45 and (B) MKN74 cells. Cells were treated with 0.1, 0.5 or 1.0 yg/m cisplatin for 72 h. Then, cells were lysed and cell
proliferation was measured via the modified MTT assay. "P<0.05, as indicated. Data are presented as the mean + standard deviation of three independent
experiments. CDDP, cisplatin.
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Figure 3. Expression of NICD and the downstream protein HES1 in (A) MKN45 and (B) MKN74 cells. Cells were treated with CDDP (0.5 yg/ml) and/or DAPT
(25 or 50 uM) for 72 h. Then, cells were lysed and analyzed via immunoblot analysis using antibodies targeting NICD and HESI. Antibodies against f-actin
were used to verify equal loading of cellular proteins. Representative blots of >3 independent experiments are presented. NICD, intracellular domain of the
Notch receptor; HES1, Hes family basic helix-loop-helix transcription factor 1; DAPT, dipeptide y-secretase inhibitor; CDDP, cisplatin.
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Figure 4. Proliferation in the four gastric cancer cell lines, (A) MKN45, (B) MKN74, (C) SC-10-TC and (D) SH-6-JCK upon combined treatment with DAPT
and CDDP. Cells were treated with CDDP (0.5 ug/ml) and/or DAPT (25 or 50 uM) for 72 h. Then, cells were lysed and analyzed via MTT assay. "P<0.05 and
“P<0.01, as indicated. Data are presented as the mean + standard error of the mean of >3 independent experiments performed in triplicate. N.S., not significant;
DAPT, dipeptide y-secretase inhibitor; CDDP, cisplatin.
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Figure 5. Expression of CD44 and Lgr-5 in (A) MKN45, (B) MKN74, (C) SH-10-TC and (D) SC-6-JCK cells upon combined treatment with DAPT and CDDP.
Cells were cultured with or without CDDP and DAPT for 72 h. Then, cells were analyzed via flow cytometry using anti-CD44 and anti-Lgr-5 antibodies.
Representative plots from >3 independent experiments are presented. CD44, cluster of differentiation 44; Lgr-5, leucine-rich repeat-containing G-protein

coupled receptor 5; DAPT, dipeptide y-secretase inhibitor; CDDP, cisplatin.

Our results also revealed that the Lgr-5"¢" fraction was
higher in the cisplatin treatment group than in the control
group. However, the results of our study also suggested that
unlike CD44 expression, y-secretase inhibitor treatment did
not directly modulate Lgr-5 expression in gastric cancer cells.

Fig. 6 shows results of statistical analysis with respect to
percentages of CD44"eh cells and Lgr5"e" cells. In MKN45,
MKN74, SH-10-TC, and SC-6-JCK cell lines, treatment with
cisplatin alone significantly increased the proportions of both
CD44eh cells and Lgr5"e" cells. The proportions of CD44Me
cells and Lgr-5"¢" cells observed after combination treatment
with DAPT and cisplatin were significantly lower than those
observed after treatment with cisplatin alone in MKN45,
MKN74, and SC-6-JCK cell lines; however, this significant
difference was not observed in CD44"e" MKN74 cells.

Discussion

In the current study, we demonstrated that DAPT enhanced the
cytotoxic effects of cisplatin in gastric cancer cells. Notably,
although treatment with cisplatin alone increased the propor-
tion of cells positive for cancer stem cell markers, combination
treatment with DAPT and cisplatin reduced the proportion of
such cells. The above results indicated that Notch signaling
inhibition could induce enhanced chemotherapeutic effects
when administered in combination with anti-tumor drugs by
reducing the proportion of chemoresistant cancer stem cells
relative to other tumor cells.

The therapeutic potential of y-secretase inhibitors combined
with 5-fluorouracil (FU) has been previously investigated (9).

Lee et al (9) revealed that cbz-IL-CHO, a y-secretase inhibitor
I, reduced the proliferation of gastric cancer cells in vitro
and in vivo when administered in combination with 5-FU.
They demonstrated that y-secretase inhibitor I mediated Akt
signaling inhibition and subsequent apoptosis, G2/M arrest,
and cell death in gastric cancer cells. Moreover, y-secretase
inhibitor I in combination with 5-FU promoted apoptosis of
gastric cancer cells via activation of both the extrinsic and
intrinsic apoptotic pathways. In the present study, we demon-
strated that treatment of gastric cancer cell lines with DAPT,
y-secretase inhibitor IX, and cisplatin in combination was
more effective than treatment with DAPT or cisplatin alone.
Cisplatin and 5-FU are two of the major chemotherapeutic
agents used for the treatment of gastric cancers. Acquired cispl-
atin resistance remains a serious concern in the management of
gastric cancer patients. Notch signaling has been suggested to
be involved in the development of cisplatin resistance (12,13).
We speculated that cancer stem cells play critical roles in medi-
ating cisplatin resistance, since they express drug transporters
that counteract the cytotoxic effects of chemotherapeutic
agents, as described above. Our flow cytometry results showed
that the number of gastric cancer cells positive for CD44 and
Lgr-5 increased upon treatment with cisplatin alone, whereas
combined treatment with DAPT and cisplatin decreased the
number of positive cells. The above results indicated that the
chemoresistant fraction increased after cisplatin treatment and
that DAPT partly altered the chemosensitivity of the cells.
Although previous studies have shown the chemosensitivity
induced by manipulating the Notch signaling pathway through
inhibiting tumor stem cells (14-16), there have been limited
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Figure 6. Statistical analysis of CD44 and Lgr-5 expression in (A and B) MKN45, (C and D) MKN74, (E and F) SH-10-TC and (G and H) SC-6-JCK cells. Cells
were cultured without cisplatin or DAPT (untreated controls), with cisplatin alone, or with DAPT and cisplatin for 72 h. Then, cells were analyzed via flow
cytometry using anti-CD44 and anti-Lgr-5 antibodies. Three samples were used to calculate the mean + standard deviation. "P<0.05 and “P<0.01, as indicated.
N.S., not significant; CD44, cluster of differentiation 44; Lgr-5, leucine-rich repeat-containing G-protein coupled receptor 5; DAPT, dipeptide y-secretase

inhibitor.

reports on gastric cancer cells. Moreover, to our knowledge,
this study is the first to investigate the effect of combination
treatment with cisplatin and DAPT.

CD44 and Lgr-5 are recognized as surface markers of
gastric cancer stem cells (17-23). Xi et al (24) investigated a
total of 68 gastric cancer patients and revealed that positive
staining for Lgr-5 was significantly associated with weaker
response to chemotherapy and shorter survival periods
than patients negative for Lgr-5. Li er al (21) revealed that
CD44+ cells exhibited cancer stem cell characteristics.
These cells showed higher Notchl expression and were more
chemoresistant than CD44- cells. In addition, treatment with
DAPT inhibited cancer stem cell properties and suppressed
the invasion and proliferation capabilities of CD44+ cells.
Furthermore, the present study revealed that DAPT treatment
augmented the cytotoxic effects of cisplatin and reduced the
CD44Me"Lgr-5"e fraction in gastric cancer cell lines.

Du et al (11) investigated the association between Notch
signaling and gastric cancer by conducting a meta-analysis
based on 15 studies representing a total of 1,547 gastric cancer
cases and 450 controls. Expression levels of Notch receptors
(Notchl and Notch?2) and their ligands (DLL-4 and HES-1)

were found to be significantly higher in gastric cancer tissues
than in normal tissues. Notch signaling has been speculated
to be involved in carcinogenesis and disease progression
in gastric cancers. Moreover, protein levels of Notchl and
Jagged-1 have been established as adverse prognostic factors
for gastric cancers (11,25). Thus, direct suppression of the
Notch pathway serves as a promising strategy for the treatment
of gastric cancers, as well as for enhancing the cytotoxicity of
antitumor drugs.

Our study has several limitations. First, we investigated
in vitro effects of DAPT in cultured cells. Further compre-
hensive studies on animals and clinical specimens are
required to examine in vivo synergistic antitumor effects of
DAPT. Second, although CD44 and Lgr-5 have been widely
known and investigated as stem cell markers in gastric cancer
cells (26,27), functional assays are needed to investigate how
DAPT directly affects stemness. We would like to treat them
as the subjects of our next studies.

In conclusion, our findings demonstrated the thera-
peutic potential of DAPT in the treatment of gastric cancer.
Furthermore, combined treatment with DAPT with cisplatin
showed enhanced chemotherapeutic effects, particularly in



5432

reducing the population of CD44Me"gr-5heh cells, which
exhibit cancer stem cell-like properties. We hope the data
obtained in this study will serve as useful reference for future
research to overcome acquired cisplatin resistance during
gastric cancer treatment.
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