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A B S T R A C T

Aims: Gastric cancer (GC) is a common cancer with a relatively low survival rate. Cellular senescence, a potent
anti-cancer mechanism, is naturally occurred, and can be induced by chemotherapeutic agents. We sought to
explore new compounds against GC cells by inducing cellular senescence.
Main methods: Primary screening of a library of N-heterocyclic compounds identified some with potent in-
hibitory effects on GC cells. Furthermore, in vitro effects of the most potent candidate compound on the pro-
liferation and senescence of GC cells were studied by classical assays, including senescence-associated (SA)-β-
galactosidase staining, and immunofluorescence; and in vivo effects of this compound was evaluated in a xe-
nograft tumor mouse model.
Key findings: Among 43 tested compounds, 4,5-diphenyl-2-methyl picolinate (DMP) showed the highest in-
hibition effects on the growth of GC cells. In vitro experiments showed that DMP inhibited the proliferation by
inducing senescence and DNA-damage associated protein markers and signaling pathways. In vivo experiment
confirmed that DMP treatment inhibited tumor growth by promoting DNA-damage signaling.
Significance: This study set up a platform to identify senescence-inducing anti-cancer compounds, and uncovers
that DMP exerted anticancer effects by inducing cellular senescence through targeting DNA damage and asso-
ciated signaling pathways in GC cancer.

1. Introduction

Gastric cancer (GC) is the fifth most prevalent type of malignancy
worldwide, and is the third leading cause of cancer-related deaths [1].
China has the highest incidence of gastric cancer in the world. Three
approaches, including surgery, chemotherapy, and radiotherapy, are
typically used for GC treatment [2]. However, these approaches are less
than optimal because of their insufficient efficacy, high relapse rate,
and potential toxicities [2]. The 5-year overall survival rate of GC pa-
tients remains less than 30% [3]. To improve the overall survival rate
and life quality of GC patients, new strategies against GC are urgently
needed.

Recent studies have shown that cancer is associated with improper
regulation of cell cycle and apoptosis [4–6]. As a state of permanent cell

cycle arrest, cellular senescence has been considered as a potent anti-
cancer mechanism, and can be triggered by a variety of stimuli, such as
oncogene expression, oxidative stress, DNA damage, chemotherapeutics
and ionizing irradiation [7–9]. Except for significant morphological
alterations, senescent cells exhibit increased senescene-associated β-
galactosidase (SA-β-gal), and form senescence-associated heterochro-
matic foci (SAHFs) which enriched in methylated H3K9, heterochro-
matic protein 1 (HP1), and macroH2A [10,11]. Besides, two inter-
connected pathways, p53/p21 and p16/RB pathways, are often
activated in senescent cells [12].

Growing evidence has demonstrated that chemotherapy or radiation
can inhibit tumor growth by inducing senescence and activating se-
nescence-associated signaling pathways [13–15]. For example, dasa-
tinib, a tyrosine kinase inhibitor, can induce senescence in non-small
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cell lung cancer (NSCLC) cell that possessing kinase-inactivating BRAF
mutations [16]. MLN4924, a small molecule neddylation inhibitor, was
reported to inhibit the proliferation of GC cells by triggering cellular
senescence via accumulating two cell cycle inhibitors p27 and p21 [17].

N-heterocyclic compounds are important molecules with potential
anticancer activities [18–20]. In the current study, we screened a pool
of 43 N-heterocyclic compounds, and identified 4,5-diphenyl-2-methyl
picolinate (DMP) as the most potent compound against gastric cancer.
Furthermore, we studied the possible mechanisms by which DMP exerts
its anti-cancer effects, and found that DMP attenuated GC cell growth
by inducing cell cycle arrest, which is accompanied with increased cell
senescence by accumulating DNA damage and activating associated
signaling pathways. Finally, we showed that DMP treatment sig-
nificantly reduced tumor growth of GC without obvious toxicity in a
xenograft tumor model.

2. Materials and methods

2.1. Chemical candidates

Compounds used in this study were mainly imidazoles, pyridines,
quinolines, heterocyclic compounds and hydrazones. The chemical
structures of these compounds were shown in Fig. S1.

2.2. Cell culture

Human gastric cancer cell lines, including AGS, BGC823, MKN-28
and MKN-45, and human normal gastric epithelial cell line GES-1, were
obtained from American Type Culture Collection (ATCC, Manassas, VA,
USA). Cancer and normal cell lines were cultured in RPMI-1640 (Gibco,
Gaithersburg, MD, USA) and Dulbecco's modified Eagle's medium
(DMEM, Gibco, Gaithersburg, MD, USA), respectively, with 10% fetal
bovine serum (FBS, Life Technologies, Grand Island, NY, USA), 100 U/
mL penicillin and 100 μg/mL streptomycin (Life Technologies, Grand
Island, NY, USA), and incubated at 37 °C in an atmosphere of 5% CO2.

2.3. MTT assay

Cell viability was assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5
-diphenyltetrazoliumbromide, Sigma-Aldrich, St. Louis, MO, USA)
assay. Cells were seeded in 96-well culture plates at 3× 103 cells per
well for 24 h. Then, different doses of candidate compounds were added
into these wells for 48 h. Subsequently, 10 μL of MTT solution (10mg/
mL) was added into each well, and cells were incubated at 37 °C for
additional 4 h. Next, the supernatant in each well was replaced by di-
methyl sulfoxide (DMSO), and the absorbance was measured using
microplate reader (Bio-Rad, Hercules, CA) at 550 nm. All the experi-
ments were independently performed at least three times. Cell viability
curves were plotted using the absorbance at each time point.

2.4. Cell apoptosis and cell cycle assays

For apoptosis assay, cells after DMP or vehicle treatment (106 cells
per well/6-well plate) were harvested, and then double stained with
Annexin V-FITC and propidium idodide (PI) using Annexin V-FITC
apoptosis detection kits (Yeasen Biotechnology, Shanghai, China) ac-
cording to the manufacturer's instructions. Cisplatin (Sigma-Aldrich, St.
Louis, MO, USA) was used as a positive control. For cell cycle assay,
DMP-treated cells (106 cells per well/6-well plate) were harvested, and
then fixed with cold 70% ethanol at 4 °C overnight. Before flow cyto-
metric analysis, cells were washed with cold PBS, treated with RNase A,
and then stained with PI using the DNA content Quantitation kit fol-
lowing the manufacturer's protocol. Next, labeled cells were detected
on flow cytometer (BD FACS Calibur, BD Biosciences, USA), and cor-
responding data were analyzed using Cell Quest software.

2.5. Western blot analysis

DMP-treated cells (106 cells per well/6-well plate) were collected
and lysed with ice-cold RIPA lysis buffer for 10min, and then cen-
trifuged at 10000 g for 1min at 4 °C. To extract nuclear proteins, DMP-
treated cells were first lysed with ice-cold buffer A [10mM HEPES-KOH
(pH=8.0), 10mM KCl, 1.5 mM MgCl2, 0.34M Sucrose, 10% Glycerol
(pH=7.5), 0.1% Triton X-100] for 5min, and centrifuged at 1300 g for
5min at 4 °C. The supernatant was removed, and the nuclei pellet was
washed once with PBS, and then lysed with ice-cold RIPA lysis buffer as
mentioned above. Protein concentration of the clear supernatant was
quantified using a BCA protein assay kit (Beyotime Biotech., Shanghai,
China). 30 μg of protein samples were used for SDS-PAGE electro-
phoresis. After that, the gel was transferred to a polyvinylidene di-
fluoride (PVDF) membrane, and blocked with 5% skim milk in TBST.
Next, the membrane was incubated with the relevant primary anti-
bodies followed by HRP-conjugated secondary antibodies (Table S1).
Blots were visualized with ECL plus Chemiluminescence kit (Thermo
Fisher Scientific Inc., Rockford, IL, USA).

2.6. BrdU incorporation assay

DMP-treated cells (2× 104 cells per well/24-well plate) were first
incubated with 20 μM of BrdU for an hour at 37 °C, and then fixed with
4% paraformaldehyde for 10min at room temperature. Fixed cells were
permeated with 0.5% Triton X-100, treated with 0.01U/μL of DNase I
and terminated with 20mM of EDTA. Subsequently, cells were in-
cubated with anti-BrdU-FITC in 1% of BSA for 30min at room tem-
perature, followed by staining with 1 μg/μL of 4′,6-diamidine-2′-phe-
nylindole dihydrochloride (DAPI, Sigma-Aldrich, St. Louis, MO, USA),
and then observed under Nikon Eclipse fluorescence microscopy. BrdU
positive cells in five different high-power fields from each well were
counted, and presented as mean positive cells per square micrometer.
Each experiment was independently performed at least three times.

2.7. Senescence-associated (SA)-β-galactosidase staining

X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside), a chro-
mogenic substrate of β-galactosidase, was purchased from Sigma-
Aldrich (St. Louis, MO, USA). DMP-treated cells (2× 104 cells per well/
24-well plate) were washed with PBS, and then fixed with 0.2% glu-
taraldehyde and 5% formaldehyde for 5min at room temperature.
Subsequently, fixed cells were washed three times with PBS, and in-
cubated with fresh SA-β-galactosidase staining solution [1 mg/mL X-
Gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide,
40mM Na2HPO4, 150mM NaCl, and 2mM MgCl2] at 37 °C for 4–24 h.
SA-β-galactosidase positive cells were observed and counted by light
microscopy, and presented as mean positive cells per square micro-
meter. Each experiment was independently performed at least three
times.

2.8. Immunofluorescence assay

DMP-treated cells (2× 104 cells per well/24-well plate) were

Table 1
IC50 values of 5 candidate compounds in four gastric cancer cell lines.

Candidate
compounds

IC50 (μM)

AGS BGC823 MKN-28 MKN-45

X-6 > 100 >100 >100 >100
X-7 > 150 >150 61.25 ± 4.12 >150
X-14 89.52 ± 3.65 50.62 ± 1.63 38.46 ± 4.71 43.84 ± 2.84
Y-18 > 100 >100 >100 >100
Y-19 45.25 ± 1.26 49.31 ± 2.24 26.52 ± 0.98 21.03 ± 3.01
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washed with PBS, and then fixed with 4% formaldehyde for 30min.
After washing with PBS, fixed cells were permeated with 0.5% Triton X-
100 for 5min, and blocked with 3% of BSA for 30min at room tem-
perature. Subsequently, cells were incubated with primary antibodies
anti-H3K9me3 or anti-53BP1 in 3% BSA for 2 h, followed by incubating
with second antibodies for an hour in the dark, and then stained with 1
μg/μL of DAPI, and then observed under Nikon Eclipse fluorescence
microscopy. Fluorescent positive cells (with> 5 foci per cell) in five
different high-power fields from each well were quantified, and pre-
sented as percentage of cells positive for H3K9me3 or 53BP1 foci. Each
experiment was independently performed at least three times.

2.9. In vivo tumor growth assay

All investigations were approved by the Bioethics Committee of
Jiangsu University School of Medicine. Eight-week-old nude BALB/c
mice were obtained from Yangzhou university medical conversion
center (Yangzhou, China), bred and maintained in a pathogen-free fa-
cility. DMP was dissolved in DRD solution (10% DMSO, 5% glucose,
20% castor seed oil) before injection. For xenograft mouse model,
2× 106 of MKN-45 cells were injected subcutaneously into the ab-
domen of mice. On the 14th day, tumor-bearing mice were randomly
divided into four groups with six to eight mice per group, and then
administrated with vehicle, 10 or 30mg/kg of DMP, or 5mg/kg cis-
platin for every three days via the tail vein, respectively. Three days
after six administrations, mice were sacrificed, and the tumor xeno-
grafts and main organs were removed and weighted. After that, tumor
tissues were collected for further proposed studies.

2.10. Immunohistochemistry (IHC) analysis

Paraffin sections of tumor tissues were first dewaxed, rehydrated
followed by antigen retrieval. Slices were then blocked with 5% BSA for
an hour at room temperature, subsequently by incubation with primary
antibodies against cyclin A, p53, and p21 overnight at 4 °C. After that,
sample sections were incubated with corresponding horseradish per-
oxidase-conjugated secondary antibodies for an hour at room tem-
perature, followed by visualization with 3,3-diaminobenzidine (DAB),
and then counterstained with hematoxylin. The expression levels of
proteins cyclin A, p53, and p21 were observed in situ using a bright
field microscope, and then analyzed by counting nucleus positive cells
in five different high-power fields. Each experiment was independently
performed at least three times. The information of primary and sec-
ondary antibodies was listed in Table S1.

2.11. Statistical analysis

Data are presented as mean ± SD, unless otherwise stated.
Significance was analyzed by one-way ANOVA using GraphPad Prism
version 5.00 (GraphPad, San Diego, CA, USA), unless otherwise speci-
fied. #p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

3. Results

3.1. DMP displayed inhibitory effects on the viability of gastric cancer cell
lines

43 N-heterocyclecompounds were involved in this study, the struc-
tures of which were shown in Fig.S1. The effects of these compounds
were evaluated in four gastric cancer cell lines, including AGS, BGC823,
MKN-28, and MKN-45. The results showed that at the concentration of
300 μM for 48 h, ten among 43 candidate compounds exhibited sig-
nificant inhibitory effects on the cancer cell growth, achieving>80%
inhibition (Fig. S2A-S2D). To identify compounds with low toxicities to
normal gastric epithelial cells, the inhibitory effects of these ten com-
pounds were further tested in human normal gastric epithelial cell line
GES-1 at the same conditions. As shown in Fig. S2E, five among the ten
compounds, including X-6, X-7, X-14, Y-18, and Y-19, showed no sig-
nificant inhibitory effects on GES-1, indicating their relatively low
toxicities. Next, different doses of the five compounds were used to treat
the four gastric cancer cell lines to compare their inhibitory effects on
gastric cancer cells (Fig. S3 and Table 1). The results suggested that the
anti-tumor effects of the five candidate compounds on gastric cancer
cells were in dose-dependent manners to some extent (Fig. S3). Among
these compounds, Y-19 (4, 5-diphenyl-2-methyl picolinate, DMP) had
the strongest inhibitory effect on cancer cell growth, and was selected
for subsequent studies (Fig. S3 and Table 1).

3.2. DMP inhibited gastric cancer cell growth by inducing cell cycle arrest

To further clarify the inhibitory effect of DMP on cell growth, dif-
ferent doses of DMP were used to treat gastric cell lines MKN-28 and
MKN-45, and cell viabilities were evaluated after 48 h. Compared with
DMP-treated normal human gastric epithelial cell line GES-1, the vi-
abilities of DMP-treated MKN-28 and MKN-45 cells were remarkably
decreased in a dose-dependent manner, with IC50 of 26.52 μM and
21.03 μM, respectively (Fig. 1A and Table 1). Furthermore, treatment of
15 μM or 30 μM DMP for longer time also greatly reduced the viabilities
of MKN-28 and MKN-45 cells (Fig. 1B and C). To explore the underlying
mechanisms of the inhibitory effect of DMP on cancer cell growth,
apoptosis rate, cell cycle distribution, and DNA synthesis status in DMP-

Fig. 1. The suppressive effects of DMP on proliferation of gastric cancer cells. (A) Gastric cancer cell lines MKN-28 and MKN-45, as well as normal gastric cell
line GES-1 were exposed to 0–60 μM of DMP for 48 h, and their cell viabilities evaluated by MTT assay were shown in (A) (n≥ 3). MKN-28 and MKN-45 cells were
treated with vehicle, 15 or 30 μM of DMP for 0–5 days, and their cell viabilities evaluated by MTT assay were shown in (B) and (C), respectively (n ≥ 3).
***p < 0.001.
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treated gastric cancer cells were evaluated (Fig. 2 and 3). Results from
flow cytometry showed that 15 μM or 30 μM of DMP did not impact on
the apoptosis of gastric cancer cells (Fig. 2A–2C); however, the same
concentrations of DMP significantly increased the portion of G2/M cells
and reduced the portion of G0/G1 cells, indicating that DMP could
induce cell cycle arrest in G2/M phase (Fig. 3A–3C). Western blot re-
sults demonstrated that the expression of cyclin A was greatly reduced,
while two other cyclins, including cyclin D1 and cyclin B, were not
changed in DMP-treated gastric cancer cells (Fig. 3D). BrdU in-
corporation assay suggested that DMP dramatically inhibited DNA
synthesis of gastric cancer cells (Fig. 3E-3F). These data demonstrated
that DMP played an inhibitory role in gastric cancer cells via promoting
cell cycle arrest.

3.3. DMP induced senescence phenotypes in gastric cancer cells

Since senescence is correlated with permanent cell cycle arrest, we
postulated that the function of DMP in cell cycle progression may as-
sociate with senescence. SA-β-gal activities and the formation of SAHF,
two cellular markers of senescence, were detected in DMP-treated
gastric cancer cells. As shown in Fig. 4A–4D, DMP treatment resulted in
significantly enhanced number of SA-β-gal positive cells and SAHF
positive cells when compared with untreated ones. H3K9me3 protein, a
core element of SAHF, was accumulated in nuclear and co-localized
with SAHF (Fig. 4C-4D). Western blot results suggested that expression
levels of H3K9me3, as well as another SAHF protein marker HP1γ, were
dramatically increased after DMP treatment (Fig. 4E–4G). Together,
these data indicated that DMP induced senescent phenotypes in gastric
cancer cells.

Fig. 2. DMP did not affect apoptosis of gastric cancer cells. Gastric cancer cell lines MKN-28 and MKN-45 were exposed to vehicle, 15 or 30 μM of DMP for 48 h,
and apoptosis were analyzed by flow cytometry. Representative images of cells treated with DMP were shown in (A), and statistical analysis graph of apoptotic MKN-
28 cells and MKN-45 cells induced by DMP were presented in (B) and (C), respectively. FL1: Annexin V-FITC; FL3: Propidium iodide (PI). The results of A were
analyzed for the presence of Annexin V (+)/PI (−) (early apoptosis) and Annexin V (+)/PI (+) (late apoptosis). Cisplatin was used as a positive control. The results
were presented as mean ± SEM from three independent experiments compared with control group. #p > 0.05, ***p < 0.001.
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Fig. 3. DMP promoted cell cycle arrest of gastric cancer cells. Gastric cancer cell lines MKN-28 and MKN-45 were exposed to vehicle, 15 or 30 μM of DMP for
48 h, and the cell cycle progression and expression levels of cell cycle associated proteins, as well as DNA synthesis of these cells were analyzed by flow cytometry,
Western blot, and BrdU incorporation assay, respectively. Representative images of cell cycle distribution by flow cytometry were shown in (A), and statistical
analysis graphs of cell cycle distribution of MKN-28 cells andMKN-45 cells treated with DMP were presented in (B) and (C), respectively. Expression levels of cell
cycle-associated proteins, including cyclin A, cyclin B, and cyclin D detected by Western blot were shown in (D). β-actin was used as a loading control. Representative
images of DNA synthesis by BrdU incorporation assay were shown in (E), and statistical analysis graph of E was presented in (F). The results were presented as
mean ± SEM from three independent experiments compared with control group. **p < 0.01.
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Fig. 4. DMP induced cell senescence phenotypes in gastric cancer cells. Gastric cancer cell lines MKN-28 and MKN-45 were exposed to vehicle, 15 or 30 μM of
DMP for 48 h, and SA-β-gal activities and the formation of SAHF were detected using SA-β-gal staining, immunofluorescence and Western blot. Representative images
of MKN-28 and MKN-45 cells treated with DMP by SA-β-gal stainining were shown in (A), and statistical analysis graph of SA-β-gal positive MKN-28 and MKN-
45 cells treated with DMP was presented in (B). Representative images of expression levels of SAHF marker H3K9me3 by immunofluorescence was shown in (C), and
statistical analysis graph of SAHF positive cells treated with DMP was presented in (D). H3K9me3 foci positive cells (with>5 foci per cell) were quantified in five
different high-power fields from each well, and presented as percentage of cells positive for H3K9me3 foci. Representative images of expression levels of H3K9me3
and another SAHF protein marker HP1-γ by Western blot analysis were shown in (E), and statistical analysis graphs of protein expression changes of HP1-γ and
H3K9me3 were presented in (F) and (G), respectively. β-actin was used as a loading control. The results were presented as mean ± SEM from three independent
experiments compared with control group. *p < 0.05,**p < 0.01, ***p < 0.001.
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3.4. DMP promoted senescence by accumulating DNA damage and
activating the associated signaling pathways

Growing evidence demonstrated that in response to various stres-
sors, cell senescence often accompanied by DNA damage. To find out
whether DMP induced senescence was associated with DNA damage,

the expression levels of DNA damage-marker proteins, such as 53BP1,
as well as key proteins in corresponding signaling pathways, such as
p53/p21 and p16 signaling pathways, were detected by Western blot
and immunofluorescence. Results showed that expression levels of
53BP1 was significantly enhanced in nucleus, and 53BP1 foci was
greatly increased in DMP-treated cells, suggesting significant DNA

Fig. 5. DMP accumulated DNA damage and activated DNA damage-associated signaling pathways. Gastric cancer cell lines MKN-28 and MKN-45 were exposed
to vehicle, 15 or 30 μM of DMP for 48 h, and the expression levels of DNA damage marker 53BP1, as well as key proteins in DNA damage-associated p53/p21 and
p16/Rb signaling pathways were detected by immunofluorescence and Western blot. Representative images of expression levels of 53BP1 by immunofluorescence
were shown in (A), and statistical analysis graph of 53BP1 positive cells treated with DMP was presented in (B). 53BP1 foci positive cells (with> 5 foci per cell) were
quantified in five different high-power fields from each well, and presented as percentage of cells positive for 53BP1 foci. Representative images of expression levels
of 53BP1 in nucleus by Western blots were shown in (C), and statistic graph of expression levels of 53BP1 in DMP-treated gastric cancer cells was presented in (D).
Histone H3 was used as a nuclear loading control. Expression levels of key proteins in p53/p21 and p16 signaling pathways by Western blot analysis were shown in
(E), and statistic graphs of expression changes of these proteins were presented in: pAKT/AKT (F), p-p38/p38 (G), p-p53/p53 (H), p21 (I), and p16 (J). β-actin was
used as a loading control. The results were presented as mean ± SEM from three independent experiments compared with control group. *p < 0.05, **p < 0.01,
***p < 0.001.
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damage in cells by DMP (Fig. 5A–5D). Furthermore, some key proteins
in p53/p21 and p16/Rb signaling pathways were greatly changed in
DMP-treated gastric cancer cells. Compared with vehicle-treated cells,
expression levels of p-AKT were dramatically reduced; expression levels
of p-p38, p-p53, p21, and p16 were greatly increased; while expression
levels of p27 remained unchanged, indicating that DMP induced gastric
cancer cell senescence by activating p53/p21 and p16 signaling path-
ways (Fig. 5E–5K).

3.5. DMP exerted significant anti-tumor activity in vivo

To evaluate the anti-tumor activity of DMP in vivo, a xenograft
tumor model using nude mice transplanted with MKN-45 cells were
established. These tumor-bearing mice were administrated with ve-
hicle, cisplatin (5 mg/kg), or DMP (10 or 30 mg/kg) for every three
days, and then sacrificed after 21 days (Fig. 6A). Tumor growth and
weight loss of these mice were evaluated. The results demonstrated that
compared with vehicle control, 10 mg/kg of DMP inhibited tumor
growth to some extent, while 30 mg/kg of DMP showed significant
inhibitory effects, leading to 66.2% reduction on tumor growth
(Fig. 6B). Furthermore, 10 or 30 mg/kg of DMP did not affect body
weights and organ weights of mice, also did not result in obvious pa-
thological changes in multiple organs, suggesting relatively low toxi-
cities of DMP on mice (Fig. S4). Immunohistochemistry results in-
dicated expression levels of Cyclin A were greatly reduced, while
expression levels of p53 and p21 were dramatically increased
(Fig. 6C–6F) in tumors from mice treated with DMP. Similar results
were shown in western blot assay (Fig. 6G–6J). Taken together, these
data demonstrated that 30mg/kg of DMP effectively inhibited tumor
growth by inducing cellular senescence in a xenograft tumor model,
and may serve as a promising candidate compound for the treatment of
GC.

4. Discussion

Despite great progress has been made in the treatment of cancer, GC
remains to be a significant public health problem due to its high in-
cidence and low survival rate. Thus, it is important to develop novel
agents for the treatment of GC patients. In view of previous evidences
that N-heterocyclic compounds demonstrated favorable anti-cancer
activities, we studied a pool of 43 N-heterocyclic compounds, and found
that DMP was highly effective and selective in blocking GC cell growth
by inducing cell cycle arrest and cellular senescence.

As promising anticancer strategy, cellular senescence plays an im-
portant role in permanently arresting the proliferation of damaged and
defective cells. Compared with possible side effects caused by higher
doses of small molecule compounds, relatively lower doses of these
compounds are considered safe and effective by inhibiting cancer cell
growth via inducing cellular senescence through targeting senescence
signaling regulators, such as p53, cyclin-dependent kinases (CDK), and
protein kinase C (PKC), or through modulating different biological
processes, including DNA damage, microtubule polymerization, DNA
epigenetic modifications, as well as senescence-associated secretory
phenotype (SASP) [21–23]. For example, doxorubicin, a DNA inter-
calator, induces cellular senescence in different cancer cells by accu-
mulating DNA damage via inhibiting DNA topoisomerase II and

introducing DNA double strand breaks; while paclitaxel and peloruside
A, two microtubule-stabilizing agents, effectively induce senescence
phenotypes of cancer cells by promoting the polymerization of micro-
tubule and interrupting mitosis [24–27]. In the current study, we de-
monstrated that DMP induced cellular senescence by accumulating
DNA damage and activating DNA damage-associated p53/p21 and p16
signaling pathways. This mechanism of action is of great importance
considering the pivotal roles of p53/p21/p16 as tumor suppressors in
DNA damage and different types of cancer. Currently, the detailed
mechanism of how DMP induces DNA damage and DNA damage re-
sponse signaling pathways is under investigation.

5. Conclusion

The present study indicated that DMP inhibited GC cell proliferation
and revealed anticancer effects by inducing cellular senescence through
targeting DNA damage and associated p53/p21 and p16 signaling
pathways, rendering DMP a potential therapeutic agent for the treat-
ment of GC. Further structure modification of this compound may
generate anti-cancer agents with improved efficiency and specificity.
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