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Background: The transcription factor nuclear factor-xB (NF-xB) is constitutively activated
in a variety of human cancers, including gastric cancer. NF-xB inhibitors that selectively kill
cancer cells are urgently needed for cancer treatment. Curcumin is a potent inhibitor of NF-xB
activation. Unfortunately, the therapeutic potential of curcumin is limited by its relatively low
potency and poor cellular bioavailability. In this study, we presented a novel NF-xB inhibitor
named Da0324, a synthetic asymmetric mono-carbonyl analog of curcumin. The purpose of
this study is to research the expression of NF-xB in gastric cancer and the antitumor activity
and mechanism of Da0324 on human gastric cancer cells.

Methods: The expressions between gastric cancer tissues/cells and normal gastric tissues/cells
of NF-xB were evaluated by Western blot. The inhibition viability of compounds on human
gastric cancer cell lines SGC-7901, BGC-823, MGC-803, and normal gastric mucosa epithelial
cell line GES-1 was assessed with the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide assay. Absorption spectrum method and high-performance liquid chromatography
method detected the stability of the compound in vitro. The compound-induced changes of
inducible NF-xB activation in the SGC-7901 and BGC-823 cells were examined by Western
blot analysis and immunofiuorescence methods. The antitumor activity of compound was per-
formed by clonogenic assay, matrigel invasion assay, flow cytometric analysis, Western blot
analysis, and Hoechst 33258 staining assay.

Results: High levels of p65 were found in gastric cancer tissues and cells. Da0324 displayed
higher growth inhibition against several types of gastric cancer cell lines and showed relatively
low toxicity to GES-1. Moreover, Da0324 was more stable than curcumin in vitro. Western
blot analysis and immunofluorescence methods showed that Da0324 blocked NF-xB activation.
In addition, Da0324 significantly inhibited tumor proliferation and invasion, arrested the cell
cycle, and induced apoptosis in vitro.

Conclusion: The asymmetric mono-carbonyl analog of curcumin Da0324 exhibited signifi-
cantly improved antigastric cancer activity. Da0324 may be a promising NF-xB inhibitor for
the selective targeting of cancer cells. However, further studies are needed in animals to validate
these findings for the therapeutic use of Da0324.

Keywords: gastric cancer, anticancer drug, NF-xB inhibitor, asymmetric MACs, apoptosis,

curcumin

Introduction

Gastric cancer is the fourth most common cancer and the second most frequent cause
of cancer-related mortality worldwide.' Although surgery is the main treatment regi-
men for gastric cancer, the effects of operative treatment are unsatisfactory. Postop-
erative tumor recurrence and lymph node metastasis are often detected after surgery.
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Chemotherapy is an important treatment option for gastric
cancer patients besides surgical resection.? However, che-
motherapy has two main issues that affect the treatment of
gastric cancer patients: the resistance of tumor tissue against
chemotherapeutic drugs and the toxicity of these drugs to nor-
mal tissue.>* Thus, gastric cancer therapy should be improved
to have a more effective therapeutic schedule.

The nuclear factor (NF)-xB transcriptional pathway
is involved in several fundamental biological processes,
including immunity,’ inflammation,® angiogenesis and
tumorigenesis,” and cell proliferation and cell apoptosis.® In
most unstimulated cells, NF-kB is sequestered and inacti-
vated in the cytoplasm when it complexes with one of the
specific inhibitors, namely, the [KBs. Many stimuli, such as
tumor necrosis factor (TNF)-o’ and lipopolysaccharide,!® as
well as some chemotherapeutic drugs,'' can activate NF-xB
signaling pathways. This activation is primarily achieved via
IkB kinase (IKK)-dependent phosphorylation, which leads
to the phosphorylation and degradation of IxBs, and then
allows the NF-kB subunit p65 translocate to the nucleus
where it exerts its transcriptional activity.!>!* Recent studies
have revealed the constitutive activation of NF-kB in sev-
eral types of cancers, including gastric cancer,' pancreatic
cancer,’ prostate cancer,'® colorectal carcinoma,'’ esopha-
geal carcinoma,'® and renal cell carcinoma.' The activation
of NF-xB can lead to downstream protein expression that
can promote tumor growth, invasiveness, antiapoptosis,
and chemotherapeutic resistance, which eventually allows
tumor cells avoid cell death.®!'” Given the antiapoptotic
effect of NF-xB, the application of NF-kB inhibitors may
prove useful in antitumor therapy. To date, much effort has
been focused on developing NF-xB or IKK inhibitors.??!
For example, the inhibition of constitutive IKK activity by
BMS345541 causes the downregulation of NF-kB activity,
which in turn leads to the mitochondria-mediated apoptosis
of melanoma cells.?!

After more than half a century since chemotherapy was
introduced for tumor treatment, natural compounds have
become an important part of antitumor drugs.??> Curcumin
is the active phytochemical derived from the rhizomes of
Curcuma longa. Curcumin has attracted much attention
because of its surprisingly wide range of beneficial prop-
erties, including its antioxidative, anti-inflammatory, and
anticancer activity, as well as its pharmacologic safety.?>
In particular, the effects of curcumin on the NF-xB pathway
have been studied in multiple human carcinomas.?2¢ Cur-
cumin is a potent inhibitor of NF-xB activation, and inhibi-
tion of NF-xB contributes to the cell apoptosis induced by

curcumin.”?”?® Unfortunately, the therapeutic potential of
curcumin is limited by its relatively low potency and poor cel-
lular bioavailability.?’ Therefore, highly active and clinically
promising curcumin analogs should be developed.

In a previous work, our team and several other groups
had designed and synthesized a series of curcumin analogs
by displacing the B-diketone moiety with a single carbonyl
group to produce the symmetric mono-carbonyl analogs of
curcumin (MACs; Figure 1A). These symmetric MACs,
including B19, B63, EF24, EF31, and F35, demonstrated
their effectively increased stability and exhibited better
pharmacokinetic activity in vivo.*** Furthermore, sym-
metric MACs, such as EF24, effectively exhibited their
antitumor activity by targeting IKK/NF-xB.*> However,
subsequent experiments revealed that these symmetric MACs
with improved antitumor activity were extremely toxic to
normal cells and had poor target selectivity for tumor cells.
To obtain lead compounds that specifically targeted cancer
cells, we redesigned novel MACs with asymmetric structures
(Figure 1A). Fortunately, we discovered these asymmetric
MAC:s retained their high antitumor activity, but showed low
toxicity to normal cells. In this study, we report a promising
asymmetric MAC named Da0324 that exhibited excellent
activity against gastric cancer cells by targeting NF-kB and
showed low toxicity to normal epithelial cells in the gastric
mucosa.

Materials and methods

Chemical synthesis

The chemical synthesis reaction of Da0324 is shown in
Figure S1. Purification was achieved by silica gel chroma-
tography to obtain more than 97% purity. The structure of
(2E,5E)-2-(2,5-dimethoxybenzylidene)-5-(4-hydroxy-3-
methoxybenzylidene)cyclopentanone (Da0324) was char-
acterized by electrospray ionization mass spectrometry and
"H nuclear magnetic resonance (Supplementary material).
The chemical structures of curcumin, asymmetric MACs,
and Da0324 are shown in Figure 1A. EF24 and B19 were
synthesized in our laboratory; their chemical structures are
shown in Figure 1A. For the in vitro studies, Da0324 was dis-
solved in dimethyl sulfoxide (DMSO) solution and prepared
at different concentrations.

Stability assay

Da0324 was dissolved and diluted in a DMSO solution and
then mixed with the phosphate buffer (pH, 7.4). The optical
density values from 250 to 600 nm were determined using
a Spectrum Max M5 apparatus. The absorption curves were
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Figure |1 Da0324 is more stable than curcumin in vitro.
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Notes: (A) The chemical structural of curcumin (CUR), asymmetric MACs, and Da0324. (B) Ultraviolet-visible absorption spectra of CUR and Da0324. (C) Time—
concentration curves of Da0324 and curcumin detected by the high performance liquid chromatography method in the culture medium.
Abbreviations: h, hours; min, minutes; CUR, curcumin; MACs, mono-carbonyl analogs of curcumin; OD, optical density.

recorded every 5 minutes for more than 25 minutes. The
chemical stability of Da0324 and curcumin in cell culture
medium was evaluated by the high performance liquid chro-
matography method. Briefly, cells were treated with 10 uM
Da0324 or 10 uM curcumin in six-well plates. After the

indicated time intervals, the culture medium was collected,
Da0324 and curcumin were extracted from the culture medium
by the addition of ethyl acetate, and their concentrations were
determined by the high performance liquid chromatography
method using an Agilent LC (1,200 series).
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Cell culture, chemical reagents, and

antibodies

The SGC-7901, BGC-823, and MGC-803 human gastric can-
cer cell lines were obtained from the Cell Bank of the Chinese
Academy of Sciences (Wuhan, People’s Republic of China).
The normal gastric mucosa epithelial cell line GES-1 was
obtained from the American Type Culture Collection (Manas-
sas, VA, USA). Cells were grown in RPMI-1640 medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS) (GE Healthcare Life
Sciences, Logan, UT, USA), 100 U/mL penicillin (Thermo
Fisher Scientific), and 100 mg/mL streptomycin (Thermo
Fisher Scientific). All cells were cultured and maintained at
37°C under a humidified atmosphere with 5% CO,.

Reagents were obtained from the following sources:
TNF-o (Shanghai Universal Biotech Company, Shanghai,
People’s Republic of China); DMSO (Sigma-Aldrich Co.,
St Louis, MO, USA); 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) (Sigma-Aldrich);
BMS345541 (Sigma-Aldrich); crystal violet staining solu-
tion (Beyotime, Shangahi, People’s Republic of China);
propidium iodide (PI) (Sigma-Aldrich); FITC Annexin V
Apoptosis Detection Kit (BD Biosciences, San Jose, CA,
USA); NF-kB Activation, Nuclear Translocation Assay Kit
(Beyotime); Hoechst 33258 Staining Kit (Beyotime); and
basement membrane Matrigel (BD Biosciences).

The primary antibodies used for Western blot analy-
sis were anti-caspase 3, anticleaved-caspase 3, anti-bax,
anti-bel-2, anti-p53, anti-mdm-2, anti-cdc-2, anti-cyclin
B1, anti-p-Ikk, anti-Ikk, anti-IxB-0,, anti-p65, anti-Lamin
B, anti-p-IkB-0, and anti-GAPDH. All antibodies were
obtained from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA) except the anticleaved-caspase 3. The antibody
anticleaved-caspase 3 was purchased from Cell Signaling
Technology (Danvers, MA, USA). The donkey antigoat
IgG-HRP, goat antimouse IgG-HRP, and donkey antirabbit
IgG-HRP secondary antibodies were also purchased from
Santa Cruz Biotechnology.

Cell viability assay

Cell viability was assessed with the MTT assay following
the manufacturer’s protocol. In brief, cells were plated in
96-well plates at ~5,000 cells per well in 100 mL of the
corresponding medium. Subsequently, cells were treated
with Da0324, curcumin, BMS345541, EF24, or B19 (at
0.096, 0.48, 2.4, 12, and 60 UM, respectively) for 72 hours
and then treated with the MTT solution for 4 hours. Finally,
the crystals were solubilized with DMSO solution, and the
absorbance was recorded at 490 nm using a microplate

reader. The cell inhibition ratio (IR) was calculated using
the following equation:

IR=(1-A_ /A __)x100%,

treated

where A, and A were the absorbance values of the
treated and the DMSO control groups, respectively. half maxi-
mal inhibitory concentration (IC, ) was defined as the concen-
tration that caused 50% inhibition of cell proliferation; its value

was calculated with the GraphPad statistical software.

Hoechst 33258 staining assay

To examine the apoptotic changes in SGC-7901 cells, we
performed the Hoechst 33258 staining assay. After treatment
with Da0324 or curcumin for 24 hours, the cells were fixed
with the stationary buffer for 10 minutes and then washed
twice with phosphate-buffered saline (PBS). Cells were
subsequently stained with the Hoechst 33258 solution for
15 minutes at 4°C in the dark, washed repeatedly with PBS,
and then evaluated under a fluorescence microscope.

Clonogenic assay

The clonogenic assay was used to test each cell in a given
population for the ability to undergo unlimited division and
form colonies. After treatment with Da0324 or curcumin for
24 hours, cells were transferred to fresh medium and incuba-
tion was continued to allow colony formation. After 7 days,
the colonies were stained with a crystal violet solution and
photographed.

Cell cycle and apoptosis analysis by flow
cytometry

The proportions of cells in the G /G,, S, and G,/M phases
were determined by the flow cytometric analysis of DNA
content. In brief, after treatment with Da0324 or curcumin
for 24 hours, all cells obtained by trypsinization were washed
with PBS and suspended in 75% ethanol for 1 hour at —20°C.
The obtained cells were washed again, resuspended, and
stained with PI for 15 minutes at 4°C in the dark. The cell
distribution across the cell cycle was analyzed with a
fluorescence-activated cell sorter.

Flow cytometric analysis was also used to quantify the
apoptotic cells. In brief, cells were incubated with Da0324
or curcumin for 24 hours. The incubated cells were subse-
quently collected and washed twice with PBS. The washed
cell samples were incubated with Annexin-V for 10 minutes
in the dark and then incubated with PI for 5 minutes. Flow
cytometric analysis was then performed using a fluorescence-
activated cell sorter.
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Matrigel invasion assay

The invasiveness of gastric cancer cells was assessed as
the invasion of cells through Matrigel-coated transwell
inserts. The upper surface of each chamber was coated with
the Matrigel basement membrane and air-dried for 2 hours
at room temperature. Gastric cancer cells were added to
the upper chamber at a cell density of 1x10° cells/mL in
RPMI-1640 medium without FBS and treated with Da0324
or curcumin. Meanwhile, RPMI-1640 with 10% FBS was
added to the lower chamber. The chambers were incubated
for 24 hours at 37°C. At the end of the incubation period, the
cells that migrated to the lower surface of the membrane were
fixed and stained with crystal violet solution. The cells on the
upper surface of the membrane were carefully removed with
a cotton swab. Gastric cancer cells that had migrated from
the upper chamber to the lower side of the filter were counted
under light microscopy. Tumor cell invasiveness was defined
as the mean number of cells in three microscopic fields.

Cytoplasmic and nuclear extraction

The cytoplasmic and nuclear extractions were performed
according to the reagent manufacturer’s instructions. After
24 hours of incubation in 100 mm plates, cells were treated
with Da0324 or BMS345541 for 1 hour before treatment with
TNF-a for 1 hour. Cells were then collected with trypsin and
washed thrice with ice-cold PBS. The cells were suspended in
Buffer A and incubated on ice for 10 minutes before Buffer B
was added to the mixture. After additional incubation on ice
for 1 minute, the cell samples were centrifuged for 5 minutes
at maximum speed (16,000x g). The obtained cytoplasmic
extracts (the supernatant) were transferred into fresh tubes.
The remnants were resuspended in Buffer C on ice for
40 minutes with occasional vortexing. After the suspension
was centrifuged, the supernatant was collected as the nuclear
extract and stored at —80°C until further use.

Assessment of NF-xB nuclear

translocation

Cells were treated with Da0324 or BMS345541 for 1 hour
prior to treatment with TNF-o for 1 hour. The treated cells
were then processed for fluorescence microscopy. In brief,
cells were washed with ice-cold PBS and fixed in the sta-
tionary buffer for 10 minutes at room temperature. Cells
were then washed with the washing buffer and blocked
using the confining buffer for 1 hour, followed by overnight
incubation at 4°C with the rabbit anti-p65 NF-kB antibody.
Subsequently, cells were washed again and incubated with
antirabbit Cy3 in the dark for 1 hour before staining with
DAPI for 5 minutes. After the final wash with the washing

buffer, fluorescence microscopy was used to take photomi-
crographs of the cells. The obtained images were merged,
such that the NF-kB subunit p65 was dyed red and the
DAPI-stained nuclei appeared blue.

Western blot analysis

Cells were lysed in lysis buffer, and the lysates were clari-
fied by centrifugation (12,000x g) at 4°C for 10 minutes.
Equal amounts of the protein extracts were separated by
SDS-PAGE. Proteins were detected by overnight incubation
in anti-p-Ikk, anti-Ikk, anti-IkB-o., anti-p65, anti-Lamin B,
anti-caspase 3, anticleaved-caspase 3, anti-bax, anti-bcl-2,
anti-p53, anti-mdm-2, anti-cdc-2, anti-cyclin B1, anti-p-
IkB-0, and anti-GAPDH-specific antibodies prior to incu-
bation with the respective secondary antibodies for 1 hour
at 37°C. Antibody detection was performed with the ECL-
PLUS chemiluminescence detection kit.

Clinical samples

The corresponding tumor and normal tissues of six gastric
cancer patients were obtained from The First Affiliated
Hospital of Wenzhou Medical University (Wenzhou,
People’s Republic of China). The Clinical Research Ethics
Committee of The First Affiliated Hospital Of Wenzhou
Medical University approved the study. Informed written
consent was obtained from all patients. After surgical resec-
tion, tissues were immediately frozen fresh and stored in
liquid nitrogen. The samples were minced, homogenized,
and incubated on ice for 2 hours. Tissues containing equal
amounts of proteins were electrophoresed by SDS-PAGE.

Statistical analysis

All data were derived from at least three independent experi-
ments. Student’s #-test was used to assess the differences
between sets of data. Probability values below 0.05 were
considered significant.

Results
Da0324 is more stable than curcumin

in vitro

The decline of absorption spectra at different moments
implies the degradation of a compound, which reflects the
stability of the said compound to a certain degree. Figure 1B
showed that the absorption intensity of the curcumin spec-
trum significantly decreased in the phosphate buffer, whereas
Da0324 was less degraded than curcumin. We then tested
the stability of Da0324 in cell culture medium using the
high performance liquid chromatography method. Analysis
of the concentration—time profiles of curcumin and Da0324
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in culture medium revealed a T,, of 0.9 and 2.6 hours for
curcumin and Da0324, respectively (Figure 1C). It is thus
concluded that Da0324 was more stable than curcumin in
vitro.

Expression of p65 and IkB-o. in gastric

cancer tissues and cells
Given that NF-xB is activated in various tumors, the differ-
ence between gastric cancer tissues/cells and normal gastric
tissues/cells with regard to the state of NF-kB should be
evaluated. The expression levels of the NF-xB p65 sub-
unit and [kB-o. were investigated in the protein extracts of
human gastric cancer tissue samples as compared with the
corresponding adjacent normal gastric mucosa. High levels
of p65 were found in the tumors, as compared with their
corresponding normal tissues. By contrast, the expression of
IkB-o was clearly decreased in the cancer tissues compared
with the normal tissues (Figure 2A and B), thereby indicat-
ing that NF-xB was constitutively activated in human gastric
cancer tumors.

The expression levels of p65 and IkB-o in GES-1 nor-
mal gastric mucosa epithelial cell and three types of gastric
cancer cells (SGC-7901, BGC-823, and MGC-803) were

A

also analyzed with Western blot. The results showed that the
expression of p65 increased, whereas that of [kB-o. protein
decreased in the SGC-7901 and BGC-823 cells, as compared
with the GES-1 cells (Figure 2C and D). These results imply
the existence of an activated NF-kB signaling pathway in the
SGC-7901 and BGC-823 cells.

Da0324 inhibits the cell viability of gastric

cancer cells

The inhibition viability of the test compounds on SGC-7901,
BGC-823, MGC-803, and GES-1 cells was assessed with the
MTT assay. Compared with curcumin, Da0324 displayed
higher growth inhibition against several types of gastric
cancer cell lines (Table 1). The IC, values of Da0324 in the
SGC-7901, BGC-823, and MGC-803 cells were 3.9£0.9,
4.7%0.6, and 13.343.1 uM, respectively, whereas those of
curcumin were 22.543.9, 17.5£0.5, and 21.243.3 uM, respec-
tively. The inhibition ability of Da0324 was better than that
of curcumin, particularly in the SGC-7901 and BGC-823
cells. Moreover, the IC,  0f Da0324 on GES-1 (27.3+8.2 uM)
was close to that of curcumin (29.1£3.8 uM). The toxicity
of Da0324 to normal gastric mucosa epithelial cells was
visibly similar to that of curcumin, which was previously

Figure 2 Expression levels of p65 and IkB-c. in gastric cancer tissues and cells.
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Notes: (A) Expression levels of p65 and lxB-0: in human gastric cancer tissue and its corresponding normal adjacent gastric mucosa. (B) Histogram illustrating of the intensity
of IkB-0/GAPDG and p65/GAPDH in six human gastric cancer tissues and their corresponding normal adjacent gastric mucosa. *P<<0.05 compared with normal tissue. (C, D)
The expression levels of p65 and IkB-o. in GES-1 normal gastric mucosa epithelial cell and three types of gastric cancer cells. *P<<0.05 compared with GES-1.

Abbreviations: N, normal tissue; T, tumor tissue.
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Table I IC, values of compounds on cells (UM)

Compound SGC-7901 BGC-823 MGC-803  GES-I
Da0324 3.9+0.9 4.710.6 13.3£3.1 27.318.2
CUR 22.5%3.9 17.5£0.5 21.243.3 29.1+£3.8
EF24 6.1+0.8 2.3+0.6 3.0£13 2.1+0.3
BI9 2.5+0.6 3.9+1.3 4.612.2 3.7¢1.9
BMS345541 7.8%1.8 8.6xl.1 13.3+6.6 9.8+2.5

Notes: To measure the effects of compounds on the percentage of living cells,
gastric cancer cell lines SGC-7901, BGC-823, MGC-803, and normal gastric mucosa
epithelial cell line GES-1 were treated with various amounts of Da0324, CUR,
BMS345541, EF24, and BI19 (0.096, 0.48, 2.4, 12, and 60 uM) for 72 hours, and
detected the inhibition rates of tumor cells by MTT. The IC, values were taken as
the concentration that caused 50% inhibition of cell proliferation and calculated by
GraphPad statistical software.

Abbreviations: IC,, half maximal inhibitory concentration; CUR, curcumin; MTT,
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide.

proven to be nonpoisonous. Therefore, Da0324 may have a
selection role to tumor cells. The effects of two symmetric
MACs (EF24 and B19) on these cells were also measured.
The IC,, values of EF24 on the SGC-7901, BGC-823,
MGC-803, and GES-1 cells were 6.1+0.8, 2.3+0.6, 3.1£1.3,
and 2.110.3 uM, respectively, whereas those of B19 were
2.540.6, 3.9+1.3, 4.6+£2.2, and 3.7£1.9 uM, respectively.
These data showed that symmetric MACs had very good
viability and high inhibition activity on gastric cancer cells,
but also had high inhibition ability on GES-1 cells. Finally,
we tested the viability of the test compounds in terms of its
inhibition of BMS345541, an NF-xB inhibitor. The IC,,
values of BMS345541 for the SGC-7901, BGC-823, MGC-
803, and GES-1 cells were 7.1£1.8, 8.6£1.1, 13.346.6, and
9.812.5 uM, respectively. Similar to the symmetric MACs,
BMS345541 did not have selective effects on tumor and
normal cells. However, BMS345541 had a better effect on
SGC-7901 and BGC-823 cells, as compared with other gas-
tric cancer cells; similar results were obtained with Da0324.
These data encouraged further study on the mechanism of
Da0324 activity.

Da0324 inhibits the NF-kB activation
induced by TNF-at in gastric cancer cells by
suppressing IKK, IkB-o. phosphorylation,
and inhibiting the degradation of IxB-ot in a

dose-dependent manner

TNF-o is a cytokine that can promote the classic NF-xB
activation.’> BMS345541 is a highly selective IKK inhibi-
tor that can suppress NF-kB activation.?! Consequently, we
selected BMS345541 as the positive control. The Da0324-
induced downregulation of inducible NF-«xB activation in
the SGC-7901 and BGC-823 cells was examined by Western
blot analysis. Results showed that treatment with Da0324

inhibited the NF-xB activation induced by TNF-¢ in a
dose-dependent manner (Figure 3A-D). A dose of 10 uM
Da0324 could significantly inhibit the phosphorylation of
IKK and IkB-o; Da0324 also suppressed the degradation
of [kB-o that was stimulated by TNF-o, in SGC-7901 cells
(Figure 3A and B). For the BGC-823 gastric cancer cell
line, 10 uM Da0324 could similarly inhibit the expression
of p-IKK and p-IkB-0., and inhibit the degradation of IkB-a.
at concentrations up to 20 uM (Figure 3C and D).

Da0324 inhibits the NF-kB activation
induced by TNF-ot in gastric cancer cells
by inhibiting p65 nuclear translocation in

a dose-dependent manner
By measuring the amount of nuclear p65, we can determine
whether NF-«kB is activated in cells. BMS345541 was also
used as a positive control, and Western blot analysis was used
to test the inhibition effect of Da0324 on p65 nuclear transfer.
Results showed that TNF-o induced the transfer of p65 to
the cell nucleus, whereas nuclear p65 did not significantly
increase with Da0324 or BMS345541 pretreatment before
the TNF-a stimulation in SGC-7901 gastric cancer cells
(Figure 4A and B). A similar inhibitory effect was observed
in Da0324-treated BGC-823 cells (Figure 4C and D).
Subsequently, we used NF-xB nuclear transfer detection
kits, such that p65 emitted red fluorescence and the DAPI-
stained nuclei emitted blue fluorescence under a fluorescence
microscope. The red fluorescence was obviously enhanced
in the SGC-7901 cell nuclei with the direct stimulation of
TNF-o (Figure 4E). When cells were treated with Da0324 for
1 hour prior to treatment with TNF-a, the red fluorescence did
not increase in the cell nuclei. These results also suggest that
Da0324 could inhibit the p65 nuclear translocation induced
by TNF-¢. Similarly, Da0324 and BMS345541 could inhibit
the p65 nuclear translocation induced by TNF-o in BGC-823
cells (Figure 4F).

Da0324 inhibits the proliferation of

gastric cancer cells

Tumor cells have a capacity for unlimited proliferation, and
the effects of compounds on cell proliferation could be stud-
ied through clonogenic assays. After treatment with Da0324
or curcumin for 24 hours, cells were transferred to fresh
medium and incubation was continued to form single-cell
colonies. Results showed that Da0324 inhibited cell colony
formation in a dose-dependent manner (Figure SA and B),
and the effect of Da0324 was significantly better than that
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Figure 3 Da0324 inhibits nuclear factor-kB activation by suppressing IxB kinase (IKK), IxB-o phosphorylation, and inhibiting degradation of lkB-o..
Notes: (A, B) SGC-7901 cells were treated with dimethyl sulfoxide (-, negative control) or BMS345541 (20 uM; +, positive control) or Da0324 (5, 10, or 20 uM) for
60 minutes, then stimulated with tumor necrosis factor-o, (TNF-cr) (I ng/mL) for 15 minutes, and then whole-cell extracts were analyzed by Western blot analysis for p-IKK,
IkB-0t, and p-lkB-at expressions. The intensity of immunoblots digitized by Image] software was normalized to IKK and GAPDH, respectively. *P<<0.05 compared with TNF-o.
stimulation group. (C, D) Extracts from BGC-823 cells were analyzed by Western blot analysis. *P<<0.05 compared with TNF-o. stimulation group.

of curcumin. No colonies were visible after incubation with
5 uM Da0324. By contrast, curcumin at the same concentra-
tion had no significant effects on the colonies, as compared
with the DMSO group.

Da0324 inhibits the invasion of gastric

cancer cells

Tumor cells exhibit chemotaxis and will move toward the
direction of high nutrient concentrations. We examined
whether Da0324 affected the invasive ability of gastric cancer
cells using a Matrigel invasion assay. Gastric cancer cells
were grown in the upper chamber on an FBS-free medium
and treated with Da0324 or curcumin for 24 hours. The
number of microscopically visible cells in the lower cham-
ber was significantly reduced in the Da0324-treated group
(Figure 6A-D). Da0324 obviously inhibited the invasion of

SGC-7901 and BGC-823 cells. Curcumin could similarly
inhibit cell invasion, but the effect of Da0324 was stronger
than that of curcumin at the same dose.

Da0324 induces cell-cycle arrest in

gastric cancer cells

To determine whether Da0324 can alter the cell cycle distri-
bution, we performed flow cytometry. The statistics of the
cell numbers in the G /G, S, and G,/M phases were analyzed
after stimulation with Da0324 or curcumin. Results showed
that Da0324 increased the number of cells in the G,/M phase
in a dose-dependent manner (Figure 7A-D). Adding 10 uM
Da0324 arrested almost 30% of the cell block in the G,/M
phase, whereas adding 20 UM curcumin only arrested ~10%
of the G /M block. Therefore, the effect of Da0324 was obvi-
ously stronger than that of curcumin.
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Figure 4 Da0324 inhibits the nuclear factor-kB (NF-kB) activation in gastric cancer cells by inhibiting p65 nuclear translocation.

Notes: (A, B) SGC-7901 cells were treated with dimethyl sulfoxide (DMSO) or BMS345541 or Da0324 (10 or 20 uM) for 60 minutes before stimulated with tumor necrosis
factor-o. (TNF-0) (I ng/mL) for 60 minutes, then extracted the proteins of nuclear and cytoplasm, respectively, and the levels of p65 were measured by Western blot analysis.
The intensity of nuclear p65 was normalized to Lamin B, and the intensity of cytoplasm p65 was normalized to GAPDH. *P<<0.05 compared with TNF-o. stimulation group.
(C, D) Extracts from BGC-823 cells were analyzed by Western blot analysis. *P<0.05 compared with TNF-o. stimulation group. (E) SGC-7901 or (F) BGC-823 cells were
treated with DMSO or Da0324 (20 uM) or BMS345541 (20 uM) for 60 minutes, then stimulated with TNF-o. (I ng/mL) for 60 minutes. NF-xB subunit p65 localization was

verified by immunofluorescence staining (magnification, 20x10) with p65 antibody.

Furthermore, Western blot analysis of whole-cell extracts
from Da0324 or curcumin-treated SGC-7901 cells showed a
marked concentration-dependent decrease of the mdm-2, cdc-2,
and cyclin B1 proteins after 24 hours of treatment, whereas the

p53 protein expression was increased (Figure 7E and F).

Da0324 induces the apoptosis of gastric
cancer cells

To test the hypothesis that Da0324 can promote cell death
by inducing apoptosis, we performed Annexin-V/PI staining
and flow cytometric analysis. The number of early- and
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Figure 5 Da0324 inhibits colony formation of gastric cancer cells.
Notes: (A) SGC-7901 or (B) BGC-823 cells were treated with dimethyl sulfoxide (DMSO) or Da0324 (2.5 or 5 uM) or curcumin (CUR) (5 uM) for 24 hours, then replaced

with fresh medium, allowed to foster for | week, allowed to form colonies, and finally stained by crystal violet and photographs taken.
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Figure 6 Da0324 inhibits invasion of gastric cancer cells.
Notes: (A) SGC-7901 or (B) BGC-823 cells were treated with dimethyl sulfoxide (DMSO) or Da0324 (5 or 10 uM) or curcumin (CUR) (10 uM) for 24 hours, stained by

crystal violet and photographs taken under the microscope. (C, D) Histogram illustrating the counts of tumor cells from three separate treatments. *P<<0.05 compared with

DMSO group.
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Figure 7 Da0324 induces cycle arrest of gastric cancer cells.

Notes: (A) SGC-7901 or (B) BGC-823 cells were treated with dimethyl sulfoxide (DMSO) or Da0324 (5 or 10 uM) or curcumin (CUR) (20 uM) for 24 hours, then all the cells
were gathered for staining with propidium iodide. (C, D) Histogram illustrating the rate of G and G,/M phases cells from fluorescence-activated cell sorter analysis of three
separate treatments. *P<<0.05 compared with DMSO group. (E, F) Extracts from SGC-7901 cells treated with DMSO or Da0324 (5, 10, or 20 uM) or CUR (20 uM) for 24 hours
were analyzed by Western blot analysis for mdm-2, p53, cdc-2, and cyclin Bl expressions. GAPDH was used for equal protein. *P<<0.05 compared with DMSO group.

late-period apoptotic cells was increased in the Da0324- MTT-based antiproliferation assays and flow cytometry
treated group (Figure 8 A—D), which was significantly all showed that Da0324 induced apoptosis. Thus, we
higher than those of the curcumin-treated cells. The Hoechst ~ examined the effect of Da0324 on the expression levels of
33258 staining assay showed that the number of apoptotic ~ caspase 3, cleaved-caspase 3, and bcl-2, as well as those of
nuclei was markedly increased in the SGC-7901 cells of the  the bax proteins, in SGC-7901 cells. Figure 8F—I showed that
Da0324-treated group (Figure 8E). Da0324 significantly decreased the protein levels of bel-2
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but the bax protein levels increased. At a concentration of
10 uM, Da0324 significantly reduced caspase 3 and induced
its cleavage. Our combined results showed that Da0324
potentiated apoptosis in SGC-7901 cells.

Discussion

Although combination therapies are commonly used in
the clinic, the outcome of gastric cancer remains poor. On
the one hand, only a few gastric cancer patients demon-
strate an excellent response to chemotherapeutic drugs,
such as cisplatin, primarily because of their resistance to
chemotherapy.*® On the other, the adverse effects of che-
motherapy often lead to the deterioration of the quality of
life in patients. Therefore, a more effective and tolerable
therapeutic schedule is needed to improve the clinical out-
come. Targeted drugs of low toxicity and high efficiency
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bring hope to patients; these drugs have become the focus
and direction of the most promising treatments for gastric
cancer.”” A study on the epidermal growth factor recep-
tor inhibitors cetuximab for the treatment of advanced
gastric cancer has entered Phase III in its clinical trials.?
Trastuzumab combined with chemotherapy has become a
novel treatment option for Her-2-positive advanced gastric
cancer patients.***° In addition to the aforementioned drugs,
targeted drugs, such as CDKs, mTOR inhibitors, NF-xB
inhibitors, C-met inhibitors, IGF-IR inhibitors, and HSP
90 inhibitors, have been the subject of basic or clinical
research. 42

NF-xB is centrally involved in tumorigenesis and tumor
progression in various types of cancers.” Constitutively active
NF-xB is associated with tumor growth, metastasis, and
chemotherapeutic resistance.'”'® Increasing evidence of the
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Figure 8 Da0324 induces apoptosis of gastric cancer cells.

Notes: (A) SGC-7901 or (B) BGC-823 cells were treated with dimethyl sulfoxide (DMSO) or Da0324 (10 or 20 uM) or curcumin (CUR) (20 uM) for 24 hours. Apoptosis
was assessed by Annexin V/propidium iodide (PI) staining. Early apoptotic cells were Annexin V-positive (+) and Pl-negative (-) cells (lower right section of image), and late
apoptosis and death cells were defined as Annexin V-+ and Pl-+ cells (upper right section of image). (C, D) Histogram illustrating the rate of apoptosis cells from fluorescence-
activated cell sorter analysis of three separate treatments. *P<<0.05 compared with DMSO group. (E) SGC-7901 cells were treated with DMSO or Da0324 (10 or 20 uM)
or CUR (10 uM) for 24 hours, then stained with Hoechst 33258 staining fluid and took pictures under the microscope. Arrows point to the apoptotic nuclei. (F, G) Extracts
from SGC-7901 cells treated with DMSO or Da0324 (5, 10, or 20 uM) or CUR (20 uM) for 24 hours were analyzed by Western blot analysis for proteins caspase 3, bax,
and bcl-2 expression. GAPDH was used for equal protein. *P<<0.05 compared with DMSO group. (H, I) Extracts from SGC-7901 cells treated with DMSO or Da0324 (5,
10, or 20 uM) or CUR (20 uM) for 24 hours were analyzed by Western blot analysis for protein cleaved-caspase 3. GAPDH was used for equal protein. *P<<0.05 compared

with DMSO group.

involvement of NF-kB in gastric cancer has accumulated in
recent years. The application of NF-kB inhibitor is attracting
attention in gastric cancer treatment research.** The nuclear
translocation of p65 was significantly high in gastric can-
cer tissues, as compared with that in the adjacent normal
epithelial tissues.'* NF-xB activation was correlated with
tumor invasion-related clinicopathological features, such as
lymphatic invasion, depth of invasion, peritoneal metastases,
and tumor size.'* In the present study, we observed high
levels of p65 in gastric cancer tissues and cells, as compared
with their normal counterparts (Figure 2). NF-xB was acti-
vated by Helicobacter pylori, a well-known risk factor for
gastric cancer.** H. pylori infection promoted gastric cancer
cell invasion through the NF-kB- and COX-2-mediated
pathways, such that COX-2 or NF-kB inhibitors significantly

attenuated the invasiveness of gastric cancer cells as well as
the expression of MMP-9 and VEGF proteins.* The AKT1/
NF-kB/Notchl/PTEN axis had an important role in the
development of chemoresistance in gastric cancer cells.*
Inhibition of NF-kB activation can directly induce cancer cell
apoptosis and reverse drug resistance.*” Chemotherapeutics,
such as doxorubicin, activate NF-kB, whereas curcumin
potentiated the antitumor effects of doxorubicin in gastric
cancer cells by suppressing NF-xB and the NF-kB-regulated
antiapoptotic genes bcl-2 and bel-xL.* Taken together, these
findings implicated the involvement of the NF-xB pathway in
gastric cancer. Thus, agents that could modulate NF-xB and
the NF-xB-regulated gene products may have an enormous
potential for the treatment of gastric cancer. However, the
progress of inhibitory drugs that target NF-xB is slow, and
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thus research and development on NF-xB inhibitors have
become urgent.

Recent studies have revealed curcumin is an potent
NF-xB inhibitors.?® Curcumin can target NF-xB signaling
pathways and downregulate its gene products as well as
exert excellent anticancer effects against different types of
human tumor cells.?”* Curcumin also enhanced the effect
of chemotherapy against colorectal cancer cells by inhibi-
tion of NF-kB.*® Combining curcumin with conventional
chemotherapeutic agents, such as 5-FU, provided a more
effective therapeutic schedule against colon cancer cells; the
mechanisms involved were mediated via NF-kB/PI-3K/Src
pathways and NF-kB-regulated gene products.>® Moreover,
MAC s, such as EF24 and AC17, demonstrated inhibitory
effects on NF-kB signaling pathways.?>’! A previous study
reported that EF24 blocked the nuclear translocation of
NF-xB and inhibited TNF-o-induced IkB-o phosphoryla-
tion and degradation; furthermore, EF24 directly inhibited
the catalytic activity of IKK in an in vitro reconstituted
system.??> However, the toxicity on normal cells of symmetric
MAC:s limited their further study. Novel compounds with
high efficiency and low toxicity for cancer treatment have
become of great interest.

Our current results presented the novel NF-kB inhibitor
named Da0324, an asymmetric MAC, which displayed tar-
get selectivity for gastric cancer cells. Da0324 significantly
inhibited the proliferation of SGC-7901 and BGC-823 gastric
cancer cells (Table 1) that had a high level of p65 protein
and low expression of IkB-a protein (Figure 2). Compared
with curcumin and BMS345541, Da0324 exhibited better
activity against SGC-7901 and BGC-823 cells. Da0324 also
possessed excellent antitumor activity similar to the active
symmetric MACs, EF24, and B19. In addition, Da0324
showed poor inhibition on the normal gastric mucosa epithe-
lial cell line GES-1 which had a low level of p65. However,
EF24 and B19 significantly inhibited the proliferation of
GES-1 cell, which suggested that symmetric MACs were
extremely toxic to normal cells. Da0324 significantly inhib-
ited the TNF-o-induced NF-xB activation by suppressing the
phosphorylation of IKK and IkB-a, inhibiting the degrada-
tion of IkB-0., and limiting the NF-xB subunit p65 nuclear
translocation in gastric cancer cell lines. The inhibitory effect
of Da0324 corresponded to that of the IKK-specific inhibitor
BMS345541 (Figures 3 and 4). All of these results suggested
that the antiproliferative effect of Da0324 may be related
to the inhibition of NF-xB signaling pathways, such that
Da0324 displayed target selectivity for tumor cells.

The NF-xB pathway regulates several cellular physi-
ological processes, including proliferation, invasion, cell
arrest, and apoptosis.® In this paper, we found that Da0324
can significantly suppress the proliferation, colony forma-
tion, and invasion of gastric cancer cells in a dose-dependent
manner (Figures 5 and 6) as well as arrest the cell cycle at the
G,/M phase (Figure 7) and induce cell apoptosis (Figure 8).
All these activities were stronger than curcumin at the
same concentration. Inhibitors of the NF-kB pathway can
regulate the expression of cell cycle- and apoptosis-related
proteins, which cause cell-cycle arrest, growth inhibition,
and apoptosis. Therefore, cell cycle- and apoptosis-related
proteins were tested. p53 is a pivotal cell fate determinant
because of its role in regulating cell cycle progression and
apoptosis in response to cellular stress. Mdm-2 is a key
negative regulator of p53, which promotes the survival and
proliferation of malignant cells via p53 inhibition.’>%* By
contrast, the mdm-2 blockade promotes cell-cycle arrest or
apoptosis via the enhanced p53 activation and expression of
p53 target genes.” The cyclin Bl—cdc-2 complex is a known
key regulator of the transition from the G, to M phase in the
cell cycle.’** Da0324 decreased the expression of mdm-2
but promoted p53 protein expression in a concentration-
dependent manner. The reduced expression of cyclin Bl and
cdc-2 proteins after Da0324 treatment was consistent with
the observed G,/M arrest (Figure 7). The bcl-2 and caspase
protein families are very important for inducing apoptosis.’*’
Da0324 decreased the expression of bcl-2 and promoted bax
protein expression. In addition, caspase 3 was activated at a
concentration of 10 UM in Da0324-treated SGC-7901 cells.
Da0324 was more effective than curcumin at inducing the
cleavage of caspase 3 (Figure 8). The decreased levels of
the antiapoptotic protein bcl-2, increased amounts of the
pro-apoptotic protein bax, and activation of caspase 3 may
be involved in the molecular mechanism by which Da0324
induces apoptosis in gastric cells.

Conclusion

An asymmetric MAC that had antigastric cancer activity
was described in this study. NF-kB was constitutively acti-
vated in gastric cancer tissues and cells. The analog Da0324
partially inhibited the NF-kB activation induced by TNF-o
through blocking IKK activity, inhibiting phosphorylation,
and degradation of [kB-o in gastric cancer cells. Further-
more, Da0324 limited the accumulation of NF-kB subunit
for nuclear translocation. By affecting the NF-kB-regulated
downstream products, Da0324 inhibited the proliferation
and invasion of gastric cancer cells, caused cycle arrest, and
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induced apoptosis in vitro. Da0324 exhibited significantly
improved antigastric cancer activity over the parent com-
pound curcumin whereas it retained low toxicity. Our data
showed that Da0324 is an NF-xB inhibitor that selectively
kills gastric cancer cells with activated NF-kB to a certain
degree. Altogether, Da0324 is a potential therapeutic agent
against cancer. However, further studies are needed in
animals to validate these findings for the therapeutic use of
Da0324. Although additional investigations are needed to
prove the anticancer effects of Da0324, these results provide
anew perspective for further investigation of the design and
development of asymmetric MAC. Furthermore, our data also
offer the potential application of Da0324 and other asym-
metric MACs for gastric cancer patient treatment, especially
for patients with high NF-kB expression.
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Supplementary material

Chemical characterization of Da0324
Yellow powder, 7.4% yield, mp 175.3°C-178.1°C. 'H-NMR
(d,-DMSO0) &: 7.954 (s, 1H, -H), 7.533 (s, 1H, f-H), 7.260
(s, 1H, H-2),7.101 (dd, J, =1.8 Hz,J,=7.8 Hz, 2H, H-5, H-6),

o

: [“j e

6.983 (d, J =8.4 Hz, 1H, H-3'), 6.903 (dd, J, =3.0 Hz, J,=
9.0 Hz, 1H, H-6"), 6.865 (d, J =9.0 Hz, 1H, H-4"), 3.944
(s, 3H, 3-OCH,), 3.844 (s, 3H, 5’-OCH,), 3.812 (s, 3H,,2’—
OCH,), 3.064 (s, 4H, 3”-CH,, 4”-CH,). ESI-MS m/z: 367.0
(M+1)7, caled for C,,H,,O,: 366.15.

227722

)

N H.CO
o~ cyclohexane HO , EtOH 3 O X ‘
TsOH, Reflux Reflux HO
10% HCI
OCH,
CHO
o OCH, O
HO HCI, 50°C HO
OCH,
Da0324
Figure S| The chemical synthesis reaction of Da0324.
Abbreviations: ESI-MS, electrospray ionization mass spectrometry; H-NMR, | hydrogen-nuclear magnetic resonance.
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