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Purpose: Berbamine (Ber), a bioactive constituent extracted from a traditional Chinese
medicinal herb, has been shown to exhibit broad inhibitory activity on a panel of cancer cell
types. However, its effects and the underlying molecular mechanisms on gastric cancer (GC)
remain poorly understood.

Methods: The anti-growth activity of Ber on two GC cell lines and normal gastric epithelial
cell line were evaluated using MTS and clone formation assay. Flow cytometry analysis was
employed to evaluate the cell cycle distribution and apoptosis of GC cells. Western blot and
quantitative PCR (qPCR) analysis were employed to investigate the anti-GC mechanism of
Ber. The inhibitory activity and binding affinity of Ber against BRD4 were evaluated by
homogeneous time-resolved fluorescence (HTRF) and surface plasmon resonance (SPR)
assay, respectively. Molecular docking and molecular simulations were conducted to predict
the interaction mode between BRD4 and Ber.

Results: The results demonstrated that Ber reduced the proliferation of GC cell lines SGC-
7901 and BGC-823 and induced cell cycle arrest and apoptosis. Mechanistically, Ber was
identified as a novel natural-derived BRD4 inhibitor through multiple experimental assay,
and its anti-GC activity was probably mediated by BRD4 inhibition. Molecular modeling
studies suggested that Ber might bind to BRD4 primarily through hydrophobic interactions.
Conclusion: Our study uncovered the underlying anti-GC activity of Ber in vitro and
suggested that Ber holds promise as a potential lead compound in the discovery of novel
BRD4 inhibitors.
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Introduction

Gastric cancer (GC) ranks among the leading causes of cancer deaths around the
world." Surgical resection plus lymph node dissection is by far the most effective
treatment for respectable GC.> However, distant metastasis and relapses often occur
even after curative resection. Tumor progression and metastasis also occur in
patients with unresectable GC. One of the biggest challenges in the treatment of
GC and the development of novel therapies is to resolve extreme heterogeneity as
well as to clarify its histological appearances and molecular basis.

The implementation of chemotherapy for GC, which includes a combination of
platinum, fluoropyrimidine, trastuzumab, taxanes, and ramucirumab, has substan-
tially improved the survival rate of advanced GC patients.> A recent Phase III
ATTRACTION-2 trial of nivolumab has also demonstrated the survival benefits of
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GC.* However, it was found that the overall remission rate
was only 10%, and that almost half the patients showed
disease progression. In light of this dire situation, there is
an urgent need to discover new GC targets. Another
approach to targeted therapy is to widely interfere with
cancer growth signals through natural compounds with
pleiotropic actions.” One of the compounds with multiple
biological activities is berbamine (Ber), a well-known
antineoplastic natural product extracted from Berberis vul-
garis, which has been widely used for the treatment of
hypertension and arrhythmia in traditional medicine.
A growing body of evidence suggests that Ber not only
exhibits favorable anti-cancer activities against a wide
variety of tumor cells including bladder cancer, hepatocel-
lular carcinoma, leukemia, lung cancer, prostate cancer,
and ovarian cancer cells but also exerts potential synergis-
tic effects with many clinical therapies, such as gemcita-
bine, gefitinib and sorafenib.®'* Building on the existing
findings, it has been further revealed that the anti-cancer
effects of Ber might be mediated by its direct inhibition of
various oncogenic signaling molecules such as CaMKII,
STAT3 and NF-xB.'*'° However, to date, little research
has been conducted on the anti-GC effects of Ber and no
study has revealed the mechanisms underlying such
effects.

In the present study, we evaluated the anti-growth
activity of Ber on two GC cell lines and a normal gastric
epithelial cell line through MTS and clone formation
assay. Our data indicated that Ber dose- and time-
dependently suppressed the growth of GC cells (BGC-
823 and SGC-7901) but displayed little cytotoxicity
against normal GES-1 cells. Furthermore, flow cytometry
and Western blot analysis results revealed that Ber induced
GC cells cell-cycle arrest and apoptosis via regulation of
the  expression of key signaling molecules.
Mechanistically, our results revealed that Ber directly
bound to BRD4 and inhibited its transcription activation
activity, which might be a major molecular mechanism of
Ber. Molecular modeling results further suggested that Ber
might bind to the catalytic-binding pocket of BRD4
through hydrophobic interactions.

Materials and Methods

Reagents

Ber (purity: 99.79%, Figure 1A) was procured from
MedChemExpress (Shanghai, China), which was dis-
solved in Dimethyl sulfoxide (DMSO) as a stock solution

(40 mM), and diluted to the final working concentration in
the growth medium. CellTiter 96® Aqueous Assay
Reagents were purchased from Promega (Madison,
USA). Cell Cycle and apoptosis detection kits were pur-
chased from MultiSciences Biotech (Hangzhou, China).
The primary antibodies used in this study including B-
Actin, BRD4, CDK4, c-Myc, Cleaved-Caspase-3,
Cleaved-PARP, Cyclin D1, Phospho-CaMKIly (Thr286),
Phospho-Rbl (Ser807/811), Phospho-STAT3 (Tyr705),
and Phospho-NF-«kB p65 (Ser536) were obtained from
Cell Signaling Technology (Danvers, MA). Bcl-2 antibody
was obtained from Abcam (Cambridge, USA). The HRP-
linked anti-rabbit IgG secondary antibody was procured
from Jackson ImmunoResearch Laboratories (West Grove,
USA). Recombinant Human BRD4 protein was obtained
from Abcam (Cambridge, USA) and its purity was not less
than 98% determined by SDS-PAGE.

Cell Culture

Normal gastric epithelial cell-line GES-1 was procured
from Beyotime Biotechnology (Shanghai, China), and
human GC cell line BGC-823 and SGC-7901 was pro-
cured from the Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences (Shanghai, China), which
was cultured in RPMI-1640 Medium, with 10% heat-
inactivated fetal bovine serum (FBS), 100 pg/mL strepto-
mycin and 100 U/mL penicillin (Gibco, Eggenstein,
Germany). Then, cells were incubated with 5% CO,
at 37°C.

Cell Viability Assay

BGC-823, GES-1, and SGC-7901 cells were plated at
a density of 5000/well on 96-well plates and allowed to
adhere overnight. Cells were subjected to treatment with
Ber at different concentrations for 48 or 72 h. Then, 100
puL  Cell Titer Cell
Proliferation Assay reagent was added per well, and cells

96 Aqueous Non-Radioactive
were cultured at 37°C for 0.5 h. The formazan product was
dissolved through shaking for 20 s and SpectraMax M5
microplate reader (Molecular Devices, USA) was utilized
to measure absorbance at 490 nm. The formula of percent
inhibition rate was [l -(treated group/control group)]
% 100.

Colony Formation Assay

BGC-823, GES-1, and SGC-7901 cells were seeded at 800
cells/well on 6-well plates and exposed to Ber treatment for
24 h. They were allowed to grow for 10 days in normal growth
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Figure | Ber selectively suppresses the growth of GC cell lines. (A) Chemical structure of Ber. (B and C) Effects of Ber on the viability of human gastric cancer cell lines
SGC-7901, BGC-823, and normal gastric epithelial cell line GES-I. Cells were treated with Ber of increasing concentrations for 48 h (B) and 72 h (C), and cell viability was
measured via MTS assay. (D) Effect of varying Ber concentrations on the colony formation of SGC-7901, BGC-823 and GES-1 cells. Cells were incubated with Ber for 24
h and allowed to grow for 10 days. Colonies were stained by crystal violet dye. Each point represented the means + SDs of triplicates. Each experiment was performed for

three times.
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media. The cells were then fixed in cold methanol for 20 min.
Subsequently, they were subjected to crystal violet solution
staining (0.5 in 25% methanol) for 25 min. Colonies are
defined as clusters of at least 50 cells, and then photographed
with the molecular imager Gel Doc XR+ system (Bio-Rad,
USA).

Flow Cytometry (FACS) Analysis

FACS analysis was employed to determine cell cycle dis-
tribution and cell apoptosis. Cells were trypsinized after
incubation with Ber for 24 h and washed twice with cold
PBS. For cell cycle detection, the cells were fixed in 75%
ice-cold ethanol at 4°C overnight. The next day, the cell
pellets were centrifugated, washed with cold PBS, and
iodide (PI,
MultiSciences Biotech, Hangzhou, China) at room tem-

stained with 50 mg/mL propidium

perature for 30 min. For apoptosis detection, the cell pel-
lets were stained with 100 pL 1% binding buffer containing
5 uL FITC Annexin V and PI reagent (MultiSciences
Biotech, Hangzhou, China) at room temperature for 15
min. After the samples were diluted with 400 pL 1%
binding buffer, they were analyzed with an ACS Calibur
flow cytometer (BD Biosciences, USA).

Western Immunoblot Assay

10% SDS-PAGE was used to separate 50 pg of cell
lysates. Thereafter, they were electroporated onto PVDF
membranes. The membrane was blocked in Tris-buffered
saline containing 0.05% Tween 20 and 5% skim milk for
1.5 h. The PVDF membrane was then subjected to incuba-
tion with specific primary antibodies. To detect the immu-
noreactive band, the membrane was incubated with
a secondary antibody along with horseradish peroxidase
(Bio-Rad,
USA). The Image J analysis software version 1.38¢ was

and enhanced chemiluminescence reagent
utilized to analyze the amount of protein, after which they
were normalized to their respective controls.

Homogeneous Time-Resolved
Fluorescence (HTRF) Assay

Authorization of the HTRF was commissioned to
ChemPartner (Shanghai, China) after the experimental
conditions had been constrained. The detailed operating
procedures are described as follows: In accordance with
the plate map and with DMSO’s final fraction at 0.1%,
the compounds were serially diluted in Echo plate. After
that, Echo was utilized to transfer the compounds and

DMSO to 384-well assay plate. Subsequently, 2% Protein
and Peptide Mix were added to the assay plate, followed
by the addition of 2x Detection Mix, which was shaken
for 30s. After the plate was incubated for 1.5h at room
temperature, EnVision (PerkinElmer, UK) was utilized to
read the HTRF signals (Excitation wavelength at 340
nm, Emission wavelength at 615and 665 nm). BRD4-
BD1 (RD-11-157) were purchased from Reaction
Biology Corp. (PENN, USA). For the purposes of
curve fitting, Equation (1) was used to calculate the
inhibition values in Excel: Inhibition % = (Max-Signal)
/(Max-Min) x 100 (Equation 1), whereas Equation (2)
was used to obtain the ICsq values in XL-Fit: Y = Bottom
+ (Top-Bottom)/(1+(IC50/X) x HillSlope) (Equation 2),
where Y refers to inhibition % and X represents the
concentration of compound.

Surface Plasmon Resonance (SPR) Assay
The Proteon XPR36 protein interaction array system
(Bio-Rad Laboratories, Hercules, USA) was utilized to
perform the binding kinetics experiments. Briefly, amine
coupling was performed to immobilize recombinant
human BRD4 protein to a GLH sensor chip, thereby
to 8000 RU.
Investigation into the kinetics of compound binding was

creating a surface density of up
performed in the PBS solution (5§ mM, pH 7.4, containing
5%, w/v, DMSO). For the purposes of the kinetics study,
a series of compounds at different concentrations that had
been diluted in respective buffers were injected over the
surface at a flow rate of 30 upL/min, and then
a dissociation phase of 120 s was performed in each
cycle. To obtain the final chart, the blank sensing map
was subtracted from the duplex or quadruple sensor
graph. ProteOn manager software was used to perform

the data analyses.

Quantitative Real Time PCR (qPCR)

In compliance with the manufacturer’s operating proce-
dures, Trizol reagent (Invitrogen) was used to extract total
RNA. NanoDrop 2000 (Nanodrop, USA) was utilized to
quantify the RNA concentrations. High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, USA)
was employed to reverse transcribe 2 pg RNA. To deter-
mine the mRNA expression level, gPCR was performed
on SYBR Green Master Mix Kit and Light Cycler 480 II
system (Roche, Shanghai, China).
Primers used for RT-PCR include the following:
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c-MYC forward primer, 5'-GCCTCAGAGTGCATC
GAC-3', and reverse primer, 5-TCCACAGAAACAAC
ATCG-3';

BCL2 forward primer, 5-GTGTGTGGAGAGCGTC
AACC-3', and reverse primer, 5'-CTTGTGGCCCAGAT
AGGCA-3';

BCL6 forward primer, 5-TCTCCCTTCCCCACTTCC
TT-3', and reverse primer, 5'-GAGGCCATTTTGTCTTC
ACCAA-3;

ACTB forward primer, 5'-ACTCTTCCAGCCTTCCT
TCC-3', and reverse primer, 5-CGTCATACTCCTGC
TTGCTG-3".

Relative quantities of c-MYC, BCL2 and BCL6
mRNA were normalized against ACTB mRNA.

Molecular Docking and Molecular

Dynamics Simulation

The LeDock software was utilized to calculate the binding
mode of Ber in the binding site of BRD4.!” The crystal
coordinates for human BRD4 (PDB code: 6Z7L) were
obtained from the Protein Data Bank (PDB) database.'®
The LePro module in the LeDock software was implemented
to process the protein structure of BRD4, remove water
molecules, and generate grid files. Then, LeDock was per-
formed to generate 100 conformations with the best binding
energy conformation and was then submitted for further
(MD) The
restrained electrostatic potential (RESP) method was used

molecular dynamics simulation analysis.
to calculate the partial atomic charges of Ber based on the
HF/6-13G* basis set. Next, the ff14SB force field and
General Amber Force Field were assigned to Ber and
BRD4.'"?° Then, the complex was immersed in a water
box with TIP3P water model. Ultimately, counter ions were
used to neutralize the simulated system.

After the system was ready, 15,000 steps of steepest
descent were performed to eliminate the bad contacts in the
constructed system, followed by 15,000 steps of conjugate
gradient. Thereafter, the constructed system was heated up
from 0 to 310 K in 200 ps. After heating, a density procedure
with 500 ps at 310 K was performed. Equilibration with 500
ps in the isothermal isobaric (NPT) ensemble was utilized to
equilibrate the density and maintain the system temperature.
Finally, the prepared system was subjected to a 600 ns MD
simulation at a constant temperature of 310 K and pressure
of 1 atm, respectively. Coordinates were saved at an interval
of 10 ps, and statistical analysis was performed on the
CPPTRAJ module in AmberTools 18 package.”' To calculate

the binding free energy decomposition, the last 150 ns MD
simulation trajectory with 500 snapshots was performed
based on the molecular mechanics/generalized Born surface
area (MM/GBSA) method.?**

Statistical Analysis

The results are reported as means + SD (standard deviation).
In order to test whether the differences among the groups are
statistically significant, one-way analysis of variance (one-
way ANOVA) or two-way ANOVA was performed on
GraphPad Prism 8 (GraphPad, San Diego, CA, USA).
A statistically significant result was obtained at p<0.05. All
the experiments were replicated for a minimum of three
times.

Results

Ber Selectively Suppressed the Growth of
GC Cells

Previous studies have reported that Ber (Figure 1A) could
inhibit the proliferation of a panel of cancer cell lines, including
bladder cancer, breast cancer, liver cancer, myeloma, and
ovarian cancer cells. However, its inhibitory effect on the
proliferation of GC cell lines remains unknown. To determine
the potential anti-proliferation activity of Ber against GC cells,
we first evaluated the effect of Ber on GC cell viabilities. As is
shown in Figure 1B and C, Ber inhibited the viability of
SGC-7901 and BGC-823 cells in a dose-dependent and time-
dependent fashion (48 h ICsy, SGC-7901: 11.13 uM, BGC-
823: 16.38 uM; 72 h ICsq, SGC-7901: 4.148 uM, BGC-823:
5.788 uM) but had limited influence on the viability of GES-1
cells (48 h ICsq and 72 h ICs, both >40 uM).

In addition to cell viability assay, colony-forming assay
was further conducted to evaluate the long-term anti-
growth effects of treatment with Ber. SGC-7901 and
BGC-823 cells were first exposed to Ber for 24 h before
they were cultured in normal growth media for up to 10
days. Crystal violet staining showed reduced colony for-
mation in BGC-823 and SGC-7901 with increasing con-
centrations of Ber (Figure 1D). Similar to the MTS results,
Ber exhibited little inhibition in the clonogenicity of GES-
1 cells. Taken together, our results suggested that Ber
could be a novel selective anti-GC natural product in vitro.

Ber Induces GC Cell Cycle Arrest at GO/
G| Phase and Cell Apoptosis

To investigate whether the anti-growth effect of Ber is
mediated through the induction of cell cycle arrest, flow
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cytometry was used to analyze the distributions of GC
cells at GO/G1, S and G2/M phases after Ber treatment.
According to the results, Ber significantly induced GC cell
arrest at the GO/Gl phase (Figure 2A). Meanwhile,
Western  blot
dependently downregulated the expression of GO0-Gl

results demonstrated that Ber dose-
phase transition-related proteins, such as CDK4, Cyclin
D1, and phosphorylated Rbl (Figure 2B and C). These
findings indicate that Ber could significantly arrest GC
cells at the GO/G1 phase, and that this effect is mediated
via the reduction of the expression of cell cycle-related
proteins.

Moreover, flow cytometry was conducted to detect the
apoptosis induction effects of Ber on GC cells via Annexin
V-FITC/PI double staining assay. According to the results,
Ber dose-dependently increased the apoptosis rate of GC
cells (Figure 3A). To uncover the mechanisms underlying
the pro-apoptosis effects of Ber, Western blot was per-
formed to analyze the expression of the apoptosis-related
proteins, including Cleaved-Caspase-3, Cleaved-PARP
and Bcl-2. As Figure 3B and C suggest, there is
a significant increase in the expression of pro-apoptotic
molecules (Cleaved-PARP and Cleaved-Caspase-3), but
a decrease in the anti-apoptotic protein Bcl-2.

The Identification of Ber as Novel
Natural-Derived BRD4 Inhibitor

Several potential molecular targets of Ber have been
identified in recent years successively, including
CaMKIly, STAT3 and NF-«B. To explore whether the
anti-GC activity of Ber is involved in the aforementioned
signaling pathway, the activation of CaMKIly, STAT3
and NF-xB was Western  blot.
Intriguingly, as shown in Figure 4A, Ber treatment did
not inhibit the CaMKIIy signal, but instead facilitated the
activation of STAT3 and NF-«B signals. Considering that
the oncogene c-Myc has been reported as one major

determined by

downstream signal of CaMKIIy signal in many cancers,
we also detected the changes in c-Myc in GC cells.
Surprisingly, our results showed that Ber significantly
downregulated the expression of c-Myc, even though it
had no effect on CaMKIly activation. This finding pro-
pelled us to hypothesize that Ber might exert anti-GC
effects by suppressing a key regulator of c-Myc expres-
sion. As a well-studied dominant regulator of c-Myc,
Bromodomain-containing protein 4 (BRD4) has been
extensively reported as a protumorigenic factor in various

cancers, including GC that activates the expression of
¢c-MYC and BCL2)
transcription.”* Our results demonstrated that Ber treat-

oncogenes (such as through
ment dose-dependently increased the expression of BRD4
in GC cells, indicating that Ber might directly bind to
BRD4 protein, thereby elevating the stability of BRDA4.
To validate the inhibitory activity of Ber on BRD4, HTRF
assay was carried out. As shown in Figure 4B, Ber effec-
tively suppressed the binding between BRD4 and sub-
strate peptide with a moderate ICsy = 12.10 pM. In
addition, SPR analysis was conducted to determine the
binding affinity between BRD4 and Ber. The results
revealed that Ber dose-dependently bound to BRD4 pro-
tein with a moderate equilibrium dissociation constant
(Kp) value of 10 uM (Figure 4C). qPCR assay results
further confirmed that Ber effectively downregulated the
mRNA levels of BRD4 transcriptional targets, such as
¢c-MYC, BCL2 and BCL6, suggesting that Ber is a novel
BRD#4 inhibitor and that its anti-GC effects are mediated
primarily by BRD4 inhibition (Figure 4D).

Molecular Modeling of Ber Bound to
BRD4

Molecular docking was used to construct the initial bind-
ing mode between BRD4 and Ber. Then, the predicted
binding mode was subjected to 600 ns MD simulations
to monitor the dynamic behavior. To analyze the stability
of the simulated complex, the root-mean square deviations
(RMSDs) of the protein backbone atoms (C,) of BRD4,
and the heavy atoms of Ber were first calculated. As
Figure 5A indicates, small fluctuations were observed in
the RMSDs of C, of BRD4 after 180 ns, while Ber
remained stable throughout the MD simulation. These
observations suggest that we have obtained relatively rea-
sonable binding conformations of the BRD4-Ber complex
via MD simulations. Then, the MM/GBSA method was
used to decompose the binding free energies into the
contributions of each residue to highlight the key residues
for BRD4-Ber recognition patterns. As Figure 5B reveals,
the residues with the greatest contributions were Trp81,
Ile146, Pro82, Aspl45 and Metl49. Further structural
analysis indicated that hydrophobic interactions were the
primary interactions (Figure 5C).

Discussion
In the past few decades, the survival rate of GC patients
has improved substantially thanks to improved living
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Figure 2 Ber induced the cell cycle arrest of GC cells. (A) SGC-7901 and BGC-823 cells were treated with Ber (0, 5, 10, 20 and 40 uM) for 24 h, and the cell cycle
distribution was analyzed by flow cytometry. The representative histogram of the cell cycle distribution was shown. Statistics used for reporting include means * SDs of
three experiments conducted independently in triplicate. (B) Western blot analysis of GO-G| phase transition related proteins p-Rbl (Ser 807/811), Cyclin DI, CDK4, with
Actin as shown a loading control. (C) The relative expression of GO-G| phase transition related proteins (p-Rb| (Ser 807/81 I)/Actin, Cyclin D|/Actin and CDK4/Actin) was
quantified by Image] and analyzed by GraphPad Prism 8. ns means no significance. *P < 0.05, **P < 0.0 compared to negative control.
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Figure 3 Ber induced the apoptosis of GC cells. (A) SGC-7901 and BGC-823 cells were treated with Ber (0, 5, 10, 20 and 40 pM) for 24 h, the apoptosis rates were
determined by FITC-Annexin V/ Pl double staining assay. Statistics used for reporting include means * SDs of three experiments conducted independently in triplicate. (B)
Western blot analysis of apoptosis-related proteins such as Cleaved-PARP, Cleaved-Caspase 3 and Bcl-2, with Actin as shown a loading control. (C) The relative expression
of apoptosis-related proteins (Cleaved-PARP/Actin, Cleaved-Caspase-3/Actin and Bcl-2/Actin) was quantified using the Image] and analyzed by GraphPad Prism 8. ns means
no significance. *P < 0.05, **P < 0.0] compared to negative control.

standards, reduced chronic H. pylori infection, and better ~ Currently, platinum/fluoropyrimidine-based dual che-

detection and treatment. However, the prognosis of motherapy and docetaxel-based triple regimens are the

advanced GC patients remains a thorny problem.” most recommended treatment standards for patients with

https:

136 Drug Design, Development and Therapy 2022:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Li et al

A SGC-7901

BGC-823

Conc. (UM) 0 5

10 20 40 0 5 10

20 40

p-CaMKIIy (Thr 286)

CaMKIIy

p-STAT3 (Y705)

STAT3

p-p65 (Ser536)

——— e —— ---‘
o wewm e e eeow — e e gu— —
—_—

T ———

= —

p65

c-Myc

BRD4

Actin

w
o

Ber IC5 = 12.10 uM

= 10 BRD4-Ber
S 1 200
- K =258 x 10°Ms'
> - o 58 x 10°Ms 40puM
2 2 10 K,=258s" 20 uM
& 501 3 Ko =1.00 x 105M R4y
3 2 e
] 2 e
[11] [5

0- -100

=200  -100 0 100 200 300 400
D Time (s)
SGC-7901 SGC-7901 SGC-7901
1.54 c-MYC 1.54 BCL2 1.5 BCL6

p

fold

Ber-0 Ber-5 Ber-10 Ber-20 Ber-40

BGC-823
154 c-MYC 1.5q

,.

fold
fold

Ber-0 Ber-5 Ber-10 Ber-20 Ber-40

Ber-0 Ber-5 Ber-10 Ber-20 Ber-40

BGC-823

Ber-0 Ber-5 Ber-10 Ber-20 Ber-40

p

fold

Ber-0 Ber-5 Ber-10 Ber-20 Ber-40

BGC-823

BCL2 15 BCL6

p

fold

Ber-0 Ber-5 Ber-10 Ber-20 Ber-40

Figure 4 Ber was identified as a novel natural-derived BRD4 inhibitor, and suppressed the transcription activation of BRD4-downstream oncogenes in GC cells. (A) SGC-
7901 and BGC-823 cells were treated with Ber (0, 5, 10, 20 and 40 uM) for 24 h, and then the expression of p-CaMKIly (Thr286), CaMKlly, p-STAT3 (Tyr705), STAT3, p-NF-
KB p65 (Ser536), p65, c-Myc and BRD4 was detected by Western blot. Actin was used as the loading control. (B) The BRD4 inhibition activity of Ber was measured by HTRF
assay. ns means no significance. **P < 0.0| compared to negative control. (C) The binding affinity between Ber and BRD4 was determined by SPR. Kg: dissociation constant,
K,: association constant, Kp: equilibrium dissociation constant. (D) qPCR analysis of well-known BRD4 transcriptional targets (c-MYC, BCL2 and BCL6) in SGC-7901 and
BGC-823 cells treated with Ber (0, 5, 10, 20 and 40 pM) for 24h. The relative gene expression was normalized to internal control ACTB and analyzed by GraphPad Prism 8.

ns means no significance. *P < 0.05, **P < 0.0] compared to negative control.

metastatic and unresectable locally advanced GC,
respectively.® Although the combined treatment of multi-
ple chemotherapeutics has significantly improved their

efficacy in clinical practice, it also increases the risk of

severe systemic toxicity. Moreover, the emergence of mul-
tiple chemotherapy resistance greatly limits the long-term
benefits of therapeutic treatments for patients with

advanced GC.>> Therefore, there is a pressing need to
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Figure 5 Structural and energetic analysis of Ber to the binding pocket of BRD4. (A) RMSD curves for the 600 ns MD simulation. (B) Key residues between BRD4 and Ber.

(C) Structural analysis of the key residues of BRD4 to Ber.

discover novel and more effective targeted therapies for
treating advanced gastric cancer.

Recent research on abnormal signaling pathways in GC
has provided many promising therapeutic targets.
A representative example is HER2, which is overex-
pressed in approximately 17-20% of GC patients and is
the most common biomarker for advanced GC patient
molecular classification.”® Accumulating evidence sug-
gests that oncogenic protein kinases such as VEGFR,
FGFR2 and MET could also be potential therapeutic tar-
gets for GC treatment.”® Besides, several recent studies
further point out that BRD4 is closely associated with the
progression and metastasis of GC. Qin et al reported that
BRD4 expression was upregulated in human GC tissues
and associated with distal metastasis and shorter overall
survival.?” Ba et al discovered that BRD4 promoted the
growth of GC cells and resistance to cell apoptosis through

binding to c-MYC promoter and coordinately activating its

BRD4 was
involved in the senescence, stemness and metastasis of

transcription.”*  Furthermore, reportedly
GC cells by regulating the expression of non-coding
RNAs, such as miR-106b, miR-216a-3p and LncRNA
MAGI2-AS3.%73% In recent years, BRD4 has emerged as
a hotspot anti-cancer drug target. As one of the most
thoroughly and extensively studied histone H3 and H4
acetylation readers, BRD4 is responsible for recruiting
transcription elongation factor b (p-TEFb) complex to
phosphorylate RNA polymerase II (RNA pol II), thereby
activating a large number of genes, such as oncogenes
¢-MYC, BCL2 and BCL6. Among these BRD4 down-
stream oncogenes, c-MYC is the most well characterized.
Its expression is estimated to be elevated or deregulated in
up to 70% of human cancers. Through the formation of
Myc-Max heterodimer, c-Myc controls the transcription of
multiple genes involved in cell proliferation, migration and
energy metabolism in many cancers. In addition, it has
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been reported that BRD4 is also involved in DNA damage
and telomere regulation in many cancer cells. Therefore,
the above evidence suggests that targeting BRD4/c-Myc
could be a promising approach for the development of
novel GC targeted therapies. Although many powerful
and selective BRD4 inhibitors have entered clinical trials,
the majority of current BRD4 inhibitors remain in the
early stages. For example, the pan-BET inhibitor
OTXO015 (Birabresib) has now completed Phase 1 clinical
trials in patients with multiple myeloma and acute
leukaemia.>'*?  Another pan-BET inhibitor CPI-0610
(Pelabresib) has also completed Phase 1 trials for progres-
sive lymphoma and multiple myeloma patients.** Overall,
the efficacy and safety of current pan-BET inhibitors is
still not very satisfactory. More importantly, none of the
above potent BRD4 inhibitors is currently undergoing
clinical trials as GC therapies, and there are even fewer
studies evaluating the anti-GC activity of BRD4 inhibitors.

Since docetaxel was approved as a mainstream che-
motherapeutic drug for GC patients, the discovery of new
natural-derived anti-GC small molecules has been
a research hotspot in recent years. Several well-known
natural products, including celastrol, esculetin and schi-
santherin A, have been identified as potential anti-GC
active compounds.>* ¢ In recent years, another naturally-
derived compound that has been extensively studied is
Ber, which has a broad range of anti-cancer effects on
breast, lung and liver cancer. However, few studies have
investigated the effect of Ber on GC. Herein, our study
evaluated the potential anti-GC activity of Ber for the first
time. Our results demonstrated that Ber effectively sup-
pressed the growth of GC cell lines, but exerted little
cytotoxicity on normal gastric epithelial cell line (GES-
1). Moreover, Ber treatment significantly induced cell
cycle arrest and apoptosis in GC cells. Overall, our results
indicate that Ber holds promise as a potential in vitro anti-
GC agent. More importantly, in many Asian countries such
as China and Japan, Ber has been widely used as an
adjuvant drug for the treatment of chemotherapy-induced
leukopenia. This provides additional support for the devel-
opment of Ber as a new type of anti-GC drug.*’

Previous studies have found that Ber exerts its anti-
cancer effects on different tumors through different mole-
cular mechanisms. In many cancer types, such as CML,
liver cancer and T cell lymphoma, CaMKIly has been
postulated as the most likely direct target of Ber because
of its direct binding affinity to CaMKIly and potent inacti-
vation of CaMKIly signaling.'**%3° STAT3 is another Ber

interacting molecule that has been confirmed in previous
studies and may be a direct target for the gefitinib-
sensitizing and sorafenib-sensitizing effects of Ber.'>!'*
Besides, Liang et al reported that the anti-myeloma effects
of Ber may be mediated by the NF-xB signaling pathway
blockade.'® In this study, through Western blot, HTRF and
SPR assay, we confirmed that the anti-GC effects of Ber
might be primarily mediated by BRD4 inhibition, rather
than the aforementioned signaling pathway. Western blot
and qPCR analysis results suggested that Ber downregu-
lated the expression of key BRD4 downstream oncogenes,
such as c-Myc, BCL2 and BCL6. Then, we further carried
out molecular docking and MD simulations to study the
possible binding modes between Ber and BRD4. Computer
suggested that Ber
a hydrophobic pocket in the first bromodomain of BRD4
(BD1 domain) through its oxydibenzene groups to form key

simulation results bound to

hydrophobic interactions with Trp81 and Ile146. Besides,
the hydroxyl in Ber formed a key hydrogen bond with
Pro82. Based on this finding, several chemical modification
strategies were proposed to improve the BRD4 binding
affinity and the druggability of Ber. Based on the simulation
results, we found that the oxydibenzene core of Ber orien-
tated to the inner side of binding pocket, thereby introdu-
cing more hydrogen donors or acceptors into it, which
might be related to Ber’s BRD4 binding capacity. Because
Ber has a macrocyclic structure and a highly rigid structure,
its solubility is poor. The long-chain hydrophilic group
should be introduced into the isoquinoline ring toward the
outside of the binding pocket, which might increase its
water solubility. In addition, we boldly hypothesized that
breaking the oxygen bridge bond between the two isoquino-
line rings may be another feasible method to increase solu-
bility and BRD4 inhibition of Ber, which may also promote
the de novo synthesis of Ber derivatives.

Conclusions

In summary, this study suggests that Ber is a novel natural-
derived BRD4 inhibitor that holds promise as a potential
therapeutic drug for treating gastric cancer. At the same
time, our research provides strong evidence that BRD4
may be a potential carcinogenic driving factor for GC
and a promising target for small molecule therapeutic
intervention.
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