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Background: Small molecular inhibitors such as gefitinib (Gefi), which target EGF receptor
(EGFR), are considered to be a viable pathway for the selective inhibition of pancreatic
cancer (PC) development. However, the large difference in Gefi response between PC patient
individuals and PC cell lines severely limits the clinical efficacy of Gefi. Berbamine (BBM)
is a well-known natural-derived antitumor agent. However, no study yet exists on whether
BBM can enhance the sensitivity of PC cells to Gefi or its underlying mechanisms.
Methods: MTS assay and clonogenic assay were used to determine whether BBM could
enhance the anti-PC activity of Gefi by. Flow cytometric analysis was performed to study the
cell cycle progression and rate of apoptosis after combined treatment with BBM and Gefi.
Surface plasmon resonance (SPR) and Western blot experiments were carried out to detect
the STAT3 binding affinity and the STAT3 inhibitory effect of BBM. Molecular docking and
Molecular dynamic simulation were used to predicting the dominant interaction between
BBM and STATS3.

Results: This study found that BBM synergizes with Gefi to inhibit cell growth and induce
cell cycle arrest and PC cell apoptosis. Mechanistically, our results showed that BBM and
Gefi have synergistic inhibitory effects on STAT3 phosphorylation, but have little effect on
other EGFR downstream pathways, suggesting that BBM may exert sensitization through the
inhibition of STAT3. Besides, BBM has a high affinity for STAT3 and a good inhibitory
effect on STAT3 activation, further indicating that BBM was a potent direct STAT3 inhibitor.
Molecular modeling between STAT3 and BBM suggested that BBM formed several key
hydrophilic interactions with STAT3.

Conclusion: Our findings suggest that the combination of BBM and Gefi could be further
developed as a potential PC therapy.
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Introduction

As one of the most serious malignancies, pancreatic cancer (PC) has a 5-year
survival rate of less than 6%.' The greatest obstacle to PC treatment is that the
vast majority of patients (over 80%) display no symptoms until the disease reaches
its terminal stage.” Although gemcitabine-based therapies have long been estab-
lished as the standard treatment for advanced PC since 1997, the toxicity and
acquired resistance of these therapies require further investigation so that more
targeted therapies could be developed.® One promising area of research in the past
several decades has centered around the identification of certain molecular targets,
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such as EGFR, K-Ras, B-Raf, PI3K/Akt and TGF-j,
which are expected to yield clinical benefits in the treat-
ment of PC.*

EGFR, also known as ErbB-1, is one such target that has
been attracting much scholarly attention. As a member of
receptor tyrosine kinases, EGFR is widely recognized as
a key oncoprotein in multiple solid tumors, including lung
cancer, colorectal cancer, and pancreatic cancer.® Existing
research has documented that in 30% to 50% of all PC
patients, EGFR is shown to overexpress.” Correlations have
also been obtained between overexpression of EGFR and
other clinical observations, such as rapid progression of dis-
ease, resistance to chemotherapy, and poor prognosis. Besides,
it has been reported that EGFR pathway is frequently consti-
tutively activated in multiple PC cell lines, and that gefitinib
and erlotinib, two EGFR inhibitors, can effectively stem their
proliferation.®*” A growing body of evidence seems to suggest
that EGFR-based therapy holds great promise as an effective
treatment of PC.”!° However, dismal results have been
obtained in clinical trials of such therapies versus traditional
chemotherapy, contrary to prior expectations.'''* To under-
stand the mechanisms underlying their clinical performance,
researchers have continued along this line of research, in the
hope of finding a feasible way to effectively apply EGFR-
targeted therapies to clinical practice. For example, Thomas
et al found that the combination of EGFR inhibition and Rb
dephosphorylation led to a synergistic growth inhibition of PC
cell lines.'* Moreover, Jiang et al reported Ginsenoside Rg3
sensitized PC cells to EGFR inhibitor erlotinib via suppressing
EGFR/PI3K/Akt pathway signaling. Many of these studies
have focused on finding possible ways to address erlotinib
resistance in PC cells.'> However, little work has been done on
how to enhance Gefi efficacy in PC cells.

One promising agent that has been shown to have anti-
proliferative and pro-apoptotic effects is Berbamine (BBM).
BBM is a natural bisbenzyl isoquinoline alkaloid extracted
from the Chinese medicinal plant Berberis amurensis Rupr.
It has been widely used in Chinese medicine for the treat-
ment of various diseases, including autoimmune disease,
inflammation, and cancer.'®?° Many studies have shown
that BBM have anti-proliferative and pro-apoptotic effects
for different types of cancer, including chronic myelogen-
ous leukemia (CML), lung, liver, and breast cancer.>' %
The anti-tumor mechanisms underlying BBM have been
reported in Ca®'/calmodulin-dependent protein kinase II y
(CaMKII y), ber/abl and NF-xB signaling pathway
activation.”'>?® Recently, a number of researchers have
found that BBM also displayed unexpected activity in

reverse multi-drug resistance (MDR), and identified some
of the underlying mechanisms. For example, Wang et al
documented that BBM exerted synergistic effects with
anticancer agents celecoxib and trichostatin A by prompting
the apoptosis of MDA-MB-231 cells.** Moreover, BBM
improved the effects of gemcitabine on inhibiting cell via-
bility and inducing cell apoptosis via regulation of TGF-/
Smad signaling pathway.?” Thus, there is compelling evi-
dence that BBM can effectively reverse chemotherapy resis-
tance in multiple ways. However, no study yet exists that
examines the potential and mechanisms of BBM in sensi-
tizing PC cells to targeted therapy like EGFR TKI Gefi.

The present study was designed to explore the syner-
gistic effect of BBM and Gefi on two Gefi-resistant PC
cell lines Panc-1 and Miapaca-2. The results indicated that
BBM remarkably increased the Gefi sensitivity of Panc-1
and Miapaca-2 cells. In addition, the Western blot and SPR
assays results demonstrated that BBM might sensitize PC
cell lines to Gefi by directly interacting with STAT3 to
synergistically suppress the STAT3 signal. Computer
simulations further revealed that BBM formed several
key hydrophobic interactions with STAT3 SH2 domain,
which probably dominated the STAT3 inhibitory activity
of BBM.

Materials and Methods

Cell Lines and Reagents

The human pancreatic cancer cell lines Panc-1, Miapaca-2
were obtained from the American Type Culture Collection
(Manassas, USA). The cells were cultured in DMEM
medium (Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco) and 100 units/
mL penicillin/streptomycin. Given these treatments, the
cells were kept in a room with 5% CO, and constant
37°C. Cell
(Danvers, MA) provided some of the principal antibodies,
such as Bcl-2, Cdk4, Cdk6, Cleaved-caspase-3, Cleaved-
PARP (poly ADP-ribose polymerase), cyclin D1, Akt, Erk,
p-Akt, p-Erk, p-STAT3, STAT3, and B-actin. Three other
molecules include the Goat anti-rabbit IgG-HRP second-
ary antibody, the full length recombinant STAT3 protein,

temperature  at Signaling Technology

and Gefitinib and berbamine, which were procured from
Santa Cruz Biotechnology (Santa Cruz, CA), Abcam
(Cambridge, UK), and Selleck (Shanghai, China), respec-
tively. SDS PAGE measured the purity of the full length
recombinant STAT3 protein at over 85%, while the purity
of both Gefitinib and berbamine were over 99%.
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Cell Viability Assay

Cell Titer 96 Aqueous Non-Radioactive Cell Proliferation
Assay Kit (Promega) was utilized to gauge the variability
between different cells. First, 5x10° cells were seeded in
96-well plates for a full night. Thereafter, the culture med-
ium was removed, and the cells were treated with different
concentrations of chemicals for 2 days. At 490 nm,
a microplate reader was employed to record the absorbance
value of each cell. Each experimental procedure was dupli-
cated for three times.

Clonogenic Assay

Panc-1 or Miapaca-2 cells (800 cells/well) were embedded in
six-well plates for a full night. Then, the culture medium was
supplemented with the addition of BBM (5 uM), DMSO,
Gefi (20 uM), and Gefi (20 uM) plus BBM (5 uM). The
resulting medium was kept for 24 hrs, until it was replaced by
fresh culture medium, which lasted for 7-10 days on end.
After this interval, PBS was used to wash the fresh medium
for 1/4 h, with the number of surviving colonies then counted
through crystal violet staining assay and photographed.

Cell Apoptosis Analysis

Flow cytometer analysis and Western blotting were two
methods utilized to detect cell apoptosis. For the first
method, the cells were first treated for 2 days. Then they
were harvested by trypsin and washed with PBS twice.
After that, they were re-suspended in 100 pL 1x binding
buffer. The cell suspension was then supplemented with
the addition of 5 pL. FITC Annexin V and PI (556547, BD
Biosciences, USA), and then incubated for 1/4 h at room
temperature. After the cells were diluted using pL binding
buffer, ACS Calibur flow cytometer (BD) was utilized to
perform analysis on the samples. For the second method,
Cleaved-PARP, Bcl-2, and Bax were analyzed.

Cell Cycle Analysis

Cells (2.5 x 10° cells/well) were seeded in six-well plates
and cultured overnight. After treatment with different
compounds for 48 hrs, they were harvested using trypsi-
nization and pelleted by centrifugation. Then, PBS was
used twice to wash the pellets, which were immersed in
75% ice-cold ethanol at 4°C overnight. After centrifuga-
tion, cold PBS was used to wash the pellets, which were
then resuspended in 500 pl PBS containing 50 pg/mL
propidium iodide (PI) and incubated at room temperature
for 1/2 h in darkness. Finally, a FACS Calibur instrument

(Becton Dickinson FACSCalibor, BD Biosciences, NIJ,
USA) was utilized to perform analysis on the samples.

Western Blotting

Subsequent to 24 hrs of treatment of the cells with the indicated
compounds, PBS and radioimmunoprecipitation assay (RIPA)
buffer were used to wash and lyse the cells, respectively. BCA
protein assay kit (Beyotime Biotechnology, Shanghai, China)
was also used for quantification of the cell lysates. SDS-PAGE
divided the proteins into equal proportions and then electro-
transferred to a 0.22-um polyvinylidene fluoride (PVDF)
membrane. The membranes were first blocked using 5% non-
fat milk in TBST for 90 min. They were then incubated with
specific primary antibody for a full night at 4°C. Horseradish
peroxidase (HRP) (1:5000, Santa Cruz, CA) was used to con-
jugate the secondary antibody for 2 hrs at normal room tem-
perature. Finally, the function of enhanced chemiluminescence
(EMD Millipore, Billerica, MA, USA) in Amersham Imager
600 system (GE Healthcare Life Sciences, Shanghai, China)
was used to visualize the immunoreactive bands.

Surface Plasmon Resonance (SPR)
Analysis

SPR experiments were carried out on the system of Proteon
XPR36 protein interaction array (Bio-Rad Laboratories,
Hercules, CA, USA). In short, the STAT3 solution of
1 mg/mL PBST (5§ mM, 7.4 pH) was diluted to 30 pg/mL
using sodium acetate buffer (pH 4.5). The chip was activated
by EDC/NHS (10 uL/min, 600 s). Then, STAT3 (5 pL/min for
400 s) was loaded and covalently fixed. About 8000 RU
STATS3 is fixed on the chip. Any excessive unbounded proteins
were removed by flowing PBS solution (5 mM, pH 7.4, con-
taining 5%, w/v, DMSO). The PBS solution (5 mM, pH 7.4,
containing 5%, w/v, DMSO) of Sch A was prepared and
injected (10 pL/min, lasting 100 s). The associated phases
with five concentrations of 120 s were injected simultaneously
at a flow rate of 30/min, and then the dissociated phases were
injected at 25°C for 120 s. The final chart is obtained by
subtracting the blank sensing map from the duplex or quad-
ruple sensor graph. ProteOn manager software was used for the
data analysis.

Docking Protocol

The AutoDock 4.2 software was utilized to perform dock-
ing of the STAT3 and BBM. Protein Data Bank (PDB)
(PDB code: 1BG1) contributed the starting protein struc-
ture of STAT3.%® Previous research has shown that the
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SH2 domain of STAT3 could be regarded as the binding
pocket.?”° Then, certain missing elements in the obtained
structure were added, including the formal bond orders,
charges, hydrogen atoms, and some residues. Thereafter,
the active binding surface of STAT3 was covered using the
grid box (30 A x 30 A x 30 A). Lamarckian genetic
algorithm (LGA) was also utilized to conduct conforma-
tional sampling with trials of 100 dockings. A predicted
conformation with the best docking score was selected for
further molecular dynamics (MD) simulation analysis.

Molecular Dynamics Simulation Protocol
Amber 18 software was utilized to perform MD simulation
of STAT3/BBM complex.

Specifically, the HF/6-31G* was implemented by
Gaussian 09 program in order to measure the electrostatic
potentials of BBM.?' Then these potentials were fitted for
atomic partial charges of BBM using the RESP fitting
method.*> To optimize the molecular mechanics (MM),
force fields of ff14SB and gaff2 were used for STAT3
and BBM to create MD parameters, respectively.’>>*
Thereafter, the composite was immersed in a Tip3P tank
with a distance between the protein surface and the tank
boundary of 15 mm. And the counter ions were added to
neutralize the system. Constrained and unconstrained com-
posites were minimized using the steepest descent method
and the conjugate gradient method. After minimization,
the system was heated from 0 to 300 K for 200 ps, and
the weak constraint on the solute is 5 kcal mol™ ' A2
Then, an isothermal isostatic ensemble (NPT) MD simula-
tion was performed on the 200 ps to adjust the solvent
density. An additional 200 ps unconstrained MD simula-
tion was performed at 300 K to unwind the system unrest-
ricted under the NPT. Finally, a 200 ns free MD simulation
was performed on the system. The Langevin temperature
scalings were utilized to regulate the temperature.®>> To
constrain the bonds involving hydrogen atoms, the
SHAKE algorithm was adopted.’® The Particle Mesh
Ewald (PME) algorithm was used to adjust periodic
boundary conditions and electrostatic interactions, with
a cut-off value of 10 A, for range-limited non-bonding
interactions.’” The molecular mechanics/generalized born
surface area (MM/GBSA) approach in Amber18 was used
to evaluate the binding free energy decomposition, and
altogether 500 snapshots were extracted from the equili-
brated trajectory between 160 and 200 ns. Detailed
descriptions of the equations were reported previously.*®

Statistical Analysis

The results are presented as the means + standard errors of
the mean (S.E.M.). One-way analysis of variance (ANOVA)
was performed in GraphPad Pro (GraphPad, San Diego, CA,
USA) to test significant difference between groups. “ns”
means no significance. A P value below 0.01 (P<0.01) indi-
cates that the difference is highly statistically significant. All

the experiments were replicated for at least three times.

Results
BBM Increased the Anti-Growth Effect of
Gefi Against Panc-1 and Miapaca-2 Cells

In previous studies, the anti-proliferative activity of Gefi has
been closely examined in a panel of human PC cell lines,
with the results showing that Panc-1 and Miapaca-2 are
naturally Gefi-resistant.*® These results provide the rationale
for our selection of these two cell lines in the present study.
Firstly, MTS colorimetric assay was performed to identify
the anti-proliferative activity of BBM on Panc-1 and
Miapaca-2 cells. As Figure 1A and B suggest, the ICs,
value of BBM against Panc-1 and Miapaca-2 was 8.137
and 11.16 uM, respectively. Based on the ICsq value of
BBM, the concentration of BBM used in the following
combination treatment was set as 5 puM, which should
have little cytotoxicity on Panc-1 and Miapaca-2 cells. For
Gefi, the ICsy value on Panc-1 and Miapaca-2 cells was
25.57 and 22.79 pM, respectively. Next, the sensitization
effects of BBM and Gefi were further investigated. As
shown in Figure 2A, the treatment combining Gefi and
BBM significantly decreased the viability of Panc-1 and
Miapaca-2 cells, demonstrating that such a treatment is
more effective than either treatment alone. Regarding the
sensitivity of Panc-1 and Miapaca-2 cells to Gefi, the 1Cs
values indicated that compared to the group with Gefi
treatment alone, the sensitivity in the group with combined
treatment of Gefi and BBM experienced an approximate
2.3-fold and 2.46-fold increase in Panc-1 and Miapaca-2
cells, respectively.

To further test whether the treatment combining Gefi
and BBM leads to more efficient anti-growth effects in the
long run, colony-forming assays were conducted. After the
cell colonies were differentially treated for 7-10 days, they
were stained with crystal violet and photographed. The
results suggested that the group receiving combined treat-
ment experienced a synergistic reduction of colony forma-
tion (Figure 2B) compared to the group treated with only
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Figure | (A) The chemical structures of berbamine (BBM). (B) Antiproliferative effects of BBM on Panc-1 and Miapaca-2 cells. The cells were treated with different
concentrations of compounds (40, 20, 10, 5, and 2.5 pM) for 48 hrs, and then the survival rate of each group of cells was examined by MTS assay. Data were gathered from

three independent experiments.

one compound (20 pM Gefi or 5 uM BBM). This result
was consistent with the results obtained using MTS assay.

Combined Gefi and BBM Treatment
Synergistically Induces Cell Cycle Arrest

To probe whether cell cycle arrest was involved in the
sensitization of BBM, flow cytometry was utilized to analyze
the percentage of cells at each stage of cell division. The
results showed that the combination of Gefi and BBM could
effectively inhibit the two PC cell lines at the GO/G1 phase
(Figure 3A). In addition, Western blots were performed to
verify the molecular events responsible for G1 phase block-
ade. The results showed that the synergistic effect of BBM
enhanced the inhibitory effect of Gefi on the expression of
cell cycle-related proteins (Cyclin D1, Cdk4, and Cdko)
(Figure 3B and C). These results suggested that BBM syner-
gized with Gefi to inhibit the cells at the GO/G1 phase by
reducing the expression of cell cycle-associated proteins.

Combined Gefi and BBM Treatment
Synergistically Induces PC Cells
Apoptosis

In order to study the synergistic effect of Gefi and BBM on
apoptosis, single-agent treatment, or the combination ther-
apy was used to treat Panc-1 and Miapaca-2 cells, and
double staining with Annexin V-FITC and PI was per-
formed to determine their apoptosis rate using flow cyto-
metry. As shown in Figure 4A, the apoptosis rate of PC
cells was significantly increased after the treatment com-
bining Gefi and BBM.

To elucidate the molecular mechanisms underlying the
enhancement of BBM-induced apoptosis, Western blot
was performed to analyze the expression levels of the
apoptosis-related proteins Cleaved-PARP, Bax, and Bcl-2.
The results showed that the expression of pro-apoptotic
molecules (Cleaved-PARP and Bax) was significantly
upregulated, while the anti-apoptotic protein Bcl-2 was
downregulated in the group receiving the combined treat-
ment (Figure 4B and C).

BBM Binds Directly to STAT3 and
Suppresses the STAT3 Activation in PC
Cells

The transcription factor signal transducer and activator of
transcription 3 (STAT3) is a downstream molecule involved
in the signal transduction of many trans-membrane growth
factor receptors (e.g. EGFR), cytosolic kinases (e.g. Src),
and the Janus kinases (JAK). A heavy body of research has
been dedicated to elucidating the function of STAT3 in
a variety of cancer types. These studies generally show
that STAT3 plays a pivotal role in pathogenesis of various
hematologic and solid tumor malignancies (e.g. hepatocel-
lular carcinoma, non-small cell lung cancer, pancreatic
cancer, etc.). Additionally, several recent studies have indi-
cated that re-activation of EGFR downstream pathway
including STAT3, PI3K/Akt, and ERK is closely linked to
the development of resistance to EGFR inhibitors.
Therefore, it was hypothesized that the sensitizing effects
of BBM might be mediated by at least one of this signaling
pathways. Western blot was performed to determine the
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Figure 2 The combination of BBM and Gefi can synergistically inhibit the growth of pancreatic cancer cells. (A) Effect of combination therapy with Gefi and BBM on Panc-|
and Miapaca-2 cell viability. Cell viability was determined by MTS assay. (B) Effect of combination therapy with Gefi and BBM on the formation of Panc-| and Miapaca-2 cell
clones. Each group of cells was exposed for 7-10 days. The visualized colonies were taken. The data were obtained from three independent experiments performed in

triplicate, and the representative photos were shown.

phosphorylation and total protein expression levels of
STAT3, Akt, and ERK1/2 in Miapaca-2 cells, which were
treated with BBM, Gefi, or BBM plus Gefi. As shown in
Figure 5A and B, the results demonstrated that Gefi treat-
ment had minimal effect on the level of p-STAT3, p-Akt and
p-ERK1/2 in Miapaca-2 cells. This finding is contrary to
many previous reports on NSCLC cells, but is congruent
with the results of Maria et al. In addition, combining BBM
and Gefi in the treatment effectively downregulated the
phosphorylation of STAT3 Tyr-705, but showed no inhibi-
tory effect on p-Akt Ser473 and p-Erk1/2 Thr202/Tyr204.
These results thus provide some evidence that the

mechanism underlying the synergistic effects of BBM
may be mediated by the inhibition of STAT3 signal
activation.

Next, to confirm the inhibitory effects of BBM on
STAT3 signals, the level of p-STAT3 was determined by
Western blot. As interleukin-6 (IL-6) is a common stimu-
lator that induces STAT3 phosphorylation on tyrosine
Tyr705 in many cancers, we examined the impact of
BBM on IL-6-induced STAT3 phosphorylation in
Miapaca-2. The results (Figure 5C) demonstrated that
BBM inhibited p-STAT3 induced by IL-6 in a dose-
dependent manner, even at a concentration as low as 5 pM.
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Figure 3 BBM and Gefi synergistically induced PC cell cycle arrest. (A) BBM and Gefi synergistically induce PC cell cycle arrest. Treatment with BBM (5 pM), Gefi (20 pM) alone or
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Figure 4 BBM and Gefi synergistically induced PC cell apoptosis. (A) Treatment with BBM alone (5 pM), Gefi alone (20 pM) or in combination with BBM (5 pM) and Gefi (20 pM) for
48 hrs, analysis of apoptosis by Annexin V/propidium iodide (PI) staining. Data are expressed as the mean * S.D. of three independent experiments conducted in triplicate. (B) Total
protein was extracted and the expression of Bcl-2, Bax, and Cleaved-PARP was detected by Western blot. Actin was shown as the control of equal loading. (C) The relative expression of
apoptosis-related proteins (Cleaved-PARP/Actin, Bax/Actin, and Bcl-2/Actin) was quantified by Image] software and analyzed by Graphpad prism 7. **P < 0.0] compared to negative
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Abbreviations: K, disocciation constant; K,, association constant; KD, equilibrium dissociation constant.
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Furthermore, to investigate whether BBM could directly
bind to STAT3, SPR experiments were conducted. As
shown in Figure 5D, the binding affinity of STAT3 to
BBM increased with the level of concentration, and a low
equilibrium dissociation constant (KD) of 12.1 uM was
calculated. Taken together, the above results suggested
that STAT3 may be a direct target of BBM and that the Gefi-
sensitization effects of BBM were mainly mediated by its
inhibition of STAT3.

Analysis of the BBM Binding Site by

Molecular Modeling

To predict possible binding patterns between STAT3 and
BBM, molecular docking experiments were first performed.
Then, 200 ns MD simulations were carried out to obtain
a series of equilibrated and stable structures. To confirm that
the simulated complex reached equilibrium and to investigate
the dynamic stability of the STAT3/BBM complex, the root-
mean-square deviations (RMSDs) of all the backbone atoms
(Cy) of STAT3 and the heavy atoms of BBM were monitored,
as plotted in Figure 6A. The RMSDs of the backbone atoms of
STAT3 showed dynamic fluctuations (<1 A) after 50 ns simu-
lation. The RMSDs of BBM C,, were relatively stable during
the whole MD simulation (Figure 6A). Principal Component
Analysis (PCA) was a method commonly used to reduce the
dimensionality of data and to identify the conformational
space occupied by proteins/molecules during MD simulations.
In this study, the input data are Cartesian coordinates from the
MD simulation trajectory. That is to say, the principal compo-
nent (PC) represents the variance of the coordinate space.
When PCs are plotted against each other, similar structures
cluster together. As shown in Figure 6B, the PCA results
showed that the conformational space of STAT3 is dynami-
cally distributed, and that most of the structures show a high
degree of similarity. The scatter plot also suggests that the
plots are closely plotted against each other. These observations
indicated that a relatively stable STAT3/BBM complex bind-
ing conformation was determined by our 200 ns MD simula-
tion. Subsequently, the residue-free energy decomposition was
performed using the last 40 ns trajectory of the MD simulation.
As illustrated in Figure 6C, the most five contributed residues
were Glu-594, Glu-638, Ser-636, Gln-635, Ile-634. The pre-
dominant residues were hydrophilic amino acids, indicating
that polar interactions may contribute to the binding of BBM
to STAT3. The BBM embedded in the SH2 field of STAT3
seems to match very well to implement the binding pocket as
a lock and key (Figure 6D).

In addition, the potential energy surface of the electro-
static molecule clearly presents information on the nega-
tive charge of the bound band, which was consistent with
the results of per-residue free energy decomposition of
BBM binding to STAT3 (Figure 6D). The structural ana-
lysis showed that the majority of interactions were hydro-
gen bond to stabilize the conformation between BBM and
STAT3 (Figure 6E and F).

Discussion

During the past decade, the rapid development of immu-
notherapy, coupled with the increasing number of FDA-
approved targeted therapies, has led to enormous progress
in the overall clinical prognosis of breast cancer, NSCLC,
melanoma, and other tumors. In contrast, PC treatment
seems to be lagging behind. For decades, researchers
have been trying to find a practical and sustainable target,
but only the EGFR inhibitor erlotinib has been approved
by the FDA for use in combination with gemcitabine.
However, the results of the third phase of the program
turned out to be unsatisfactory. Compared with the treat-
ment using gemcitabine alone, the combination therapy
showed little improvement in DFS and OS. Gefitinib
(Gefi) is another first representative of EGFR inhibitors
and has been widely used in patients with EGFR-sensitive
mutations. In some preclinical studies, Gefi has also been
shown to have a good inhibitory effect on PC cells.
However, the sensitivity of Gefi varies greatly among
different PC cell lines, which may be one of the reasons
for the poor clinical efficacy of Gefi. For example, Maria
et al reported that CfPacl and BxPC-3 cells are highly
sensitive to Gefi, while Panc-1 and Miapaca-2 cells are
highly insensitive to Gefi.*” Therefore, finding an effective
sensitizer that overcomes the natural resistance of Panc-1
and Miapaca-2 cells to Gefi may be a promising method to
improve the clinical efficacy of Gefi.

There is increasing evidence that many natural pro-
ducts not only inhibit the growth of cancer cells but also
effectively reverse tumor resistance. For example, it has
been reported that betulinic acid, a pentacyclic lupane-type
triterpene extracted from plants, can reverse the resistance
of cancer cells to gemcitabine in PC cells and enhance the
sensitivity of non-small cell lung cancer cells to
sorafenib. 04! Therefore, in this study, we focused speci-
fically on another safe and effective anti-cancer natural
product, berbamine (BBM), and investigated whether it
might enhance the sensitivity of Gefi to drug-resistant
cells. Although there have been some studies on the
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chemical sensitization of BBM (Carmofur, gemcitabine),
the effects of BBM on Gefi resistance or other targeted
therapies have not been studied. In this study, we found
that combined treatment with BBM significantly enhanced
the anti-proliferative, cell cycle arrest and pro-apoptotic
effects of Gefi in Panc-1 and Miapaca-2 cells. In addition,
although some studies have shown that BBM has signifi-
cant anti-proliferative activity against human lung cancer,
liver cancer and pancreatic cancer cells in vitro, its anti-
tumor mechanism remains elusive. Our results of Western
blot and SPR analysis provide evidence that BBM is
a potential STAT3 inhibitor. By measuring the effects of

Gefitinib-insensitive
Pancreatic cancer cells

STAT3 signaling after single-agent or combination ther-
apy, it was further confirmed that the anti-PC activity and
synergistic effect of BBM was primarily mediated by the
inhibition of STAT3 signals (Figure 7).

Since 2003, the FDA has approved gefitinib for patients
with metastatic or advanced non-small cell lung cancer.
Epidermal growth factor receptor-targeted therapy has been
applied to clinical practice for nearly 16 years. In the applica-
tions, a persistent problem has been its drug resistance. Thanks
to the work of many researchers, a number of resistance
mechanisms have been discovered. In general, EGFR second-
site mutations (T790M, C797S, etc.), bypass signal pathway
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Figure 7 Hypothetical schema of the mechanism of the Gefi-sensitization effects of BBM.
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compensation (such as MET amplification, HER2 upregula-
tion or constitutive NF-«xB activities), and EGFR downstream
signals reactivation (such as ERK and Akt reactivation) are
considered as the most important factors in the development of
drug resistance.*? The important role of STAT?3 in this process,
in particular, has been attracting much attention in recent
years. As a key transcription factor for cell survival and pro-
liferation, STAT3 can be phosphorylated in Tyr-705 and sub-
sequently activated by various receptor tyrosine kinases
(EGFR, FGFR, and IGF-1R, etc.), receptor-associated kinases
such as JAK, and non-receptor kinases such as Src and Abl.**
This means that cunning cancer cells can be steered by
upstream signal blockade and choose an alternative way to
activate STAT3. Besides, a lot of studies have demonstrated
that targeting STAT3 could be a promising way to treat PC.
However, there is no STAT3 inhibitor approved for clinical use
yet. Currently, a large number of STAT3 have been identified.
However, improving the drug-making ability of these mole-
cules remains a big conundrum. In China, BBM has been
applied to the clinical treatment of patients with imatinib-
induced neutropenia and inflammation. The safety and anti-
tumor effects of BBM have also been validated in clinical
practice, which will provide great convenience for rapid devel-
opment of combination therapy of gefitinib and BBM.

The well-known STAT3 inhibitors, such as OPB-
31121, TTI-101, and S31-201, have entered early clinical
research or preclinical research.** But their specific mode
of action is still obscure. The structural characteristics of
BBM differ from those of these inhibitors in that it exhi-
bits high rigidity and planarity, making the binding con-
formation of BBM and STAT3 more unique. Therefore,
this study conducted molecular docking and MD simula-
tion to explore potential interaction patterns and key bind-
ing sites between BBM and STAT3. Our molecular
docking and simulation analyses showed that BBM
depended mainly on polar interactions with several hydro-
philic residues near STAT3 Ser-636. In order to overcome
the low water solubility of BBM, which is one of the
important issues in BBM research, it is extremely impor-
tant to improve its drug-forming properties by changing its
structure. According to our molecular modeling results,
introducing some hydrophilic functional group such as
piperazinyl and N, N-dimethylaminoethyl into the hydro-
xyl of BBM may effectively raise its solubility, and pro-
vide more effective inhibitory activity. In addition, the
preparation of BBM in the form of liposomes or nanopar-
ticles can also increase the bioavailability and tumor tar-
geting of BBM.

Conclusions

To sum up, the present study indicated that BBM could
enhance the effects of Gefi against Panc-1 and Miapaca-2
cells on inhibiting proliferation, inhibiting cell cycle, and pro-
moting apoptosis. Regarding the underlying mechanisms, the
results in this study demonstrated that BBM directly binds to
STAT3, and facilitates Gefi in reducing the STAT3 signals in
PC cells. Finally, molecular docking and molecular simula-
tions of the BBM/STAT3 complex revealed that stable binding
between these two molecules depended on hydrophilic
interactions.
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