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Abstract Pancreatic cancer is one of the leading causes of
cancer, and it has the lowest 5-year survival rates. It is
necessary to develop more potent anti-pancreatic cancer
drugs to overcome the fast metastasis and resistance to
surgery, radiotherapy, chemotherapy, and combinations of
these. We have identified several diarylheptanoids as anti-
pancreatic cancer agents from Alpinia officinarum (lesser
galangal) and Alnus japonica. These diarylhep-
tanoids suppressed cell proliferation and induced the cell
cycle arrest of pancreatic cancer cells (PANC-1). Among
them, the most potent compounds 1 and 7 inhibited the
shh-Gli-FoxM1 pathway and their target gene expression in
PANC-1 cells. Furthermore, they suppressed the expres-
sion of the cell cycle associated genes that were rescued by
the overexpression of exogenous FoxM1. Taken together,
(E)-7-(4-hydroxy-3-methoxyphenyl)-1-phenylhept-4-en-3-
one (1) from Alpinia officinarum (lesser galangal) and
platyphyllenone (7) from Alnus japonica inhibit PANC-1
cell proliferation by suppressing the shh-Gli-FoxM1 path-
way, and they can be potential candidates for anti-pan-
creatic cancer drug development.
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Introduction

Pancreatic cancer is one of the leading causes of cancer-
related mortality in developed countries, and it has the
lowest 5-year survival rates (Bardeesy and DePinho 2002;
Hidalgo 2010; Jemal et al. 2011). This low survival rate for
pancreatic cancer is due to the fast metastasis and resis-
tance to existing therapies, including surgery, radiotherapy,
chemotherapy, and combinations of these (Siegel et al.
2011). Thus, the development of more potent anti-pancre-
atic drugs is necessary to ensure effective treatment.

The sonic hedgehog (shh)-Gli signaling pathway is
essential in the development of tissues (Lum and Beachy
2004; Kalderon 2005; Rubin and de Sauvage 2006). In
mammalian cells, the shh ligand binds to the 12-pass
transmembrane receptor, Patched 1 (Ptchl), leading to
activation of the seven-pass membrane protein, Smooth-
ened (Smo) (Lum and Beachy 2004; Kalderon 2005).
Activated Smo suppresses the Gli negative regulator, Sufu,
to activate zinc finger transcription factor, Gli proteins,
which control the phenotypes by increasing the target gene
expression (Lum and Beachy 2004; Kalderon 2005). A loss
in shh-Gli signaling control is a cause of tumor develop-
ment, including pancreatic (Berman et al. 2003; Thayer
et al. 2003; Lum and Beachy 2004; Kalderon 2005; Rubin
and de Sauvage 2006; Morton et al. 2007; Yauch et al.
2008). The shh-Gli signaling pathway is highly active in
human and mouse pancreatic cancer (Berman et al. 2003;
Thayer et al. 2003; Rubin and de Sauvage 2006; Morton
et al. 2007). The inhibition of the shh-Gli pathway sup-
pressed pancreatic cancer cell proliferation and induced
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apoptosis in both in vitro and in vivo experiments (Sanchez
et al. 2004; Rubin and de Sauvage 2006). Thus, the shh-Gli
signaling pathway is one of targets of pancreatic cancer
treatment.

Forkhead box protein M1 (FoxM1) is a transcription
factor that belongs to the member of forkhead protein
families. FoxM1 plays important roles in cell growth,
proliferation, differentiation, invasion, migration, survival,
and drug-resistance (Alvarez-Fernandez and Medema
2013; Halasi and Gartel 2013). FoxM1 was reported to be
overexpressed in most cancers, including lung, breast,
colorectal and pancreatic cancer (Xia et al. 2012; Alvarez-
Fernandez and Medema 2013; Halasi and Gartel 2013;
Quan et al. 2013; Huang et al. 2014). As an oncogenic
transcriptional factor, FoxM1 promotes cancer cell prolif-
eration, invasion, migration and survival through up-regu-
lation of its target genes, c-Myc, cyclin D1, cyclin B,
survivin (Xia et al. 2012; Alvarez-Fernandez and Medema
2013; Halasi and Gartel 2013; Quan et al. 2013; Huang
et al. 2014). Recent studies have shown that FoxM1 is one
of the downstream targets of shh-Gli signaling (Teh et al.
2002; Douard et al. 2006; Katoh and Katoh 2009).

Natural products play important roles in preventing and
treating various disorders. Diarylheptanoids from medici-
nal plants have anti-inflammatory, anti-oxidant, anti-can-
cer, anti-diabetic, hepatoprotective and neuroprotective
activities (Lee et al. 2006; Lv and She 2010; Rong et al.
2012; Du et al. 2013; Zhang et al. 2014; Devassy et al.
2015; Dong et al. 2015a; Ghosh et al. 2015). Curcumin, a
representative diarylheptanoid from turmeric, has potential
anti-cancer activity (Basnet and Skalko-Basnet 2011; Du
et al. 2013; Zhang et al. 2014; Devassy et al. 2015; Kumar
et al. 2016; Pulido-Moran et al. 2016). Curcumin sup-
pressed cancer cell proliferation and survival by sup-
pressing the shh-Gli-FoxM1 pathway both in vitro and
in vivo (Du et al. 2013; Zhang et al. 2014). We recently
reported on the anti-colon cancer activity of diarylhep-
tanoids from medicinal plants as Wnt pathway inhibitors
(Dong et al. 2015a). However, there is no report of the anti-
pancreatic cancer effects of these diarylheptanoids. In this
study, we investigated the anti-pancreatic cancer activity
and their mechanism of diarylheptanoid from Alpinia
officinarum (lesser galangal) and Alnus japonica.

Materials and methods

Reagents

Glil/2, cyclin D1, lamin, c-Myc, and survivin antibodies
were purchased from Cell Signaling Technology (Danvers,

MA, USA); and horseradish peroxidase (HRP)-conjugated
anti-rabbit immunoglobulin G (IgG) and anti-mouse IgG
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antibodies were purchased from Assay Designs (Ann
Arbor, MI, USA). Luciferase assay systems were pur-
chased from Promega (Madison, WI, USA); and the
enhanced chemiluminescence (ECL) agent was purchased
from GE Healthcare Life Science (Uppsala, Sweden).
Lipofectamin3000, TRIzol reagent and SuperScript II first-
strand cDNA synthesis kits were purchased from Life
Technology (San Diego, CA, USA). Beta-actin antibody,
hirsutenone (9), curcumin (14), 3-(4,5-dimethylthiazol-2-
y)-2,5-diphenyl-tetrazolium bromide (MTT) and other
chemicals were purchased from Sigma (St Louis, MO,
USA). SiRNAs were purchased from Bioneer (Daejeon,
Korea). The pcDNA-FoxM1 plasmid was a gift from Prof.
Tae Jun Park (School of Medicine, Ajou University,
Korea). Gli reporter plasmid and expression plasmid were
gifts from Prof. Gyu-Un Bae (Sookmyung Women’s
University) and Prof. Jong-Sun Kang (Sungkyunkwan
University, Korea) (Tenzen et al. 2006; Zhang et al. 2006;
Bae et al. 2011).

Extraction, isolation and synthesis
of diarylheptanoids

Diarylheptanoids were isolated from Alpinia officinarum
(lesser galangal) and Alnus japonica, and some of them
were semi-synthesized as previously described (Dong et al.
2015a; Lee et al. 2006; Lee 2012) (Fig. 1).

Cell culture and cell cycle analysis

The 293T cell line and human pancreatic ductal carcinoma
cell line (PANC-1) were purchased from the American
Type Culture Collection (Manassas, VA, USA). The cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (FBS), 2 mM
glutamine, 1 mM pyruvate, penicillin (100 U/ml), and
streptomycin (10 pg/ml) at 37 °C. PANC-1 cells were
treated with 20 pM of compounds 1 or 7 for 24 h. Then,
the cells were harvested with trypsin-EDTA and fixed with
70% ethanol at 4 °C overnight. Fixed cells were stained
with propidium iodide (PI), and the cell cycle analysis was
performed by fluorescence-activated cell sorting (FACS)
(BD Biosciences, San Jose, CA, USA).

Reporter gene assay

The cells were transfected with plasmid using Lipofec-
tamine 3000 according to the manufacturer’s instructions.
Gli3 expression plasmid was co-transfected as a negative
control (Matise and Joyner 1999). Gli reporter plasmid
transfected cells were treated with indicated concentrations
of diarylheptanoids for 16 h, and the luciferase activity was
measured using a luminometer (Promega, Madison, WI,
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Fig. 1 Chemical structures of diarylheptanoids. Compounds 1-6 were isolated from Alpinia officinarum (lesser galangal); compounds 7-8 were
isolated from Alnus japonica; compounds 10-13 were semi-synthesized as previously described (Dong et al. 2015a)

USA) with a luciferase assay system. TOPFlash, a syn-
thetic B-catenin/TCF-dependent luciferase reporter and
human Frizzled-1 expression plasmids, and a negative
control reporter FOPFlash (mutated -catenin/TCF binding
elements) were gifts from Prof. Sangtack Oh (Kookmin
University, Korea) (Park et al. 2006). The TOPFlash
activity was normerized with FOPFlash, as described in a
previous study (Dong et al. 2015b). All reporter gene
activities were presented in terms of relative luciferase unit
(RLU).

Western blot analysis

The Western blot analysis was performed as previously
described (Dong et al. 2015a). Cells were treated with the

indicated concentrations of diarylheptanoids for 16 h at
37 °C in 5% CO,. Then, the cells were lysed with RIPA
buffer and run on SDS-PAGE gels. After transfer, the
PVDF membrane was incubated with the indicated primary
antibodies and HRP-conjugated secondary antibody. The
protein bands of the cell lysates were detected using Fusion
Solo (Vilber Lourmat, France) after incubation with ECL
reagents. The band density was then analyzed with the
Fusion Solo software (Vilber Lourmat, France).

Reverse-transcription polymerase chain reaction
(RT-PCR)

The RT-PCR was performed as previously described
(Dong et al. 2015a). The cells were treated with the
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Fig. 2 Effects of diarylheptanoids on Gli and PB-catenin reporter
genes activities and PANC-1 cell viability. Gli reporter gene
transfected PANC-1 cells were treated with indicated concentrations
of diarylheptanoids for 16 h to determine the Gli reporter gene
activity as described in the materials and methods (a). After
TOPFlash plasmid transfection, PANC-1 cells were treated with
indicated concentrations of diarylheptanoids for 16 h to determine
TOPFlash activity, as described in materials and methods (b). PANC-
1 cells were treated with the indicated concentration of diarylhep-
tanoids for 48 h to determine the cell viability by an MTT assay (c)

o

Cell Viability (%)
o

o

o

7 9 10 11 12 13 14

indicated concentrations of diarylheptanoids for 16 h.
Then, the total RNA was isolated using a TRIzol reagent
and synthesized cDNA using the SuperScript II first-strand
cDNA synthesis system. The cDNA was amplified using a
PCR thermal cycler. The PCR primer sequences were as
follows:

FoxM1, sense 5'-ATG GCA AAT TTT TCG CTC C-3'
and anti-sense 5'-ATG TCA CCA GAA ATTCCCAGTT-3';

Glil sense 5-CCAAGAAACATGGGGTGAGT-3'
and anti-sense 5-GACTGGAGATATTGGGGAGGA-3';

Gli2 sense 5'-CTCCAACGAGAAACCCTACATC-3
and anti-sense 5'-CTTGAGCTTCTCCTTCTTGAGC-3'.
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Fig. 3 IC5y of diarylheptanoids on Gli reporter gene activity and
PANC-1 cell viability. Gli reporter gene transfected PANC-1 cells
were treated with indicated concentrations of diarylheptanoids for
16 h to determine the ICs, values on Gli reporter gene activity, as
described in materials and methods (a). PANC-1 cells were treated
with indicated concentrations of diarylheptanoids for 48 h to deter-
mine the cell viability by an MTT assay (b)

Beta-actin was amplified as an internal control, and the
amplified DNA was separated on 2% agarose gels.

Statistical analysis

The ICs( values were calculated using the GraphPad Prism
program (GraphPad Software, Inc., La Jolla, CA, USA),
and the data are expressed as mean =+ standard deviation.
All experiments were performed 3—4 times, and the sta-
tistical analysis was performed using a two-tailed unpaired
Student’s ¢ test. A p-value less than 0.05 was considered to
be significant.
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Anti-pancreatic activity screening
of diarylheptanoids

Since the shh-Gli and fB-catenin pathways are highly
activated in pancreatic cancer, we tested the effect of
diarylheptanoids on their pathways by using the Gli and B-
catenin reporter gene assay in PANC-1 cells. Compounds
1,2,7,9,10 and 14 (Fig. 1) suppressed both of Gli reporter
gene and PB-catenin reporter gene activities in PANC-1
cells (Fig. 2a, b). To confirm these activities in pancreatic
cancer cells, we tested the effects of diarylheptanoids on
the PANC-1 cell viability. As expected, compounds 1, 2, 7,
9, 10 and 14 strongly suppressed PANC-1 cell viability at
100 uM (Fig. 2c). These parallel inhibitory patterns in the
MTT and reporter gene assays indicate that the diaryl-
heptanoids might exert anti-pancreatic cancer activity by
suppressing the shh-Gli and B-catenin pathway in PANC-1
cells.

Furthermore, compounds 1, 7 and 9 showed a stronger
suppressive activity than curcumin (14) in both MTT and
Gli reporter gene activity assays (Fig. 3). Considering that

to the others, compounds 1 and 7 were used in the fol-
lowing experiments.

Diarylheptanoids suppress shh-Gli pathway and cell
cycle in PANC-1 pancreatic cancer cells

The inhibitory effects of diarylheptanoids on PANC-1 cells
were further confirmed through a cell cycle analysis.
Compounds 1 and 7 increased the G2 phase and sub Gl
phase of PANC-1 cells by a treatment of 20 uM for 24 h
(Fig. 4). These data indicate that compounds 1 and 7
induced cell cycle arrest and cell death to suppress prolif-
eration of the PANC-1 cells.

To investigate the mechanism of diarylheptanoids for
the shh-Gli pathway inhibition, we tested their effects on
the Gli protein levels in the PANC-1 cells by a Western
blot analysis. Treatment of 20 uM diarylheptanoids 1 and
7 decreased Glil and Gli2 proteins in PANC-1 cells
(Fig. 5a). Furthermore, compounds 1 and 7 suppressed the
FoxMI1 protein and mRNA expressions (Fig. 5b) and also
suppressed the target gene levels of FoxMI, such as
c-Myec, cyclin B1, cyclin D1 and survivin in PANC-1 cells
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Fig. 5 Effects of diarylheptanoids on the shh-Gli-FoxM1 pathway. The PANC-1 cells were treated with 20 uM of compounds 1 or 7 for 16 h to
determine the protein levels by Western blot analysis (a). The PANC-1 cells were treated with 20 uM of compounds 1 or 7 for 16 h to determine
the level of FoxM1 mRNA by RT-PCR (b). The PANC-1 cells were transfected with siRNA against Glil or Gli2 to determine the expression
levels of the Glil target gene, FoxM1 mRNA by RT-PCR (c¢). The PANC-1 cells were treated with 50 pg/ml of cycloheximide (CHX) and
20 uM of compounds 1 or 7 for 16 h to determine the protein levels by Western blot analysis (d). 293T cells were transfected with Gli reporter
plasmid to measure the reporter gene activity after treatment of shh conditioned media with the indicated concentrations of compounds 1 or 7 for
16 h (e). The 293T cells were transfected with Glil and Gli reporter plasmid and were treated with indicated concentrations of compounds 1 or 7

for 16 h to measure the reporter gene activity (f)

(Fig. 5a). Since FoxM1 is the target gene of Gli (Teh et al.
2002), the knock-down of Glil and Gli2 by siRNAs
decreased FoxM1 expression in PANC-1 cells (Fig. 5c¢).
Cycloheximide was used to investigate the action mech-
anism of diarylheptanoids involved in the shh-Gli path-
way. Compounds 1 and 7 reduced the protein levels of
Glil and Gli2 in cycloheximide-treated cells (Fig. 5d).
Furthermore, the inhibitory effects of diarylheptanoids on
the Gli pathway were confirmed in the shh conditioned
media-treated or Glil transfected 293T cells. Compounds
1 and 7 suppressed Gli reporter gene activities of 293T
cells when treated with shh conditioned media (Fig. 5e) or
transfected with Glil expression plasmid (Fig. 5f). The
Gli reporter gene activity decreased when the cells were
co-transfected with Gli3 as a negative control that was
reported as a Glil repressor (Matise and Joyner 1999)
(Fig. 5f). These data indicate that diarylheptanoids sup-
press pancreatic cancer cells by suppressing the shh-Gli-
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FoxM1 pathway and its target gene expression in PANC-1
cells.

Diarylheptanoids suppress shh-Gli pathway
to suppress FoxM1

To investigate the involvement of FoxM1 in the effects of
diarylheptanoids on PANC-1 cells, we overexpressed
FoxM1 by FoxMIlc plasmid (pcDNA3-FoxM1) transfec-
tion. Compounds 1 and 7 suppressed the levels of Glil and
Gli2 in both empty and FoxM1 plasmid transfected cells.
They could not decrease the levels of c-Myc, cyclin Bl,
cyclin D1 and survivin in FoxM1 overexpressed PANC-1
cells (Fig. 6a). These data indicate that diarylheptanoids
suppress the level of Glil and Gli2 to inhibit the target gene
expression of FoxM1 (Fig. 6b). Compounds 1 and 7 sup-
press the viability of pancreatic cancer PANC-1 cells by
blocking the shh-Gli-FoxM1 pathway.
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Fig. 6 Effects of diarylheptanoids on FoxM1 target gene expression
in FoxM1l-overexpressed PANC-1 cell. The PANC-1 cells were
transfected with pcDNA3-FoxMlc and treated with 20 uM of
compounds 1 or 7 for 16 h to determine the related proteins by
Western blot analysis (a). The proposed action mechanism of
diarylheptanoids on shh-Gli-FoxM1 pathway (b)

Discussion

With an increasing incidence rate, pancreatic cancer still
shows the lowest 5-year survival rate among various can-
cers (Bardeesy and DePinho 2002; Hidalgo 2010; Jemal
et al. 2011). Since shh-Gli signaling is over-activated in

pancreatic cancer, it is considered to be a promising target
for anti-pancreatic cancer drug development (Berman et al.
2003; Thayer et al. 2003; Rubin and de Sauvage 2006;
Morton et al. 2007). FoxM1, one of the target genes of the
shh-Gli pathway, is also considered as another promising
target (Xia et al. 2012; Alvarez-Fernandez and Medema
2013; Halasi and Gartel 2013; Quan et al. 2013; Huang
et al. 2014). In this study, diarylheptanoids suppress pan-
creatic cancer cell viability and induce cell cycle arrest
(Fig. 4) by suppressing the shh-Gli-FoxM1 pathway and
their target gene expression (Fig. 5a). The overexpression
of exogenous FoxM1 abrogated the effects of diarylhep-
tanoids on the cell cycle associated gene expression
(Fig. 6a). Diarylheptanoids block the shh-Gli-FoxM1
pathway by suppressing the Glil and Gli2 protein levels, as
was confirmed in the cycloheximide-treated experiment
(Fig. 5d). The results of the FoxM1 overexpressed PANC-
1 cells confirmed that the diarylheptanoids block the
pathway upstream of FoxM1 (Fig. 6b). The exact mecha-
nism through which the diarylheptanoids control the Glil
and Gli2 levels in cancer could be determined with further
research.

Compound 1 has been reported to suppress the cell
proliferation of melanoma cells (Matsuda et al. 2009), and
compounds 1, 2, 7 and 10 suppressed the proliferation of
colon cancer cells (Dong et al. 2015a). Compound 9 also
has anti-cancer activities, including against colon cancer
(Dong et al. 2015a), prostate cancer (Kang et al. 2015),
non-small cell lung carcinoma (Novakovi¢ et al. 2014) and
ovarian cancer (Lee et al. 2012). Compound 14, curcumin,
the well-known diarylheptanoid from turmeric, has poten-
tial anti-cancer activity against most cancers (Basnet and
Skalko-Basnet 2011; Du et al. 2013; Zhang et al. 2014;
Devassy et al. 2015; Kumar et al. 2016; Pulido-Moran et al.
2016). We recently reported the anti-colon cancer activity
of diarylheptanoids as inhibitors of the Wnt/B-catenin
pathway. They suppressed the nuclear translocation of [-
catenin by suppressing the interaction of B-catenin and
galectin-3 (Dong et al. 2015a). In this study, diarylhep-
tanoids also inhibit the Wnt/B-catenin pathway in pancre-
atic cancer cells (Fig. 2b). Their inhibitory effects on the
Gli pathway in PANC-1 cells has the same pattern as that
of the Wnt/B-catenin pathway in colon cancer cells with
respect to the chemical structure activity relationship. The
enone group in the linker between the two aryl groups is
critical for the activity (compounds 1 vs. 12, 2 vs. 4, 7 vs.
8) and the p-hydroxy group in the aromatic ring is also
important (compounds 1 vs. 11, 7 vs. 2, 10 vs. 11) (Figs. 1,
2, 3).

Several studies have reported on the inhibitors of the
shh-Gli pathway from natural products to suppress the
proliferation of various cancer cells (Matsuda et al. 2009;
Novakovi¢ et al. 2014; Kang et al. 2015; Kumar et al.
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2016). Curcumin suppress shh-Gli pathway in various
cancers, including both in vitro and in vivo pancreatic
cancer (Matsuda et al. 2009; Novakovic¢ et al. 2014; Kumar
et al. 2016). Compound 1 (ICs50 =93 uM) and 7
(ICs¢p = 6.1 pM) show higher anti-proliferative potencies
than curcumin (ICso = 13.0 pM). Our data indicate that
diarylheptanoids 1 from Alpinia officinarum and 7 from
Alnus japonica can be potential candidates to develop anti-
pancreatic cancer drugs.

In conclusion, we purified several diarylheptanoids from
medicinal plants as inhibitors of the shh-Gli-FoxM1 path-
way. In particular, (E)-7-(4-hydroxy-3-methoxyphenyl)-1-
phenylhept-4-en-3-one (compound 1) from Alpinia offici-
narum (lesser galangal) and platyphyllenone (compound 7)
from Alnus japonica suppressed the proliferation of pan-
creatic cancer PANC-1 cells by suppressing FoxM1 and its
target gene expression through destabilizing Glil and Gli2
proteins. Diarylheptanoids from Alpinia officinarum and
Alnus japonica are potential inhibitors of the shh-Gli-
FoxM1 pathway, and they might be useful to treat pan-
creatic cancer.
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