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Introduction: Pancreatic cancer (PC) is one of the leading causes of cancer, with the lowest

5-year survival rate of all cancer types. Given the fast metastasis of PC and its resistance to

surgery, radiotherapy, chemotherapy, and combinations thereof, it is imperative to develop

more effective anti-PC drugs. Phillygenin (PHI) has been reported to exert anti-cancer, anti-

bacterial, and anti-inflammatory properties. However, the mechanism of PHI in the devel-

opment of PC is still unclear.

Methods: The cytotoxicity of PHI in pancreatic cancer cells was evaluated by MTT assay,

and clonogenic assay was used to test the anti-proliferation of PHI. The pro-apoptotic effect

of PHI was detected by flow cytometry analysis. The changes of epithelial–mesenchymal

transition (EMT) in pancreatic cancer cells treated with PHI were determined by Western

blot. Transwell assay was used to test the migration and invasion of PC cells after treatment

with PHI. Molecular docking was used to predict the potential binding site of candidate

target with PHI.

Results: PHI could inhibit the proliferation, migration, and EMT of PC cells (PANC-1 and

SW1990) and induce its apoptosis. Analysis of the Cancer Genome Atlas database indicated

that elevated MELK levels correlated with poor overall survival (OS) and disease-free

survival (DFS) of PC patients. In addition, molecular modeling showed that PHI may

potentially target the catalytic domain of maternal embryonic leucine zipper kinase

(MELK). Overexpression of MELK muted the anti-PC effects of PHI.

Conclusion: PHI holds promise as a potent candidate drug for the treatment of PC via

targeted MELK.

Keywords: pancreatic cancer, phillygenin, MELK, proliferation, EMT, apoptosis

Introduction
Pancreatic cancer (PC) is one of the most lethal malignancies. Its median survival

time after diagnosis is less than 6 months and the five-year survival rate is less than

6%.1,2 Currently, the most effective treatment for PC patients is surgery. However,

fewer than 20% of PC patients are eligible for surgical resection because the disease

has already reached an advanced stage at the time of diagnosis. At present,

chemotherapy is a key treatment to prevent recurrence and prolong the survival

of patients with metastatic or advanced PC.3 Notwithstanding, chemotherapy is also

known to have some serious side effects on patients, such as loss of appetite,

constipation, vomiting, nausea, etc. In light of this situation, there is an urgent

need to develop new therapies with high efficiency and low toxicity.
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Many studies have shown that maternal embryonic

leucine zipper kinase (MELK) plays a critical role in the

proliferation and development of cancer cells.4 As

a result, MELK has become a potential molecular target

for cancer therapy, including liver cancer and breast

cancer.5,6 A well-known MELK inhibitor, OTS167, has

been reported to exhibit effective growth suppression in

mice xenograft models for a number of cancer types,

including lung cancer, kidney cancer, and acute myeloid

leukemia.7–11 Currently, some clinical studies, such as

NCT01910545 and NCT02926690, are being performed

to evaluate the therapeutic potential of OTS167.12,13 For

example, Chung and his colleagues have shown that an

orally administrative MELK-targeting inhibitor could

suppress the growth of tumor-initiating cells and has

the potential to be widely used for the treatment of

a variety of cancer types, including PC.14 As the role

of MELK in PC remains largely unclarified, their study

opens up the possibility for further studies to explore

this issue.

Phillygenin (PHI, Figure 1A), a lignan extracted from

Osmanthus fragrans flower, has been reported to have

many biological functions, such as anti-inflammation and

anti-tumor effects.15,16 PHI could induce mitochondrial-

mediated apoptosis and ROS production, and inhibit the

nuclear factor kappa B (NF-κB) signaling pathway.16 In

addition, in vitro experiments have shown that PHI could

also inhibit NF-κB signaling-mediated macrophage

inflammation.15 However, there is little research on the

role of PHI in tumors or its effect on PC cells. In this

study, we examined the effect of PHI on PC using cultured

PC cells; meanwhile, the target of PHI in PC was validated

using bioinformatics analysis, molecular modeling, and

experimental assays.

Figure 1 PHI reduced cell viability in pancreatic cancer cells. (A) Chemical structure of PHI. (B) Effect of PHI on the viability of two human PC cell lines (PANC-1, SW1990)

and normal pancreatic cell line (HPNE). Cells were treated with increasing concentrations of PHI for 24 h and cell viability was measured by MTT assay. (C, D) Effect of

varying PHI concentrations on the colony-forming ability of PANC-1, SW1990, and HPNE cells. Cells were incubated with PHI for 12 h and allowed to grow for 10 days.

Colonies were stained by crystal violet dye. *p<0.05, **p<0.01, vs DMSO group.
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Methods and Materials
Compound, Antibodies, Plasmids, and

siRNA
PHI was obtained from the National Institutes for Food

and Drug Control (China, Figure 1A). PHI was dissolved

in 0.1% DMSO with 0.1% DMSO as vehicle control.

Antibodies against MELK, Vimentin, E-cadherin, and

GAPDH were procured from Cell Signaling Technology

(Danvers, MA). p-CMV6-MELK and p-CMV6-control

plasmids were purchased from OriGene (USA). MELK

siRNA was purchased from GenePharma (China).

Cell Lines
Human PC cell lines (PANC-1 and SW1990) and normal

pancreatic cells (HPNE) were purchased from the Institute

of Biochemistry and Cell Biology, Chinese Academy of

Sciences (China). Cells were cultured in RPMI-1640 med-

ium (Gibco, Eggenstein, Germany) supplemented with

10% heat-inactivated fetal bovine serum (Gibco), 100 U/

mL penicillin, and 100 μg/mL streptomycin. Cells were

treated with different concentrations of PHI for different

time periods as indicated.

MTT Assay
To measure cell viability after exposure to PHI, cells were

seeded in 96-well plates at a density of 3000 per well and

allowed to attach overnight. Cells were then exposed to

different concentrations of PHI for 24 h. Following the

treatment, 10 μL MTT reagent was added through fresh

media and cells were cultured for an additional 4 h. 150

μL DMSO was used to dissolve the formazan product and

absorbance was measured at 450 nm using SpectraMax

M5 microplate reader (Molecular Devices, USA).

The percent inhibition was calculated as [1 − (treated/

control)] × 100.

Clonogenic Growth Assay
Cells were seeded at 500 cells per well in 6-well plates and

treated with PHI for 12 h. Cells were grown in normal

growth media for 10 days and stained with crystal violet

solution (0.5 in 25% methanol) to assess colony growth.

A colony is defined as a cluster of at least 50 cells that can

often be determined only through the microscope.

Flow Cytometric Analysis of Apoptosis
The expression of phosphatidylserine on the cell mem-

brane (an indicator of apoptotic cells) was detected using

the Annexin V-FITC apoptosis detection kit. The cells

were briefly harvested and washed twice with PBS, gently

resuspended in Annexin V binding buffer, and incubated

with Annexin V-FITC in the dark for 10 min. They were

then analyzed by flow cytometry using Cell Quest soft-

ware (BD Biosciences, USA).

Transwell Migration and Invasion Assay
Transwell chamber: 24-well, 8.0-μm pore membranes

(Corning USA) were used according to the manufacturer’s

protocol. 1 × 105 cells per well were seeded in the upper

chamber in 100 μL of serum-free medium, while 600 μL
of complete medium was added simultaneously as

a chemoattractant to the lower chamber. After 24

h incubation at 37°C, the remaining cells at the upper

surface of the membrane were removed with cotton

swabs, and the cells on the lower surface of the membrane

were the migrated cells. After staining with 4% parafor-

maldehyde and 0.1% crystal violet solution, the cells pas-

sing through the filter were photographed with an inverted

fluorescence microscope. The transwell invasion assay

was performed as described above, except that 100 μL of

1:8 DMEM-diluted Matrigel (BD, USA) was added to

each well at 37°C for 6 h. Then, the cells were seeded

onto the membrane and incubated for 48 h.

Western Immunoblot Analysis
A total of 30–50 μg of cell and tissue lysates were sepa-

rated by 10% SDS-PAGE and electrotransferred to

a PVDF membrane. Membranes were blocked for 1.5

h in Tris-buffered saline containing 0.05% Tween20 and

5% non-fat milk. The PVDF membrane was then incu-

bated with specific primary antibodies. Immunoreactive

bands were detected by incubating with a secondary anti-

body conjugated with horseradish peroxidase and

enhanced chemiluminescence reagent (Bio-Rad). The

amount of the proteins was analyzed using Image

J analysis software version 1.38e and normalized to their

respective control.

Molecular Modeling of MELK Bound with

PHI
The crystal coordinates for human MELK (PDB code: 5K00)

were retrieved from the RCSBBrookhaven Protein Data Bank

(PDB) database.17 The missing hydrogen atoms, loop seg-

ments, and residues were constructed using Chimera

software.18 Then, the LeDock software was used to estimate
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the binding mode between PHI and MELK.19 During docking

calculations, 200 conformations were generated for molecular

dynamics (MD) simulations using the optimal binding energy

conformation. Prior to MD simulation, the partial atomic

charges of PHI were estimated by the restrained electrostatic

potential (RESP) method on the basis of HF/6-13G* basis set.

Afterwards, the ff14SB force field and General Amber Force

Field (GAFF) were assigned to MELK and PHI,

respectively.20,21 The complex was then immersed into

a water box with TIP3P water model extending 12 Å from

any solute atom. Finally, counter ions were placed into the

water box to neutralize the system.

Two-stage minimizations were performed to relax the

system. First, 5000 steps of steepest descent (SD) followed

by 5000 steps of conjugate gradient (CG) were utilized to

remove the bad contacts between solvent and solute. Then,

the bad contacts of the whole system were removed

using10,000 steps of SD, followed by 10,000 steps of

CG. The system was then heated up from 0 to 310 K in

400 ps and equilibrates with 1000 ps in the isothermal

isobaric (NPT) ensemble. Finally, 300 ns MD simulation

was performed at a constant temperature and pressure of

310 K and 1 atm to produce trajectory. Coordinates were

recorded every 10 ps for the subsequent numerical analysis

using CPPTRAJ module in AmberTools 18 package.22

The last 100 ns MD simulation trajectory with 1000 snap-

shots were employed for binding free energy calculations

and per-residue decomposition using molecular

mechanics/generalized Born surface area (MM/GBSA)

method.23,24

Figure 2 PHI-induced cell apoptosis in pancreatic cancer cells. (A, B) PANC-1, SW1990, and HPNE cells were incubated 16 h with or without PHI (100 and 200 μM). Then,

cell apoptosis was detected by flow cytometry using Annexin V-FITC. *p<0.05 or **p<0.01, vs DMSO group.
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Enzyme-Linked Immunosorbent Assay for

MELK Antigen Detection
MELK activity was detected using the MELK Human

ELISA detection kit (No. SEH665Hu, Cloud-Clone

Corp., China), according to manufacturer’s protocol.

Cell Transfections for Gene Silencing and

Overexpression
MELK siRNA duplexes used for the silencing study were

purchased from Genepharma (China) and sequenced as

follows: 5ʹ-GACAUCCUAUCUAGCUGCA-3ʹ. Negative

Control (NC) was used as the control. p-CMV6-MELK

and p-CMV6-control plasmids were used for the overex-

pression study. PANC-1 cells (2×105/well) were seeded in

6-well plates and cultured for 24 h, and were then trans-

fected with first group: siRNA duplexes against human

MELK or control siRNA, and second group: p-CMV6-

MELK and p-CMV6-control plasmids by lipofectamine

3000 (Invitrogen) according to manufacturer’s protocol.

Statistical Analysis
The results are presented as means ± SEMs. In GraphPad

Prism 7.0, different groups were compared using one-way

analysis of variance (ANOVA), with the differences statis-

tically significant at P<0.05.

Results
PHI Effectively Suppressed Cell Growth

and Induced Apoptosis in Pancreatic Cells
First, we determined the effect of PHI on cell viability of

PANC-1, SW1990 and HPNE. Using the MTT assay, PHI

treatment significantly decreased the cell viability of PANC-

1, SW1990, and HPNE in 24 h (Figure 1B). Then, we con-

firmed this finding by assessing the colony-forming ability of

PC cells after PHI treatment. Indeed, our results showed that

PHI caused a dose-dependent decrease in colony formation of

PANC-1, SW1990, and HPNE cells (Figure 1C and D). Flow

cytometry assay further indicated that PHI could significantly

induce apoptosis in PANC-1 and SW1990 cells (Figure 2A

Figure 3 Effects of PHI on transwell migration and invasion abilities in PANC-1 cells. (A) The effect of PHI on migration of PANC-1 cells was investigated by transwell

migration assay without matrigel. (B) The effect of PHI on invasion of PANC-1 cells was investigated by transwell invasion assays with matrigel. Cells were counted after

staining with 0.1% crystal violet. Scale bar = 500 μm. Representative images are shown on the left panel, and the statistical graphs on the right panel indicate the average

number of cells per field 48 h after transfection. (C) The effect of PHI on E-cadherin and Vimentin of PANC-1 cells was investigated by Western blot assays. **p<0.01, vs

DMSO group.
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and B). However, HPNE cells were not sensitive to PHI

treatment. The above results suggest that PHI exhibits potent

anti-PC activity in a dose-dependent manner by inducing

apoptosis of PC cells. In addition, 100 μm PHI and PANC-1

cells were selected for subsequent experiments due to the

toxicity and sensitivity of PHI.

PHI Effectively Suppressed PANC-1 Cells

Migration and Invasion
Cancer cells are highly migratory and invasive, especially

in PCs, where cancer cells are further induced to

metastasize.25 Thus, we investigated the effect of PHI on

PANC-1 cells. Using transwell assay, the results showed

that PHI could inhibit PANC-1 migration and invasion

(Figure 3A and B). Epithelial–mesenchymal transition

(EMT) is a serious consequence of excessive migration

and invasion of cancer cells. To investigate whether PHI

affects the expression of genes that regulate an EMT, we

investigated the expression of the epithelial (E-cadherin)

and mesenchymal markers (Vimentin) in PC cells. As

shown in Figure 3C, compared to the DMSO group,

PANC-1 cells treated with PHI significantly reduced

Vimentin and increased E-cadherin expressions. These

results confirm that PHI has a protective effect on cell

migration, invasion, and EMT.

MELK Is Highly Expressed in Human PC

and Involved in Survival Curve
Previous studies have shown that MELK is a candidate

drug target that may be related to the development of

Figure 4 The expression and roles of MELK in PC. (A) GEPIA database indicated MELK mRNA level in PAAD and paratumor tissues. (B) The pathology staining of MELK in

PAAD cases. (C, D) Survival analysis by MELK mRNA expression was shown on GEPIA in PAAD. The overall survival (C) and the disease-free survival (D) were shown in

months in the Kaplan–Meier analysis.
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PC.26 In this study, we analyzed MELK expression in PC

using the TCGA database. As shown in Figure 4A, MELK

expression was higher in the tumor group than in the

normal group. Then, the immunohistochemistry (IHC) of

PC slide also showed strong expression of MELK

(Figure 4B). The survival curves further revealed that

MELK was negatively correlated with both overall survi-

val (OS) and disease-free survival (DFS) in PC patients

(Figure 4C and D). These results suggest that MELK may

be a potential target for PC therapy.

PHI Might Target the Catalytic Domain of

MELK
In this study, we first applied molecular docking to the

construction of the initial binding pose between MELK

and PHI. As shown in Figure 5A, the docking results

indicated that PHI could bind efficiently to the catalytic

domain of MELK. In order to explore the stability and

dynamic behavior of molecular docking, the binding mode

of molecular docking prediction was submitted to 300 ns

molecular dynamics (MD) simulations. Firstly, the root-

mean-square deviations (RMSDs) of the protein backbone

atoms (Cα) of MELK, and the heavy atoms of PHI were

monitored to investigate the stability of the simulated com-

plex. As shown in Figure 5B, both the RMSDs of Cα of

MELK and PHI have relatively small fluctuations after 100

ns MD simulation, indicating that we obtained a series of

stable conformations via MD simulations. To highlight the

key residues during the binding of PHI to MELK, the

binding-free energies for each residue were decomposed

based on the molecular mechanics/generalized Born surface

area (MM/GBSA) method. As shown in Figure 5C, the

most contributed residues were Ile-17, Phe-151, Val-25,

Leu-139, Leu-27, Ala-38, Ile-139, Tyr-88, Leu-86, and

Gly-92. Structural analysis showed that the predominant

residues were hydrophobic amino acid around the PHI

(Figure 5D). Next, using ELISA assay, PHI was shown to

have a strong inhibitory effect on MELK in a dose-

dependent manner (Figure 5E).

Overexpression of MELK Reduced

PHI-Induced Cytotoxicity
Furthermore, we confirmed that MELK is involved in PHI-

mediated PC cell cytotoxicity. To this end, we modulated

Figure 5 Molecular modeling analysis of PHI to the binding pocket of MERK. (A) Binding mode predicted by molecular docking. (B) RMSD curves for the 300 ns MD

simulation. (C) 10 most contributed residues between MERK and PHI. (D) Structural analysis of the 10 most contributed residues of MERK to PHI. (E) PANC-1 (1 ×106)

were pretreated with PHI (50, 100, or 200 μM) or vehicle (DMSO) for 24 h. The levels of MELK in cells were detected as described in Methods. *p<0.05 or **p<0.01, vs

DMSO group.
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MELK expression through overexpression of plasmid and

siRNA, and then exposed the cells to PHI. First, we ensured

successful transfer of the p-CMV6-MELK plasmid to PANC-

1 cells (Figure 6A). Overexpression of MELK in PANC-1

cells decreased PHI-induced cytotoxicity (Figure 6B).

Meanwhile, PHI-inhitied EMT effects were strongly blocked

after overexpression of MELK (Figure 6C). Then, we deter-

mined the effects of siRNA-mediated depletion of MELK on

human PC cells. Knockdown of MELK by siRNA markedly

attenuated MELK expression in PANC-1 cells (Figure 6D).

The silencing of MELK in PANC-1 cells increased the cyto-

toxicity of PHI (Figure 6E), thereby increasing PHI-induced

EMT levels (Figure 6F). These results suggest that PHI may

be a candidate inhibitor of MELK in PC.

Discussion and Conclusion
As one of the most common and lethal forms of cancer in the

world, PC remains a huge global health concern. Among the

existing therapies, systemic chemotherapy is still the main

treatment for PC patients.27,28 Over the years, the use of

chemotherapeutic drugs, such as administration schedules

and frequency of toxicity monitoring, has led to steady

improvements in patient management.29 However, there

remains an urgent need to discover and develop novel, effec-

tive, and non-toxic agents for patient care. Although gemci-

tabine-based chemotherapy has improved survival in PC

patients, the improvements are still limited.1,27 A number

of factors could account for the limited performance of

chemotherapy, including the extrinsic or intrinsic resistance

to conventional therapies.30 Therefore, increasing the sensi-

tivity of cancer cells to chemotherapeutic agents and finding

new therapeutic targets can improve the survival of patients.

One strategy toward this end may be traditional Chinese

medicine (TCM), which has shown great promise in PC-

related research and clinical studies. The existing literature

has already documented good anti-tumor effects with more

Figure 6 PHI inhibited cell proliferation and EMT by inhibiting MELK. (A) Overexpression of MELK by p-CMV6-Myc-MELK in PANC-1 cells. MELK protein levels were

assessed 24 h after transfer of p-CMV6-MELK. (B) Overexpression of MELK increased cell proliferation in PANC-1 cells. (C) Overexpression of MELK increased EMT in

PANC-1 cells. (D) Knockdown of MELK expression by siMELK in PANC-1 cells. MELK protein levels were assessed 48 h after transfer of siMELK. (E) The silencing of MELK

decreased cell proliferation in PANC-1 cells. (F) The silencing of MELK decreased EMT in PANC-1 cells. **p<0.01, vs p-CMV6-Control or siNC group, #p<0.05 or

##p<0.01, vs p-CMV6-MELK or siMELK group.
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than 50 kinds of TCM in the treatment of PC, like oblongi-

folin C, oridonin, and Wumei.31–33

PHI is a phenylethanoid glycoside isolated from the

Chinese medicinal Osmanthus fragrans flower, which has

been proven to have various pharmacological properties,

such as anti-oxidation, hypolipidemic inhibition, and inhibi-

tion of low-density lipoprotein oxidation.34,35 However, the

mechanism of PHI-mediated anti-tumor action has not been

fully elucidated. In this study, we found that PHI dose-

dependently decreased PANC-1 and SW1990 cells viability

by MTT assay and induced PANC-1 and SW1990 cells

apoptosis by flow cytometric analysis. In addition, PHI sig-

nificantly inhibited the migration, invasion and EMT pro-

gression of PANC-1 cells.

Another interesting finding is that we first discovered that

PHI may directly bind to MELK in PC cells, leading to cell

proliferation and migration. MELK is expressed in stem/

progenitor cells in some adult tissues and is involved in

a variety of biological processes, including the control of

cell proliferation. Chung et al found that the silencing of

MELK significantly decreased the development of PC.26

Some research shows that MELK promotes CDK1 involve-

ment in cell cycle and cell progression in cancers.36 Through

molecular modeling, we predicted that PHI might bind to the

catalytic binding site of MELK and inhibit the development

and progression of EMT PC cells. However, the mechanisms

underlying these processes remain to be further clarified and

should become the focus of future studies.

In summary, we first investigated and reported the

anti-PC effects of PHI and its underlying mechanisms.

We found that PHI reduced the growth of PC cells

through inhibition of MELK. These changes led to the

arrest of PC cells and induction of apoptosis. These

results indicate that TCM-PHI holds great promise as

a potential candidate agent for the treatment of PC. In

addition, our results also suggest that MELK activation

could be a potential target for the development of new

anti-cancer agents.
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