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Inappropriate DNA methylation of tumour suppressor genes can affect their expression and function, and as such,
DNA methylation has been a promising target for anti-cancer therapy. In gynaecological malignancy, ovarian can-
cer has the highest associated rate of mortality. This study investigated the in vitro cytotoxicity of four sesquiter-
pene lactones (SLs), including dehydroleucodine (Deh), alantolactone (Ala), costunolide (Cos), and parthenolide
(Pat), and their effect on DNA methylation in ovarian cancer. The binding of the SLs with DNA methyltrans-
ferases (DNMTs) were studied using molecular docking. The in vitro antiproliferative activity was evaluated in
human ovarian cancer cell lines. SL-induced pro-apoptotic activity and effect on cell cycles was evaluated using
enzymatic assays and flow cytometry. Global DNA methylation and DNMTs activity by SLs were measured using
ELISA assays. DNA methylation and expression of tumour suppressor genes MHL1 and PTEN were quantified
using pyrosequencing and RT-qPCR, respectively. SLs displayed strong binding to DNMT1, 3A and 3B in silico,
with Deh exhibiting the strongest binding. SLs showed cytotoxicity in the order of Deh ~ Ala > Pat > Cos, in-
duced apoptosis, and arrested cell cycle at G2/M phase. Deh and Ala possessed DNMT inhibitory activity, reduced
global and gene-specific DNA methylation, and increased expression of notable MHLI and PTEN, which could
contribute to the induction of apoptosis and cell death. In conclusion, Deh and Ala, possess strong cytotoxicity
and hold the exciting potential as novel therapeutic agents in ovarian cancer.

Introduction

DNA methylation is among the underlying mechanisms for multi-
step processes driving the transformation of normal cells into tumour
cells. Aberrant DNA methylation of CpG rich regions, known as CpG is-
lands (CGI), especially at the gene promoter region (approximately 70%
of mammalian genes have promoter associated CGIs) [1], is known to
contribute to the regulation of gene expression. Where such abnormal
methylation is associated with recognised or putative tumour suppres-
sor genes or oncogenes, altered expression may impact various cellular
mechanisms and cell cycle control, causing or contributing ultimately to
cancer formation [2,3]. As a key mechanism of gene expression regula-
tion, DNA methylation is maintained throughout the genome and during
cell division, by the DNA methyltransferases (DNMTs). Inappropriate
methylation of tumor suppressor genes (typically hypermethylation of
promoter-associated CGIs), can result in their transcriptional silencing
and lead to tumor development; thus, inhibition of inappropriate DNA

methylation changes in cancer cells, can be effective in ‘normalizing’ cel-
lular processes such as differentiation and apoptosis [4]. There are three
active types of DNMTs, namely DNMT1, DNMT3a and DNMT3b, the last
two of which share a high level of homology. Structurally the enzymes
consist of a catalytic and DNA recognition domain at the C terminal, and
a regulatory domain at the N terminal. Methyltransferase functional-
ity is mediated by the co-factor, S-adenosyl-L-methionine (SAM), which
transfers a methyl group to the cytosine of CpG, and is simultaneously
converted to the co-factor product S-adenosyl-L-homocycteine (SAH)
[2,5]. Another type, DNMT3L, although catalytically inactive alone, is
associated with DNMT3a and DNMT3b, and also participates in tran-
scriptional regulation [6]. Two DNMT inhibitors 5-azacytidine (Aza)
and decitabine have been approved for clinical use in the treatment
of chronic myelomonocytic leukaemia, and acute myeloid leukaemia
[7,8].

Ovarian cancer is the eighth most common malignancy world-
wide, and the seventh highest in terms of cancer mortality rate [9].
The treatment for ovarian cancer is multimodal, and may include
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surgery, chemotherapy, radiotherapy, and/or immunotherapy [10].
The chemotherapeutic drug are mainly paclitaxel, carboplatin, and in-
hibitors of poly(ADP-ribose) polymerase (PARPi). Each of these options
can have significant patient side-effects, and may be limited by avail-
ability, cost, lack of efficacy, and development of drug resistance. There-
fore, the search for novel therapies is vitally important to overcome the
current clinical difficulties and improve quantity and quality of life for
women with ovarian cancer [11].

There are two major DNA methylation pattern changes in ovar-
ian cancer, and indeed in many other tumour types, site-specific and
promoter-associated CGI hypermethylation, and gene-body hypomethy-
lation. Inappropriate methylation patterns can affect the transcriptional
competence of a variety of genes, importantly, including tumour sup-
pressor genes such as BRCA1 and P53. Abnormal transcription and func-
tion of such genes is vital for normal cellular processes such as DNA re-
pair, cell cycle progression, cell adhesion, apoptosis and angiogenesis.
Loss of regulation in any of these functions or processes may lead to
cancer development. Furthermore, inappropriate gene body and repeat
sequence hypomethylation can result in genomic instability and chro-
mosomal rearrangement, and loss of transcriptional silencing of onco-
genes, again promoting tumour development [12,13]. Many tumour
suppressor genes transcriptionally silenced by DNA hypermethylation
have been well characterized in multiple tumour types, these include:
PTEN, TP53, HOXA9, and hMLH1 [14-16]. Mutations of these genes us-
ing CRISPR-Cas9 genome editing techniques in mouse cells generated
ovarian tumour, proving their importance in ovarian cancer [17]. The
promoter region of KF14, an oncogene that codes for a mitotic kinase,
has been shown to be hypomethylation and over-expressed in ovarian
cancer [18]. The increased expression of this gene, thought secondary
to methylation change, could therefore be an important therapeutic tar-
get [19]. Additionally, hypermethylation of the promoter regions of
the tumour suppressor genes including Tumour Suppressor Candidate
3 (TUSC3) [20] and Deleted in Lung and Esophageal Cancer 1 (DLEC1)
[21], has also been associated with reduced expression of these genes
in epithelial ovarian cancer. Therefore, drug-mediated epigenetic mod-
ulation (of DNA methylation) could be an important target for novel
treatment in ovarian cancer, namely by resetting DNA methylation to
re-induce the ‘normal’ transcriptional silencing of oncogenes and/or in-
creasing the expression of repressed tumour suppressor genes [19].

Plant-derived natural products (e.g. paclitaxel) or extracts have
been used or investigated for ovarian cancer treatment [22]. Fur-
thermore, small molecules [23] including both synthetic [24] and
natural products [25] have been explored for their effect on DNA
methylation for cancer treatment. Phytochemicals such as curcumin,
epigallocatechin-3-gallate, genistein [25], S-allycysteine[26], and gin-
senoside Rg3 [27] have all been shown to inhibit DNMT activity and
alter DNA methylation patterns. Many of these compounds are widely
present in traditional Chinese medicine [28]. Sesquiterpene lactones
(SLs) are a large group of natural products comprising of 15-carbon
atoms with three isoprene units and a lactone group. The cytotoxicity of
SLs to cancer cells was first found fifty years ago [29]. Since then, many
SLs have been discovered and demonstrated to have the ability to target
specific signalling pathways, making them good candidates for drug dis-
covery [30] and repurposing in various tumour types [31]. Currently,
SLs or their derivatives such as artesunate, dimethylaminoparthenolide,
and a thapsigargin derivative are being evaluated in the cancer clini-
cal trials [32,33]. SLs in various traditional Chinese medicine showed a
plethora of biological activities including anticancer potential. For ex-
ample, dehydroleucodine (Deh) isolated in the Chinese medicinal plant
Artemisia atrovirens [34] and A. douglasiana [35] showed gastroduodenal
mucosal protection [36], inhibition of chemicals-induced mast cell de-
granulation [37] and neuropeptide-induced mast cell activation [38].
Deh also showed cytotoxicity in mouse melanoma cells and a mouse
melanoma model [39], human astrocytoma [40] and leukaemia cells
[41]. Alantolactone (Ala) present in traditional Chinese medicine Inula
helenium L [42]. exhibited cytotoxicity in lung [43,44], glioblastoma
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[45] and breast [46] cancer cells. Parthenolide (Pat) from Tanacetum
parthenium showed anti-thyroid cancer activity [47]. Costunolide (Cos)
present in the Chinese medicine such as Aucklandia lappa Decne [48] and
Saussurea lappa Clarks inhibited autophagy in hepatocellular carcinoma
cells [49]. Despite the potential relevance of these compounds in can-
cer treatment, little is known about their roles in epigenetic regulation,
especially in DNA methylation and inhibition of DNMTs, although a pre-
vious study has shown that Pat inhibited DNMT1 [50]. Here we sought
to explore the potential cytotoxicity of the four selected SLs (Deh, Ala,
Cos, and Pat) [51], and further evaluated their roles in DNMT inhibi-
tion, DNA methylation, and impact upon patterns of gene expression in
ovarian cancer cells.

Materials and Methods

Deh, Ala, 4’, 6-diamidino-2-phenylindole (DAPI), copper (II) sul-
phate solution, propidium iodide, and Ribonuclease A from bovine pan-
creas were from Sigma Aldrich. Pat, Cos, and Aza were purchased from
Abcam Plc, UK (Table S1). Caspase-Glo 3/7, caspase-Glo 8 and caspase-
Glo 9 assay kits, and high-performance GoTag® G2 DNA polymerase
with Mg-free buffer system were from Promega, UK. Trichloroacetic
acid (TCA), mitoprobe DiIC1 assay kit, actinRed™ 555 ReadyProbes™
reagents, TAE buffer (Tris-acetate-EDTA) (50x), gene ruler 100 bp plus
DNA ladder and dNTP mix were products of Fisher scientific, UK.

RNase A, RNeasy Mini Kit, DNeasy Blood and Tissue Kit and Quan-
tiFast SYBR® Green RT-PCR Kit were from Qiagen, UK. Ethidium bro-
mide, agarose, PyroMark PCR kit, PyroMark gold Q24 reagents, Pyro-
Mark wash buffer, PyroMark binding buffer, PyroMark annealing buffer,
streptavidin sepharose™ high performance and primers were also from
Qiagen (Table S1). MethylFlash Global DNA Methylation (5-mC) ELISA
Easy Kit (Colorimetric), EpiQuik DNMT Activity/Inhibition Assay Ultra
Kit (Colorimetric), EpiQuik Nuclear Extraction Kit, and EZ DNA Methy-
lation Kit Gold were from Epigentek. Annexin V-FITC, annexin V buffer
and propidium iodide solution were from Miltenyi Biotec Ltd.

Molecular modelling

The ligand models were generated and optimized using Macro-
Model (2019-2, Schrodinger, LLC, New York, NY, 2019) according to
the OPLS_2005 force field parameters and conjugate gradient method
[52]. The molecular descriptors were calculated using QikProp (2019-
2, Schrodinger, LLC, New York, NY). For human DNMT1 (Protein data
bank (PDB) ID: 4WXX, resolution: 2.62 10\) [5], for human DNMT3A crys-
tal structures (PDB ID: 5YX2, resolution: 2.65 A) [53] were downloaded
from the RCSB Protein Data Bank (www.rcsb.org), while the human
DNMTS3B structure was built by homology modelling on MODELLER
[54] using DNMT3A crystal structure as template [55]. For homology
modelling of DNMT3B, the query and template sequences were aligned
pairwise, and 100 initial models were built according to this alignment.
The co-crystallized ligand in the template’s catalytic site, SAH, as well
as the water molecules, was transferred from the template to the mod-
els. The best model was selected upon discrete optimized protein energy
(DOPE) scores. The protein structures were prepared for docking using
Protein Preparation Wizard of Maestro (2019-2: Schrodinger, LLC, NY,
2019) [56] of Maestro (2019-2: Schrodinger, LLC, NY, 2019). During
this process, unwanted residues were removed, missing side chains were
filled, hydrogens were added, bond orders were assigned, ionization and
tautomeric states were generated, and proton orientations were set (Epik
2019-2: Schrodinger, LLC, NY, 2019; Prime 2019-2: Schrodinger, LLC,
New York, 2019). DNMT3B homology model was further subjected to
restrained minimization with converging heavy atoms to a root-mean
square deviation (RMSD) value of 0.30 A for heavy atoms, and then ana-
lyzed using PROCHECK server [57]. For molecular docking Glide (2019-
2: Schrodinger, LLC, NY, 2019) [58-60], AutoDock (v4.2, The Scripps
Research Institute, San Diego, CA) [61] and AutoDock Vina (v1.1.2, The
Scripps Research Institute, San Diego, CA) [62] were used. Grid maps
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of the receptor active sites large enough to accommodate the ligands
were prepared using the receptor grid generation panel of Maestro for
Glide and AutoGrid for AutoDock. The centroid coordinates of the co-
crystallized ligand (DNMT1: -47.39 61.24 7.04; DNMT3A: 60.52 32.41
-21.22; DNMT3B: 60.50 32.39 -21.25) were taken as the center of search
space for each protein and the grid size was set as 27,000 A3, For Glide,
standard precision mode was used; for AutoDock, Lamarckian genetic
algorithm was selected, and the docking simulations were run 50 times
per ligand. For AutoDock Vina, the default settings were preserved. Fol-
lowing visual evaluation, the docking score of the best pose of each
ligand was noted.

Cell culture

The human ovarian cancer cell lines (CIS-A2780, OVCAR-8 and
OVCAR-4) were products of the American type culture collection
(ATCC). CIS-A2780 cell line is a derivate of the A2780 cells previously
exposed to cisplatin which made the cells cisplatin-resistant. The nor-
mal human ovarian epithelial (HOE) cells were purchased from Applied
Biological Materials (ABM) Inc.

The Rosewell Park Memorial Institute (RPMI 1640, Lonza) medium
with 10% foetal bovine serum (FBS), 2 mM glutamine and 50 pg/mL
penicillin-streptomycin (Pen strep) were used to culture the cancer cells
and HOE cells [63,64]. Cells were grown and maintained in a standard
humidified incubator at 37°C, in 5% carbon dioxide (CO,) conditions
throughout this study.

Cell growth inhibitory assay

The cytotoxicity of the four SLs and positive control Aza were in-
vestigated using sulforhodamine B (SRB) assay as described previously
[63,64]. The data were analysed by non-linear regression using the
Graph pad PRISM 6.0 software to fit a 4 parameter sigmoidal dose-
response curve to determine ICs, values. Three independent and three
replicates of experiments were performed.

Trypan blue assay

The cytotoxicity of the four SLs and cell viability was studied using
trypan blue assay (TBA) [64]. Briefly, the cells (CIS-A2780, OVCAR-8,
and OVCAR-4) were seeded in 12 well plates at a density of 1 x 10°
cells per well in 1mL of growth media. Three different concentrations
of the studied compounds (5, 10 and 20 uM) were administered to the
cells after 24 h incubation. Medium containing 0.1% DMSO was used as
negative control, while Aza was used as positive control. Cell viability
was determined using haemocytometer and trypan blue exclusion at dif-
ferent time points (24, 48 and 72 h) after treatment. The percentage (%)
of cell death was thereafter determined and data presented in graph.

Apoptosis detection using caspase 3/7, 8 and 9 markers

Caspase 3/7, 8 and 9 activities was analysed using caspase-Glo 3/7, 8
and 9 assay kits on 96-well microplates according to the manufacturer’s
instruction and as previously reported [64,65]. Briefly, the cells (CIS-
A2780, OVCAR-8 and OVCAR-4) were seeded in 96 well plates at a cell
density of 5000 cells/well in 80 pL growth media, and exposed to two
different doses (10 and 20 uM) of each compound after 24 h incubation.
After 48 h exposure to the treatment compounds, 25 puL of Caspase 3/7,
8 and 9 Glo-reagents were added, and the cells incubated further in the
dark for 40 min on a gentle rocker. The luminescence was measured
with microplate reader at 570nm. SRB assay was performed for each
treatment at the same condition on different well plates, to help quantify
the actual caspase 3/7 activation with response to compound treatment
and cell number.
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Flow cytometry analysis of cell apoptosis

Annexin V-FITC and propidium iodide staining of CIS-A2780 cell
line were carried out using flow cytometry as described previously [64].
Briefly, cells were seeded in 12 well plates at a density of 2 x 10° cells
per well in 1 mL of growth media and incubated for 24 hours. Two
different concentrations of the studied compounds (ICs, value and 2x
IC5, value of each compound) were administered to the cells after 24
hours incubation with 0.1% of DMSO in medium included as negative
control. Supernatant was aspirated and cells were re-suspended in 500
pL binding buffer before 5 pL of propidium iodide was added to distin-
guish cells in early apoptosis from cells in late apoptosis, prior to flow
cytometry analysis on Beckman Coulter Cytoflex equipped with CytEx-
pert software for data acquisition and analysis. Prior to cell analysis on
flow cytometry, daily QC was performed to verify the alignment of the
cytoflex flow cytometer. The population of the cell was gated on the side
scatter area (SSC) and forward scatter area (FSC) to exclude the debris
and doublet. The data was distributed in the FITC and PE channels. The
data was analyzed using the CytExpert software.

Cell cycle analysis

The effect of the four SLs on the cell cycle in CIS-A2780 cell line
was studied using flow cytometry as previously described [64]. Cells
were seeded in 12 well plates at a density of 2 x 10> cells per well
in 1 mL of growth media and incubated for 24 hours. Two different
concentrations of the studied compounds at approximate (ICs, value
and x 2 of IC5, value of each compound) were administered to the cells
after incubation for 24 hours. 0.1% of DMSO in medium was used as
negative control. In all cell cycle assays, cell pellets were collected after
48 hours of treatment with each compound to evaluate their early effects
on cell homeostasis. The cell cycle phase was presented using histogram
on the PE channel with count on the vertical channel using the CytExpert
software.

Evaluation of inhibitory activity of SLs against DNMT

Nuclear extraction of CIS-A2780 cells was performed using the
Epiquick™ nuclear extraction kit. The inhibition of DNMT activity
by the SLs at two different concentrations was carried out using the
EpiquickTM DNMT activity/inhibition assay ultra-kit (colorimetric as-
say) according to the manufacture protocol (Supporting information).

Quantification of global and gene specific DNA methylation

CIS-A2780 cells were seeded in 6 well plates at a density of
4 x 105per well in 2 mL of growth media, and incubated for 24 hours.
Two different concentrations of the studied compounds at ICs, value
and 2x of IC5, value were administered to the cells, after 72 hours of in-
cubation cells were harvested. 0.1% medium was used as negative con-
trol. DNA was extracted using QIAamp DNA mini kit (Qiagen) according
to the manufacturer’s instructions. The total 5-methylcytosine content
in DNA was detected using MethylFlash™ Global DNA methylation (5-
mC) ELISA easy kit (Colorimetric) (Epigentek NY, USA) according to the
manufacturer’s instructions (detail see Supporting Information).

Pyrosequencing assay for quantification of gene promoter specific DNA
methylation

PyroMark assay design 2.0 software used to design primers (for-
ward, reverse, and sequencing primers with either the forward or re-
verse primer biotin labelled) (Table S2). MLH1 and PTEN were evalu-
ated. DNA was extracted from CIS-A2780 cells and bisulfite converted.
Bisulfite conversion was performed with EZ DNA methylation-Gold™
kit from Zymo research (Epigenetics Company) according to the man-
ufacturer’s instruction (Supporting information). PCR was performed
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Table 1
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The chemical structure, calculated descriptors and number of RO5 violations of the four SLs and Aza.

Comp. RB (0-15) MW (130 - 725 Da) HD (0-6) HA (2-20) LogP (-2.0-6.5) PSA (7-200 A2) ROS5
Deh 1 244.3 0 5 1.5 66.3 0
Ala 1 232.3 0 3 2.8 38.2 0
Cos 1 232.3 0 3 2.7 40.6 0
Pat 1 248.3 0 5 1.8 46.1 0
Aza 5 244.2 5 11.8 -2.6 153.8 0

using PyroMark® PCR kit from Qiagen. Bisulfite converted DNA was
used as starting material. The PCR product was checked by agarose gel
analysis prior to pyrosequencing. PyroMark Q24 reagents and system
were used for analysis of pyrosequencing reactions. The pyroMark Q24
machine protocol for pyrosequencing and Qiagen protocol were used
in this study (Supporting Information). The percentage methylation at
each CpG site was identified for further analysis.

Quantitative reverse transcription polymerase chain reaction (RT-gPCR)

RNA was extracted from CIS A270 cells using RNeasy Min kit.
RT-qPCR was performed using QuantiFast® SYBR green RT-PCR
kit. Primers were designed using the Integrated DNA technologies
PrimerQuest® Tool, the gene transcripts were determined and obtained
from Ensembl/National Center for Biotechnology Information (NCBI)
(Table S3). Primer-BLAST was done to check for primer specificity, and
primer self-complementarity check was also done and melting temper-
atures (Tm) were determined. All the primers used were desalted and
optimised to determine their optimum annealing temperatures. The PCR
plates were placed in the real-time cycler and the thermal cycling pro-
gramme was run (Supplementary materials). The Ct values were ar-
ranged in excel worksheet and the mRNA expression was determined
with the Ct values, the relative gene expression changes were calcu-
lated based on 2 (-Delta Delta Ct) method [66]. GAPDH was used as an
internal control gene to normalize the variations in gene expression.

Statistical analysis

All data generated from this study were organized in Microsoft Excel
and were independently subjected to statistical analyses for better in-
terpretation and presentation using GraphPad prism 6 software (Graph-
Phad Software Inc.). One-way analysis of variance (ANOVA) and student
t test were used to evaluate potential differences between the mean of
control and treatments and mean of treatment at different concentra-
tions were significant. Post hoc Dunnetts’ test was used to determine
which of the concentration of the treatment was significant to the con-
trol, while the Tukey test was used to determine which of the concen-
tration of a particular treatment was significant when compared. The
significance level at p < 0.05, p < 0.01, p < 0.001 and p < 0.0001 are
represented as (*), (**), (***) and (****).

Results
Evaluation of the chemical space of the four selected SLs

Plant-derived SLs were evaluated in terms of drug-likeness using
the molecular descriptors [67] which define drug-like chemical space
(molecular weight MW, number of rotatable bonds RB, H bond donor
count HD, H bond acceptor count HA, logarithm of octanol/water parti-
tion coefficient LogP, and polar surface area PSA) (Table 1). Compounds
were also checked for violations of the Lipinski’s rule of five (RO5) (HD
< 5, HA <10, MW < 500, LogP < 5), an accepted criteria set for orally
active drugs [68].

Table 1 presents an ideal values range that defines the drug-like
chemical space limits for each descriptor. The descriptors are within
these ranges for the compounds except Aza, which had very low LogP

value. All the compounds complied with the RO5 showing that the com-
pounds have the potential for development as drug candidates.

Molecular modelling

Currently available 3D structures of human DNMT3B do not cover
the catalytic site. Therefore we created a homology model of hu-
man DNMT3B with the catalytic domain and substrate using compar-
ative modelling approach [69]. According to the Basic Local Alignment
Search Tool (BLAST), DNMT3A crystal structure showed the highest se-
quence homology to DNMT3B. Among these structures, 5YX2 was se-
lected due to its resolution and percentile ranks. Using this structure
as template and a pairwise sequence alignment, initial 100 DNMT3B
models were built. The model with the lowest DOPE score (-33107.26
kcal/mol) was selected and analyzed regarding stereochemical qual-
ity by PROCHECK. According to the Ramachandran plot, 94.3% of the
amino acids were in the core region and only one (Asn626) was in the
disallowed region (Fig. S1). The model satisfied all the side chain pa-
rameters, and all the planar groups were within their accepted limits.

Molecular docking

The crystallographic data available for DNMT1, 3A and 3B so far
suggest a number of potential ligand binding sites including co-factor
binding site and the catalytic site, however there is only one human X
ray DNMT1 structure with an inhibitor, sinefungin (adenosyl-ornithine)
(PDB ID: 3SWR). Sinefungin is a natural analogue of SAH with antifun-
gal, antiviral and antiparasitic activity through RNA and DNA methyl-
transferase inhibition (Fig. S2) [70,71]. Sinefungin is observed to bind
to the co-factor site in a very similar way as SAH and SAM. For this rea-
son, we explored the binding interactions of the ligands in the co-factor
binding site of the selected crystal structures and homology model, all
of which include SAH to enable comparison of the docking results. First,
we re-docked SAH to the target proteins and calculated the root-mean-
square deviation (RMSD) values regarding its original conformer in each
protein. On Glide the RMSD values were 1.14, 0.61, and 0.33 A; on
AutoDock 2.36, 0.51, and 0.88 A; on AutoDock Vina 1.00, 0.51, and
1.40 A for DNMT1, DNMT3A and DNMT3B, respectively. These results
indicate reliability for these methods with the preferred settings and
protein structures.

Docking scores, or fitness scores, predicted by the molecular dock-
ing software suits provide estimations of the strength of a given ligand-
receptor complex. For the docking scores from the software used in this
study, lower values indicate higher affinity. According to Table 2 it can
be suggested the overall affinity of the compounds were slightly higher
for DNMT1 than to DNMT3A, which also provides an understanding
of the selectivity level for the compounds toward the three DNMTs al-
though the selectivity in the scoring functions may not be observed in
vitro. According to Glide, Aza has the best scores in the series with espe-
cially higher affinity to DNMT3B than the other compounds. Also, Deh
has good scores, especially with DNMT1. According to AutoDock and
AutoDock Vina Deh is the top—scoring compound.

The compounds with better scores were observed to interact with
the important residues for forming complexes with SAH (Fig. S3). Deh
forms an H-bond with Cys1191 of DNMT1 according to Glide and with
Gly1149 and Leul151 according to AutoDock, which are one of the key
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Table 2
Docking scores of the binding of four SLs and Aza to three DNMTs using Glide, AD and AD
Vina (kcal/mol).
DNMT1 DNMT3A DNMT3B

Comp. Glide AD AD Vina Glide AD AD Vina Glide AD AD Vina

Deh -6.7 -7.9 -7.1 -5.5 -7.8 -7.5 -4.7 -7.6 -6.8

Ala -5.7 -6.2 -6.8 -5.1 -6.8 -5.9 -3.8 -6.3 -5.9

Cos -5.2 -6.9 -7.0 -6.0 -6.8 -5.9 -4.6 -6.4 -6.3

Pat -4.9 -6.3 -6.8 -4.4 -5.1 -4.1 -3.4 -5.2 -4.5

Aza -6.6 -2.9 -6.9 -6.5 -2.4 -7.0 -6.0 -2.8 -7.3

Fig. 1. Binding interactions of Deh with the co-factor binding site residues of DNMT1 (A-C), DNMT3A (D-F), and DNMT3B (G-I) predicted by Glide (A, D, G),
AutoDock (B, E, H), and AutoDock Vina (C, F. I), respectively. Ligands are represented as stick-and-balls, residues as sticks, and H-bond interactions as yellow dashed

lines.

residues of the SAH-DNMT1 complex (Fig. 1). AutoDock also predicts an
H-bond between Deh and Ile643 of DNMT3A, as well as between Deh
and I1e584 of DNMT3B, which are also highlighted in SAH-DNMT3A and
SAH DNMT3B complexes, respectively. The tetrahydrofuranone moiety
of Deh is responsible for these interactions.

Antiproliferative activity of sesquiterpene lactones (SLs)

The antiproliferative activity of the four SLs and 5-azacytidine (Aza)
were evaluated by the growth of three ovarian cancer cell lines (CIS-
A2780, OVCAR-8 and OVCAR-4) and immortalised normal human ovar-
ian epithelial (HOE) cells (Fig. 2). The selectivity indexes (SIs) against
CIS-A2780 cell line were determined. The four SLs significantly in-
hibited ovarian cancer growth with IC5, values of 2.0-12.2uM. Deh,
and Ala showed higher in vitro anti-ovarian cancer activity with the
lower ICs, values than Pat and Cos with their slightly higher ICs, val-
ues (Fig. 2A and B). The positive control (Aza) displayed a significant
growth inhibitory activity with ICs, values of 3.5-6.4 uM. Furthermore,
the growth inhibitory activity of the four SLs was higher against CIS-
A2780 and OVCAR-8 than OVCAR-4 cells (Fig. 2B). In addition, the
higher ICs, values of each of the SLs on HOE, compared with ovar-
ian cancer cell lines, indicated that SLs possess stronger antiprolifera-

tive activity against ovarian cancer cell lines than HOE cells. All SLs
showed SI around 3-4.3, while Aza less than 1. The SI results sug-
gest that the antiproliferative activity of Cos and Pat are more cancer
specific than Deh and Ala, while Aza showed the least cancer specific
activity.

We next confirmed that the cytotoxicity of these SLs was caused via
induction of cell death in three cell lines with three different concentra-
tions (5, 10 and 20 uM) at 24h, 48h, and 72 h (Fig. 2C, Fig. S4).

Induction of apoptosis by SLs

Light and fluorescence microscopy were used in the evaluation of
change in the morphology of cellular, nuclear and actin structures of
ovarian cancer cell lines after treatment with SLs. Changes in cellular
structure (Fig. S5) and disruption to the actin filament networks (Fig.
S6) are clearly observed, which indicate induction of apoptosis.

Caspase 3/7, 8 and 9 activities were next evaluated following SLs and
Aza treatment of three ovarian cancer cell lines. The four SLs increased
the activity of caspase 3/7 in CIS-A2780 cells (Fig. 3A). Deh, Ala and
Pat showed similar caspase 3/7 activity in CIS-A2780 cells with 11-, 1-2
and 15-fold increase respectively, while Cos caused the lowest increase
in caspase 3/7 activity, with 5-fold increase at the highest concentra-
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Fig. 2. SLs induce cytotoxicity in ovarian cancer cells. A, Mean concentration-response curves of antiproliferative activities of SLs and Aza on CIS-A2780, OVCAR-8,
OVCAR-4 and HOE cell lines using cell growth inhibitory SRB assay. All cell lines were treated with different concentrations of each compound (0.16-40 uM) for 72h.
The data generated were analysed as mean + SEM of five repeated experiments. The negative control is denoted with C (cells without drug dose i.e. only medium
with 0.2% DMSO). B, The ICg, results were generated from concentration-response curves, which are expressed as mean + SEM of five independently repeated
experiments in triplicate. SI is the ratio of IC5, of HOE to IC5, on CIS-A2780 cell line. C, Trypan blue exclusion cytotoxic assay at different concentrations (5, 10
and 20 uM) after 72 hours treatment of SLs. Aza was used as positive control and negative control group was treated with ordinary medium with 0.1% DMSO. The
percentage cell deaths were estimated and recorded as means + SEM of three repeated experiments. The significant level of the Dunnett’s multiple comparison test
of each compound with the control is denoted with asterisk (*), while the concentration dependent activity significant level using one-way ANOVA is represented
as plus (+). The significance level at p < 0.05, p < 0.01, p < 0.001 and p < 0.0001 are represented as (*), (**), (***) and (****). Similar pattern was followed for

significant difference within concentrations of the same compound.

tion. The positive control (Aza) showed the highest caspase 3/7 activity
with 28-fold increase over the negative control. All of the SLs induced
concentration-dependent changes in caspase 3/7 activities. Similar pat-
terns of increased caspase 3/7 activity were observed in OVCAR-8 and
OVCAR-4 cell lines (Fig. 3A).

Caspase 8 activity of the positive control (Aza) was 13-fold higher
than negative control, and significantly higher than the caspase 8 activ-
ity of each of the SLs in CIS-A2780 cells (Fig. 3B). Ala showed 5-fold
higher caspase 8 activity, while Deh, Pat and Cos showed an approxi-
mately 2-fold increase in caspase 8 activity. However, in OVCAR-8 and
OVCAR-4 cells, there was a significant increase of caspase 8 activity for
all four SL, in a concentration-dependent manner (Fig. 3B).

Caspase 9 activity in CIS-A2780 cells significantly increased after
treatment with the four SLs and the positive control (Aza), when com-
pared with the negative control, with Ala showing the highest (10-fold)
increase, while Deh and Pat showed a 3-fold increase, and Cos showed
a 2-fold increase at higher concentration (Fig. 3C). Aza stimulated a 22-
fold higher increase of caspase 9. Similarly, the four SLs and Aza further
increased caspase 9 activities in OVCAR-8, with only Deh, Ala and Cos
showing significant effect on caspase 9 activity at both concentrations
(10 and 20 uM). The increase in caspase 9 activity found after Pat and
Aza treatment was only significant at higher concentration (20 uM).
Ala, Cos and Pat stimulated a 5-, 4- and 4-fold caspase 9 increase, re-
spectively, while Deh and Aza led to only a 3-fold increases. In OVCAR-4
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**,p<0.01, ***, p < 0.001 and ****, p < 0.0001), while significant concentration dependent activity was denoted with plus (+) in a similar manner.

cells, Deh, Ala and Aza were the only compounds that significantly in-
creased caspase 9 activity, with Ala causing the highest caspase activity
(4-fold increase), while Cos and Pat did not significantly increase cas-
pase 9 activity in OVCAR-4 cell line (Fig. 3C). The caspase 9 activity by
Deh in OVCAR-4 was comparable to Aza.

To further elucidate the mechanism of action of these SLs causing cy-
totoxicity to cancer cells, Cis-A2780 cell line was used as a model for in
depth investigation. Evaluation of the pro-apoptotic activity of SLs and
Aza was first assessed using annexin V and propidium iodide (PI) stain-
ing. The four SLs and Aza induced significant apoptosis when compared
with the control (Fig. 4). The percentage of early and late apoptosis in-
duced by Ala at 5 uM (25.4% and 36.7%) and 10 uM (8.3% and 64.1%)
respectively, were higher than that of Deh at 5 uM (14.2% and 10.9%)
and 10 uM (16.3% and 27.5%), Pat at 10 uM (11.0% and 10.4%) and
20 uM (26.6% and 30.0%) and Cos at 10 uM (13.7% and 9.0%) and
20 uM (21.4% and 49.4%) respectively. Furthermore, the percentage
of apoptosis induced by Ala and Cos was relative to that of the posi-
tive control (Aza) at 5uM (13.8% and 63.3%) and 10 uM (13.1% and
68.7%) respectively. Only Cos and Pat showed concentration dependent
apoptotic activity in CIS-A2780.

Cell cycle analysis of ovarian cancer cell lines in response to SLs treatment

The four SLs and the positive control Aza significantly reduced the
percentage of cells at the G,-G; phase when compared with control.
Additionally, Ala, Cos and Aza reduced the percentage of cells in the G-
G, phase at both lower and higher concentrations, while Deh and Pat
only reduced it at higher concentrations (Fig. 5). The four SLs arrested
cells at both S and G,-M phase, while Aza caused profound cell-cycle
arrest at S phase. Ala, Cos, Pat and Aza increased the percentage of
cells in the sub-G; phase, consistent with the apoptosis assay findings.
Deh with strong pro-apoptotic activity only slightly increased sub-G;
population.

DNMT inhibitory activities of SLs and Aza

Ala, Pat and Aza significantly inhibited the enzymatic activity of
DNMTs in CIS-A2780 cell line (Fig. 6A), while a slight inhibitory ac-
tivity was also found in Deh-treated cells. However, all four SLs and Aza
showed more significant inhibition of DNMTs in OVCAR-4 cells with
Cos the lowest (Fig. 6B).
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Fig. 4. Flow cytometry analysis of the apoptotic activities of
SLs and Aza using annexin V and propidium iodide staining.
A) Flow cytometry graph of CIS-A2780 cell line treated with
four SLs and Aza. Lower left (LL), upper left (UL), lower right
(LR) and upper right (UR) represent live cells, necrotic cells,
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Effect of DNA methylation by four SLs

The four SLs and Aza significantly reduced the level of global DNA
methylation compared with the negative control (Fig. 7A). Change in
the methylation profiles of promoters of two tumour suppressor genes,
mutL homolog 1 (MLH1), and phosphatase and tensin homolog (PTEN),
were evaluated. Deh and Ala reduced CpG methylation at the promoters
of MLH1 and/or PTEN compared to the untreated control (Fig. 7B and
7C). However, Cos, Pat and Aza did not show significant changes relative
to control.

Effect of SLs on tumour suppressor gene expression by RT-qPCR

qPCR was performed to assess the effects of the SLs and Aza on the
expression of MLH1 and PTEN. Ala treatment caused about 10-fold in-
crease of expression of MLH1 while others did not (Fig. 8A). Deh and
Ala increased around 15 and 40-fold expression of PTEN, respectively,
while Cos, Pat and Aza also increased but with less extent (Fig. 8B).

Discussion

The in vitro anti-ovarian cancer activities of four selected SLs were
investigated in this study with a focus on their potential impact upon

DNA methylation and induction of apoptosis. Initial molecular mod-
elling of the four SLs with the DNMTs suggested high affinity to
DNMT1, DNMT3A, and DNMT3B, showing somewhat higher selectiv-
ity for DNMT1. Aza has been demonstrated to resemble cytidine which
is then incorporated into DNA where it covalently traps DNMTs to DNA,
leading to DNA damage and cell death [8]. Our molecular docking shows
non-covalent binding of Aza to the DNMTs providing possible and ad-
dtional mechanism for its action. The docking scores were generally in
accordance with inhibitory activity of DNMTs, and decrease of global
and some gene specific DNA methylation in promoter regions.

Pat observations were consistent with a previous study that demon-
strated Pat decreased global DNA methylation in breast cancer [50]. Pat
also decreased gene-specific promoter methylation of HIN-1 in breast
cancer. Similarly, Aza treatment also decreased global DNA methyla-
tion. Comparable global and gene-specific promoter DNA demethylat-
ing activity of Aza has also been reported in different cancer types such
as lymphoid, myeloid, and colorectal cancer [72,73]. Each of the SLs
investigated, Ala, Deh, Pat and Aza demonstrated significant DNMT en-
zymatic inhibitory activity. Concerning the tumour suppressor genes in-
vestigated, Deh decreased the promoter associated CGI methylation of
both MLH1 and PTEN, it did not appear to affect its expression of MHLI
but significantly increased the expression of PTEN (Fig. 8). Ala decreased
the CpG methylation of promotors of both MLH1 and PTEN, it also signif-
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Fig. 7. Effect of SLs on DNA methylation in
ovarian cancer cells. A) Global DNA methylation
change in CIS-A2780 cells after treatment of the
four SLs. The percentage of 5-mC was presented
as 5mC/(5mC + C). B) The percentage of gene-
specific promoter associated CpG island methyla-
tion of MLHI, and C) The percentage of CpG is-
land methylation of the promoter of PTEN genes in
ovarian cancer cell line (Cis-A2780) in response to
SLs treatment, using Aza as positive control. Conc.
1 and 2 are 5 and 10 pM for Deh, Ala and Aza, re-
spectively, and 10 and 20 pM for Pat and Cos. Re-
sults are presented as mean + SD of three repeats
in duplicate. Significant differences between each
compound activity compared with the control, us-
ing one-way ANOVA, are denoted with asterisk (*).
P value < 0.05 (*) and < 0.01 (**)
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icantly increased the expression of both genes. These significant effects
are likely due to the inhibition of DNMTs mainly DNMT1 by these SLs
consistent with the modelling results that Deh and Ala have the strongest
binding affinities with DNMTs. However, Cos and Pat did not show much
change of the methylation of promoter of MLHI, with also no signifi-
cant change of its expression. They caused slight increase of expression
of PTEN but not significantly comparing to control, however their effect
on their methylation level was not further determined. Aza decreased
global level of DNA methylation, but had less effect on these two spe-
cific gene promotors. There is strong correlation between promoter hy-
permethylation of PTEN gene and activation of DNMT1[74]. In ovarian
cancer, PTEN gene negatively regulates the PI3K/AKT/mTOR signalling
pathway involved in several important cell functions such as cell pro-
liferation and survival [16]. Therefore, the high antiproliferative and
apoptotic activities of Deh and Ala are suggested to be mediated by their
DNMTs inhibitory activity and gene expression modulatory capacity.
The four SLs tested had a high growth inhibitory activity in ovar-
ian cancer cell lines with IC5, between 2.0-12.2 pM. They inhibited the
growth of CIS-A2780 and OVCAR-8 cells with lower ICs, values, but
inhibited OVCAR-4 cells with slightly higher ICs, values, suggestive of
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Fig. 8. Changes in tumour suppressor gene expres-
sion following treatment with the four SLs and Aza.
RT-qPCR results of two tumour suppressor genes
MLH1 (A) and PTEN (B) were presented as mean
+ SD of three repeats. Data were analysed using
one-way ANOVA to test for significant differences
in the expression level of each gene in the control
and treated samples.

PTEN

Conc1 Conc2

cell line dependent activity. Deh and Ala inhibited the growth of ovar-
ian cancer cell lines at lower ICs, values compared with higher ICs,
values of Cos and Pat. The growth inhibitory activity of Deh on ovarian
cancer cell lines reported in this study was similar to those previously
described in acute myeloid leukaemia [41] and breast cancer [75]. Fur-
thermore, the cytotoxic activities of the four SLs were potentially cancer-
specific, with reduced cytotoxicity against immortalised HOE cells with
lower expression of DNMT1 and DNMT3b [76], thus suggesting the in-
hibition of these DNMTs by SLs. Pat and Cos were shown to be less
cytotoxic to HOE than Deh and Ala. Although S-allycysteine from gal-
lic [26], and ginsenoside Rg3 from Panax species [27] were demon-
strated to be DNMT inhibitors and activate expression of tumour sup-
pressor genes in ovarian cancer cells, much higher concentrations are
needed to achieve such effect. The four SLs present in different Chinese
medicine have shown greater potency against ovarian cancer and this
study has enriched our understanding of the mechanisms of action of
traditional Chinese medicine in the treatment of cancer via epigenetic
modulation[28].

The cytotoxicity of each of the four SLs was investigated further to
establish their roles in the induction of cell death through apoptosis.
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SLs induced significant apoptosis in ovarian cancer cells. The apoptotic
activity of the SLs was concentration dependent. Ala showed the high-
est apoptotic activity. The four SLs and Aza induced apoptosis through
the activation of caspase 3/7, which is an apoptosis executioner marker.
Furthermore, the mechanism of apoptosis induction activities of SLs and
Aza was by both extrinsic and intrinsic pathways through caspase de-
pendent activity which was shown via activation of caspase 8 (marker
of extrinsic pathway) and 9 (marker of intrinsic pathway) activities. Deh
and Ala induced apoptosis in lung [43,44], and breast cancer cells [39],
respectively. Similarly, Ala, Cos and Aza reduced the activity of the mito-
chondrial membrane potentials likely causing the release of cytochrome
c into the cytoplasm and activating the cascade of caspase 9 through an
intrinsic pathway. Ala has also increased the expression of caspase 3
and 9 in glioblastoma, and further induced the release of cytochrome
c into the cytoplasm [45]. Furthermore, Ala has been found to induce
apoptosis in breast cancer cell lines and caused cell cycle arrest at G,-M
phase [46].

In addition to the apoptotic activity of SLs, they caused cell cycle ar-
rest in the ovarian cancer cell line. Deh and Aza caused cell cycle arrest
at G,-M phase, while Ala, Pat and Cos arrested the cells at S and G,-M
phases, and subsequently resulted in a significant decrease in the num-
ber of cells in the Gy-G; phase, and increase in the percentage of cells in
the subG; phase. The cell cycle arrest induced by these compounds was
similar to previous reports showing that Deh induced cell cycle arrest
at G,-M phase in human cerebral astrocytoma [40] and breast cancer.
Likewise, Ala can induce cell cycle arrest at G,-M phase in liver cancer
[771.

There are several limitations in the current study First, the epige-
netic mechanism of SLs was only investigated in the cisplatin resistant
CIS-A2780 cell line, which could be extended to its parent cisplatin sen-
sitive A2780 and normal HOE cells to see if these SLs play roles in the
development and drug resistance in ovarian cancer. Second, only two
tumour suppressor genes and the change of methylation level of their
promotors were studied. Additional genes with higher methylation lev-
els could be further investigated. Third, we still do not know which of
DNMTs is responsible for the binding of SLs and how strong the binding
is, so the experimental and direct inhibition of individual DNMT by SLs
should be carried out to fully understand their mechanisms of action.

Conclusion

In summary, the in silico molecular modelling of the four SLs with
DNMTs along with experimental studies on their mechanisms of action
in ovarian cancer cells was investigated. Deh and Ala showed DNMT in-
hibitory, DNA demethylating activities, consequent increase in tumour
suppressor gene expression leading to induction of apoptosis and cell
death. Deh and Ala are potential candidates for novel ovarian cancer
treatment. Our study is the first to report the DNMT inhibitory and
DNA hypomethylation activities of Deh and Ala in ovarian cancer cells.
However, further investigation of their efficacy, side-effect profile and
tolerability in vivo is needed before we can consider these viable drug
treatment options in women with ovarian cancer.
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