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Abstract. The present study aimed to assess the pharmaco-
logical anticancer profile of three natural and five synthetic
sesquiterpenes developed by total chemical synthesis. To
this end, their properties at the cellular and molecular level
were evaluated in a panel of normal and cancer cell lines. The
results obtained by performing cytotoxicity assays and gene
expression analysis by reverse transcription-quantitative poly-
merase chain reaction showed that: i) Among the sesquiterpene
derivatives analyzed, VDS58 exhibited a notable anticancer
profile within attached (U-87 MG and MCF-7) and suspen-
sion (K562 and MEL-745) cancer cell cultures; however, U-87
MG cells were able to recover their proliferation capacity
rapidly after 48 h of exposure; ii) gene expression profiling of
U-87 MG cells, in contrast to K562 cells, showed a transient
induction of cyclin-dependent kinase inhibitor 1A (CDKNI)
expression; iii) the expression levels of transforming growth
factor Bl (TGFBI) increased after 12 h of exposure of
U-87 MG cells to VDS58 and were maintained at this level
throughout the treatment period; iv) in K562 cells exposed to
VDS58, TGFBI expression levels were upregulated for 48 h
and decrease afterwards; and v) the re-addition of VDS58 in
U-87 MG cultures pretreated with VDS58 resulted in a notable
increase in the expression of caspases (CASP3 and CASP9),
BCL2-associated agonist of cell death (BAD), cyclin DI,
CDK6, CDKNI, MYC proto-oncogene bHLH transcription
factor (MYC), TGFBI and tumor suppressor protein p53. This
upregulation persisted only for 24 h for the majority of genes,
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as afterwards, only the expression of TGFBI and MYC was
maintained at high levels. Through bioinformatic pathway
analysis of RNA-Seq data of parental U-87 MG and K562 cells,
substantial variation was reported in the expression profiles
of the genes involved in the regulation of the cell cycle. This
was associated with the differential pharmacological profiles
observed in the same cells exposed to VDS58. Overall, the
data presented in this study provide novel insights into the
molecular mechanisms of action of sesquiterpene derivatives
by dysregulating the expression levels of genes associated with
the cell cycle of cancer cells.

Introduction

Natural products represent a valuable source for developing
therapeutic agents against cancer (1-5). However, the variations
in pharmacological responses observed in cancer therapy,
along with the development of drug resistance, represent major
factors that inhibit the development of therapeutic agents with
improved efficacy and safety profiles. To address these issues
and achieve major clinical benefits, it is crucial to improve our
understanding of the underlying molecular mechanisms of the
pharmacological effects of natural products in cancer cells
prior to further developing them as novel treatments (6,7).
The clinical application of naturally derived sesquiterpene
compounds as potential anticancer agents remains challenging
with respect to their total chemical synthesis and limited
understanding of their molecular behavior within cancer cells.
Sesquiterpenes and their subclass, sesquiterpene lactones (SLs),
represent secondary metabolites of plant-derived products; the
pharmacological effects of these compounds have been found
to be involved in the regulation of several complex molecular
signaling pathways, the most common being the nuclear
factor-kB (NF-kB) signaling pathway (8). Diverse oxidized
carbocycle members of the SLs include the germacrano-
lides, guaianolides and eudesmanolides, which have recently
attracted a great deal of attention due to their potential
anticancer properties. Certain SL members were found to
selectively target tumor and cancer stem cells, while avoiding


https://www.spandidos-publications.com/10.3892/ijo.2018.4550

2168

normal cells (9,10). This property has led to the application
of SLs, including artemisin, thapsigargin and parthenolide, in
clinical trials as therapeutic anticancer agents (11-17).

Recently, an array of arglabin analogues of the guaianolide
subclass have been reported to be selective inhibitors of stem
and progenitor cells related to acute myelogenous leukemia;
however, the molecular mechanisms underlying their potential
therapeutic properties remain unknown (17). In the development
of novel innovative sesquiterpene derivatives with improved
pharmacological profiles, eight structurally diverse sesquiter-
penes and SLs, classified as three major subclasses (elemanes,
germacranes and guaianes) were synthesized and their cytotox-
icity profiles were investigated in the glioblastoma U-87 MG cell
line in the present study. Among them, the compound VDS58
showed the most promising effects in a panel of human cancer
cell lines (glioblastoma U-87 MG, breast MCF-7 and erythro-
leukemia K562), in mouse erythroleukemia (MEL-745) cells
and in normal cells (human lung fibroblast MRC-5). The time-
dependent assessment of VDS58-treated cultures suggested that
mainly U-87 MG cells are able to recover their proliferation
rates after 48 h. Gene expression analysis indicated a transient
induction of cyclin-dependent kinase inhibitor 1A (CDKNI)
expression within the first 24 h of exposure to VDS58.
Notably, during this analysis, no notable alterations in tumor
protein 53 (TP53) expression were observed. In addition,
subsequent application of VDS58 following an initial 48 h of
exposure revealed that cells exhibited increased expression
levels of caspase-3 (CASP3), CASP9, BCL2-associated agonist
of cell death (BAD), cyclin-dependent kinase (CDK6), CDK
inhibitor 1A (CDKNI), MYC proto-oncogene bHLH transcrip-
tion factor (M YC) and TP53; however, this upregulation persisted
for only 24 h. Following this, only the expression levels of MYC
were maintained at high levels. This indicates that upregulated
MYC expression may facilitate cancer cell proliferation, which
coincides with the proliferation kinetics reported upon 48-72 h
of exposure of cells to VDS5S.

Materials and methods

Synthesis of natural sesquiterpenoids and analogs. The
chemical structures and the applied method of synthesis for
the production of sesquiterpenes (EA910a, EA910b, zedoarol,
gweicurculactone, VDS71, VDS58, furanogermenone and
EA1184) are shown in Fig. 1. The total chemical synthesis of
natural substances furanogermenone, zedoarol and gweicur-
culactone was based on the unified synthetic protocol and
methods in our previously published studies (18-21). All
natural and synthetic substances were purified by flash column
chromatography with Merck silica gel 60 (particle size,
0.040-0.063 mm; EMD Millipore, Billerica, MA, USA). The
purity of all compounds was established by nuclear magnetic
resonance on a Bruker 300 AM (Bruker Corporation,
Billerica, MA, USA) and Agilent 500 MHz spectrometer
and a high-resolution mass spectra recorder with an Agilent
Electrospray ionisation time-of-flight mass spectrometer
(Agilent Technologies, Inc., Santa Clara, CA, USA). All tested
compounds had purity levels of >95%.

Cell cultures. The previously established cancer U-87 MG,
MCF-7, murine erythroleukemia FLC clone 745 (MEL-745)
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and K562 cell lines, and a normal MRC-5 cell line, were
obtained, stored and used in a routine manner (22,23) in the
Laboratory of Pharmacology, School of Pharmacy, Aristotle
University of Thessaloniki (Greece) (<25 passages were
applied). The murine erythroleukemia MEL-745 cells were
obtained from Dr C. Friend (Division of Cytology, The
Sloan-Kettering Institute for Cancer Research, New York, NY,
USA) (24) and were cultured as described by our previous
study (25). Regarding the dispute on the misidentification of
U87 MG (26), the U87 MG cell line used in this study is a clone
originating from that established at the University of Uppsala
(Uppsala, Sweden). Malignant U-87 MG (human epithelial
glioblastoma grade IV astrocytoma), MCF-7 (human breast
cancer) and MEL-745 cells, along with the normal MRC-5
(human fetal lung fibroblast) cells, were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with
10% v/v fetal bovine serum (FBS) and 100 pg/ml penicillin
and streptomycin. K562 (human leukemic) cells were cultured
in Roswell Park Memorial Institute (RPMI)-1640 medium.
Cells were maintained in culture (37°C in 5% v/v CO,), and
were passaged every 2-3 days when 75-80% confluence was
achieved using trypsin-EDTA (0.25% w/v), for the attached
cultures. Trypsin-EDTA, DMEM, RPMI and FBS were
purchased from Thermo Fisher Scientific, Inc. (Waltham
MA, USA).

Cytotoxicity assessment. In all experiments, the new synthe-
sized sesquiterpene compounds were tested by dissolving
them in DMSO prior to application to the various cell cultures.
The final concentration of DMSO was <0.1%, which had no
effect on cell proliferation (data not shown). The malignant
(U-87 MG, MCF-7,K562 and MEL-745) and normal (MRC-5)
cell lines were seeded in 24-well plates at an initial concentra-
tion of 1x10° cells/ml. For the attached cultures (U-87 MG,
MCF-7 and MRC-5), cells were allowed to attach for 3-4 h
(at 37°C in 5% v/v CO,) prior to the addition of the sesqui-
terpenoids. The specified concentrations used in the cultures
were between 1x107 and 1x10** M. Cells were grown in the
presence of the molecules for 48 h prior to the cell prolifera-
tion being measured with Neubauer counting chambers under
an optical microscope (x10 magnification). Subsequently, the
calculation of the half-maximal inhibitory concentration (ICs)
values of each compound for a specific cell line was estimated.
Moreover, cell death within cell cultures was also determined
using the Trypan blue dye-exclusion method, as previously
described (23).

Cell pretreatment and washout experiments. Cytotoxicity was
further assessed through the re-application of pretreatment
and washout experiments using human malignant U-87 MG
and normal MRC-5 cell cultures, respectively. The cells were
pretreated for 24 and 48 h with the previously calculated 1Cs,
concentrations of VDS58. VDSS58 is a guaiane sesquiterpene
that was synthesized by our group in the Laboratory of Organic
Chemistry of the Aristotle University of Thessaloniki, starting
from the commercially available (R)-carvone and following
an 12-step route (20,21). The re-application of VDS58 to U-87
MG cells was achieved by adding fresh DMEM containing
the IC;, concentration of VDS58 to the cells. The replenish-
ment of the MRC-5 cell population and the removal of VDS58
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Figure 1. Chemical structures of synthetic sesquiterpenes.

from the cultures were achieved by washing out the cells twice
with PBS and then incubating them with fresh DMEM in the
absence of drug treatment. MRC-5 and U-87 MG cells were
then cultured for 96 and 120 h, respectively. The assessment
of cell proliferation and death in the cultures was performed
every 24 h using the aforementioned methods.

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) analysis. Total cytoplasmic
RNA isolation from U-87 MG and K562 cells, and the two-step
RT-gPCR analysis (kit KK4602; Kapa Biosystems, Wilmington,
MA, USA) were performed as previously described (22). The
following primer sequences were used to amplify the indicated
genes: [3-actin (ACTB) forward, 5'-ttgctgacaggatgcagaag-3' and
reverse, S'-tgatccacatctgetggaag-3'; BCL2 associated X apoptosis
regulator (BAX) forward, 5'-tctgacggcaacttcaactg-3' and reverse,
5'-gaggaagtccaatgtccage-3'; BCL2 apoptosis regulator (BCL2)
forward, 5'-acttcgccgagatgtcca-3' and reverse, 5'-caaagaaggec
acaatcctc-3'; CDKNI forward, 5'-gagcgatggaacttcgactt-3' and
reverse, 5'-gtgggaaggtagagettggg-3'; CASPY forward, 5'-tcgaage
caaccctagaaaa-3' and reverse, 5'-cctccagaaccaatgtccac-3"; BAD
forward, 5'-cagatcccagagtttgagce-3' and reverse, 5'-ctgctectgetg
gtgactg-3"; CASP3 forward, 5'-ggttcatccagtcgetttgt-3' and reverse,
S'-aattctgttgccaccttteg-3'; CDK4 forward, 5'-accagatggcactta
caccc-3' and reverse, 5'-ccacagaagagaggctttcg-3'; CDK?2 forward,
5-ttgtcaagetgcetggatgte-3' and reverse, 5'-tgatgaggggaagagga atg-3';
CDKG6 forward, 5'-tgcacagtgtcacgaacaga-3' and reverse, 5'-acctcg-
gagaagctgaaaca-3'; cyclin D1 (CCNDI) forward, 5'-ctgc
gaagtggaaaccatc-3' and reverse, 5'-ttgaagtaggacaccgaggg-3';
CASPS forward, 5'-gatgacatgaacctgctgga-3' and reverse, 5'-cag

getettgttgatttgge-3'; MYC forward, 5'-aggagaatgtcaagaggcga-3'
and reverse, 5'-ggccttttcattgttttcca-3'; catenin f1 (CTNNBI)
forward, 5'-gctgggaccttgcataacctt-3' and reverse, 5'-attttcac
cagggcaggaatg-3'; RB transcriptional corepressor 1 (RBI) forward,
5'-tgtcagagagagagcttggt-3' and reverse, 5'-ctcatctaggtcaactgcetge-3';
and transforming growth factor 1 (TGFBI) forward, 5'-actgcg
gatctctgtgtcattg-3' and reverse, 5'-acagtagtgttccccactggtc-3'. The
AACq values of gene expression corresponding to the amplified
mRNAs from each sample were calculated by normalizing the
values to the internal control (ACTB). The fold-change in expres-
sion levels was calculated using the 244%4 method (27). All
experiments were performed in triplicate.

Bioinformatic analysis of gene expression data. Bioinformatic
analysis was performed to estimate the levels of gene expres-
sion for the U-87 MG and K562 cell lines employed throughout
this study to assess the cytotoxicity behavior of VDS58. In
detail, processed gene expression values [transcript per million
reads (TPM)] resulting from the analysis of RNA-Seq data
obtained from the ENCODE project (28) were downloaded
from the Gene Expression Omnibus repository for untreated
samples of U-87 (GSE90176) and K562 (GSE78561) cell
lines. Spike-in controls and genes with TPM values equal to
zero were removed from the data, and the means of the TPM
expression values for each gene were then calculated. Next, for
each cell line, the mean TPM values were processed via loga-
rithm (log2) transformation and normalized to z-scores. The
density plots of the z-score gene expression values obtained
for each cell line exhibited a great degree of similarity (data
not shown). Using the z-scores for gene expression in U-87
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Figure 2. Assessment of cell proliferation and apoptosis in human attached cell cultures. (A, C and E) The cellular proliferation and (B, D and F) the proportion
of dead cells in cultures of (A and B) glioblastoma U-87 MG, (C and D) breast carcinoma MCF-7 and (E and F) normal lung embryonic MRC-5 cells exposed to
various concentrations of VDS58 for 48 h. The values shown represent the mean + standard deviation of two independent experiments (n=4; "P<0.05 vs. control).

MG and K562 cell lines and the Pathview R package (29),
visualizations were created for: i) The Homo sapiens pathway
of the cell cycle (hsa04110) using information from the Kyoto
Encyclopedia of Genes and Genomes database (30-32); and
ii) the expression of the genes that constitute this pathway.

Statistical analysis. All data represent at least 2 independent
biological experiments and the data are expressed as the
mean + standard deviation. Comparisons were made using
two-way repeated measures analysis of variance, followed by
Dunnett's test. All statistical analyses were performed using
GraphPad Prism 6.0 (GraphPad Software, Inc. (La Jolla, CA,
USA). P<0.05 was used to indicate a statistically significant
difference.

Results

Preliminary pharmacological evaluation of natural sesqui-
terpenoids and analogues. The preliminary pharmacological
evaluation of the obtained structural sesquiterpene deriva-
tives shown in Fig. 1, including EA910a, EA910b, zedoarol,
gweicurculactone, VDS71, VDS58, furanogermenone and
EA1184, was performed in human glioblastoma U-87 MG
cells by assessing their cytotoxicity profiles. The cultures
were exposed to different concentrations (0.0001-0.1 mM,;
107-10"* M) of these compounds; cell proliferation and death
were evaluated after 48 h of treatment. A small proportion of
dead cells was observed in culture following treatment with
all analogs (data not shown). Moreover, the majority of the
synthetic sesquiterpene derivatives exhibited no substantial
cytotoxicity based on their concentration-dependent inhibitory

effects on the proliferation of U-87 MG cells; their ICs, values
were >10-* M (data not shown). Notably, however, sesquiterpene
VDS58 exhibited increased cytotoxicity in a concentration-
dependent manner. The proliferation of U-87 MG cells was
decreased ~70% following 48 h of exposure to VDS58 at
1x10* M, compared with untreated cells (Fig. 2A and B). The
latter prompted further analysis of the behavior of VDS58 in
cell cultures.

Assessment of VDS58 cytotoxicity profile in various
human monolayer and suspension cell cultures. The initial
VDS58-induced anti-proliferative activity exhibited by U-87
MG cells prompted the further investigation of its cytotox-
icity profile in various cell lines (MCF-7, MRC-5, K562
and MEL-745). These cultures were exposed to increasing
concentrations of VDS58 (107-10"* M) for 48 h. As shown
in Figs. 2 and 3, VDS58 reduced cellular proliferation of all
cell lines in a concentration-dependent manner; and cells
were grown either as attached monolayers (U-87 MG, MCF-7
and MRC-5) or as suspension (K562 and MEL-745) cultures.
The estimated IC,, values of VDS58 varied between the
cell lines: 7x10° M for U-87 MG; 6.9x10° M for MCF-7;
9.2x10° M for MRC-5; 4.2x10° M for K562; and 2.9x10° M
for MEL-745 (Table I). Notably, however, only in suspension,
erythroleukemia cultures (K562 and MEL-745 cells) showed
an increase in the proportion of dead cells, reaching ~80%
at higher concentrations (1x10* M for K562, Fig. 3B;
>7x10”° M for MEL-745, Fig. 3D). Moreover, specific morpho-
logical changes have been recorded in the VDS58-treated cell
cultures. As shown in Fig. 4, the treated U-87 MG cells lost
their epithelial morphology and adherence properties. MRC-5
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Figure 3. Assessment of cell proliferation and apoptosis in suspension cell cultures. (A and B) Human erythroleukemia K562 and (C and D) mouse erythroleu-
kemia MEL-745 cells were incubated in culture with various concentrations of VDS58 for 48 h. Subsequently, (A and C) cellular proliferation and (B and D) the
proportion of dead cells were estimated. The values shown represent the mean + standard deviation of two independent experiments (n=4; "P<0.05 vs. control).

U-87 MG

Control

VDS58-treated (48 h)

Figure 4. Morphological changes of VDS58-treated cell cultures. Malignant U-87 MG, MCF-7, K562 and MEL-745 cells, as well as normal MRC-5 cells, were
exposed to VDS58 at the half maximal inhibitory concentration for each individual cell line (Table I) for 48 h. The morphology of cells is shown in the images

taken using an inverse light microscope (x40 magnification).

cultures exhibited a spindle-like phenotype and MCF-7 cells
obtained a fibroblastic-mesenchymal type shape, whereas
in suspension, K562 and MEL-745 cultures possessed large
cells, an indicator of cytotoxicity. Thus, contrary to the
limited effects observed for the other sesquiterpene molecules
(EA910a, EA910b, zedoarol, gweicurculactone, VDS71,
furanogermenone and EA1184), the VDS58 analog exhibited
a notable concentration-dependent cytotoxicity profile, which
was accompanied by cellular morphological changes in the
malignant and normal (MRC-5) cells.

Kinetic analysis of cell proliferation of human cell lines
exposed to VDS58. To better characterize the cytotoxic
effects of VDSS58, the cell cultures were treated continu-
ously with the corresponding ICs, of VDSS58 for 4-5 days.
As shown in Fig. 5, U-87 MG cells exposed to the ICy, of
VDS58 grew at slower rates in culture; however, after
48-72 h, the cell numbers were comparable to those of
the control cells, with no notable changes in the propor-
tion of dead cells (Fig. 5A and B). Moreover, MCF-7 cells
treated with the ICs, of VDS58 showed similar behaviors,
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Figure 5. Kinetic analysis of cell proliferation and apoptosis in human attached cell cultures. Malignant (A and B) U-87 MG and (C and D) MCF-7 cells, and
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intervals indicated in the panels (24-120 h), (A, C and E) the cell proliferation and (B, D and F) the proportion of dead cells were measured. The values shown
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Figure 6. Kinetic analysis of cell proliferation and apoptosis in suspension cell cultures. (A and B) Erythroleukemia human K562 and (C and D) mouse
MEL-745 cells were incubated with the half maximal inhibitory concentration of VDS58, as shown in Table I for each cell line. At the time intervals indicated
(24-120 h), (A and C) the cell proliferation and (B and D) the proportion of dead cells were assessed. The values shown represent the mean + standard deviation
of two independent experiments (n=4).

although a treatment time of 96-120 h was required to
obtain cell numbers comparable with those of the untreated
cells (Fig. 5C and D). Notably, normal MRC-5 cells incubated
with the ICs, of VDS58 did not proliferate notably, even after

Notably, in the attached VDS58-treated cultures, particu-
larly in the malignant U-87 MG and MCF-7 cells, the cells
survived and exhibited high proliferation rates; an effect that
was more prominent in the U-87 MG cells compared with

120 h of treatment (Fig. 5E and F). The erythroleukemia
K562 and MEL-745 cell lines, which were exposed to the
corresponding ICs, of VDS58, exhibited slow proliferation
rates compared with those of the controls (Fig. 6).

that observed in the normal attached MRC-5 cells (Fig. 5).
Thus, to gain more insight into the cellular effects of VDS5S,
particularly in glioblastoma U-87 MG and normal MRC-5
cells, a complementary set-up of kinetic experiments was
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Figure 7. Assessment of the cell proliferation potential of U-87MG cell cultures following re-exposure to VDS58. (A) U-87MG cells grown in culture were
continuously treated with 7x10° M (ICs, concentration) of VDS58 for 48 h (-24 and -48 h pretreatment). After this time, the cells were washed out twice with
1X PBS. Next, fresh medium was added to the culture containing the same amount as the initial treatment (7x10° M; ICs, concentration) of VDS58 (time 0).
The cells were then further allowed to grow in culture for 4 days (96 h). (A) Cell proliferation and (B) the proportion of dead cells were assessed. The data
shown indicates a representative experiment where three independent measurements were used to calculate the mean. A biological replication of this experi-
ment was performed twice with similar results. ICs,, half maximal inhibitory concentration.

Table I. ICy, values of VDS58 in various cell lines.

Cell line IC;, (M)
U-87 MG 7x10°

MCEF-7 6.9x10°
MRC-5 9.2x10°
K562 4.2x10°
MEL 2.9x107

IC,,, half maximal inhibitory concentration.

designed. For U-87 MG cells, the question to be addressed in
these experiments was whether the cells were able to avoid
the effects exerted by VDS58 conveyed by its intracellular
metabolism leading to its cellular inactivity. For MRC-5, the
current study investigated whether the cells regained their
proliferation capacity following the removal of VDS58 from
the culture. To this end, these cultures were initially exposed
for 48 h to the corresponding ICs, of VDS58 for each culture
(U-87 MG, 7x10°> M; MRC-5, 9.2x10> M). A washout step
was subsequently introduced, (referred to as time-point ‘0’),
followed by the addition of fresh medium containing VDS58
(7x10”° M) for U-87 MG cells, whereas for MRC-5 cells, the

culture medium was free of VDSS58. In all cases, the control
cultures were included in the experimental design to facilitate
the interpretation of the results. The results of the current
study showed that malignant U-87 MG cells have the ability
to regain their proliferative potential subsequent to the initial
pretreatment (Fig. 7A). At 48-72 h after the re-addition of
VDS58, the cell number was similar to that of the culture
continuously treated with VDS58, while the untreated control
exhibited a higher cell accumulation rate (Fig. 7). These data
suggest that the observed behavior of U-87 MG cells to escape
and overcome the proliferation inhibitory effects of VDS58
may be attributed to an intrinsic capacity of U-87 MG cells
rather than the intracellular metabolism of VDS58. The results
of a typical washout experiment for MRC-5 cells pretreated
for either 24 or 48 h with VDS58 are shown in Fig. 8. The
initial inhibition of cell proliferation, as expected with expo-
sure to VDS58 (Fig. SE), was followed by a proliferative phase
after the replenishment of cultures and transfer of cells into
VDS58-free fresh medium (Fig. 8A). This implies that the
intracellular actions of VDS58 may not cause any permanent
harmful effects on the proliferation of normal MRC-5 cells;
thus, cells are able to grow again, soon after the removal of
VDS58 from the culture. Such behavior suggests the capability
of MRC-5 cells to regain their potential to proliferate even
subsequent to exposure to VDS58. Alternatively, it indicates
the presence of inherent molecular machinery within MRC-5
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Figure 8. Assessment of cell proliferation potential of MRC-5 cells following pretreatment with VDS58. (A) Normal human MRC-5 cells grown in culture
were initially treated with VDS58 (9.2x10° M; half maximal inhibitory concentration for this cell line, as shown in Table I) at time intervals (-24 and -48 h,
pretreatment). Afterwards, cells were washed out twice with 1X PBS (time 0), prior to fresh medium without VDS58 being added to the culture. Thus, the
cells were permitted to grow in the absence of VDS58 for 120 h. (A) Cell proliferation and (B) the proportions of dead cells were assessed. The data shown
indicate a representative experiment where three independent measurements were used to calculate the mean. A biological replication of this experiment was

performed twice with similar results.

cells, enabling them to regain their full proliferation potential,
as VDS58-pretreated cells grow after the removal of the agent
and attain cell numbers comparable with that of the control
culture.

Gene expression profiling of human cell lines incubated with
VDS58. Numerous compounds exert their cytotoxic effects by
deregulating the cell cycle or by inducing apoptotic signaling
pathways. The kinetic analysis of cell proliferation prompted
the further elucidation of the molecular mechanisms underlying
the cellular responses in VDS58-treated cultures via RT-qPCR
gene expression analysis in the present study. The assessment
focused on 16 genes associated with the cell cycle, apoptosis
and/or senescence (Fig. 9). U-87 MG cells continuously treated
with the ICs, concentration of VDS58 exhibited a substantial
increase in gene expression levels of CDKNI (~12-fold),
CASP9 (~7-fold), BCL2 (~4-fold), TGFBI (~3.5-fold) and
CTNNBI (~2-fold) (P<0.05) (Fig. 9A). However, the signifi-
cantly upregulated expression of these genes returned to basal
levels after 48 h of treatment, excluding that of TGFBI and
CTNNBI, in which upregulated levels were maintained even
after 72 h. Such data indicate the transient induction of the
CDKNI signaling pathway and the ability of U-87 MG cultures
to overcome the effects of VDS58. Notably, the re-addition of

VDSS58 to the U-87 MG cultures after an initial 48 h exposure
caused a more profound activation of all genes, excluding
BAX, CASPS and RBI (Fig. 9B). Highly increased expression
levels of BAD (~13-fold), CASP9 (~12-fold), CASP3 (~9-fold),
TP53 (~8-fold), CDK6 (~6-fold) and CDKNI (~5-fold), as well
as MYC, CCNDI, CDK2 and CDK4 (~3-fold), and TGFBI
(~2.5-fold), were observed (P<0.05). In the latter case, the
expression levels of all genes returned to their initial levels,
excluding those for MYC and TGFBI following 48 h of cell
re-exposure to VDS58. By contrast, the gene expression profiles
of VDS58-treated K562 cells revealed no notable alteration in
gene expression levels, since only TGFBI (~3-fold), CTNNBI
(~2-fold), CASP3 (~2-fold) and BAX (~1.5-fold) showed a
time-dependent increase for at least 48 h (P<0.05) (Fig. 10).
Similarly, RT-qPCR analysis was performed with MCF-7 and
MRC-5 cultures exposed to VDS58; however, no alterations
in gene expression levels were recorded between treated and
untreated cells (data not shown). Notably, within the panel
of genes analyzed in MRC-5 cells, only CDK2, CDK6, BAD,
BAX and BCL2 appeared to have been amplified by RT-qPCR,
as also reported in our recent study (22).

Bioinformatic analysis of gene expression data to assess the
molecular heterogeneity underlying the response of U-87 MG
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Figure 9. Gene expression profiling by reverse transcription-quantitative polymerase chain reaction analysis of U-87 MG cells exposed to VDS58. (A) Expression
profiles of proliferation- and apoptosis-related genes of cytoplasmic RNA isolated from U-87 MG cells continuously treated with VDS58 (7x10° M; ICs,
concentration) for 12, 24,48 and 72 h. (B) Gene expression profiles of U-87 MG cells initially pretreated with VDS58 for 48 h, prior to the replenishment of
cells and the addition of fresh medium in culture containing VDS58 (7x10-> M;; ICs, concentration), as shown in Fig. 7. The data shown indicate a representative
experiment where three independent measurements were used to calculate the mean + standard deviation (n=4). "P<0.05, “P<0.01, "*P<0.001 and “*“P<0.0001
compared with the control. A biological replication of this experiment was performed twice with similar results. ICs,, half maximal inhibitory concentra-
tion; MYC, MYC proto-oncogene bHLH transcription factor; CDK, cyclin-dependent kinase; CASP, caspase; BAD, BCL2-associated agonist of cell death;
CDKNI, cyclin-dependent kinase inhibitor 1A; BCL2, BCL2-associated agonist of cell death; BAX, BCL2-associated X apoptosis regulator; TP53, tumor
protein 53; RB1, RB transcriptional corepressor 1; TGF-f1, transforming growth factor-$1; CTNNBI, catenin 1.
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Figure 10. Gene expression profiling by RT-qPCR. analysis of K562 cells exposed to VDS58. K562 cells were continuously treated with VDS58 (4.2x10° M
ICy, concentration; Table I) for 24, 48 and 72 h. The RT-qPCR analysis of isolated cytoplasmic RNA was performed as shown in Fig. 9. The data shown
indicate a representative experiment where three independent measurements were used to calculate the mean + standard deviation (n=4). "P<0.05, “P<0.01,
“"P<0.001 and ““P<0.0001 compared with the control. A biological replication of this experiment was performed twice with similar results. RT-qPCR, reverse
transcription-quantitative polymerase chain reaction; MYC, MYC proto-oncogene bHLH transcription factor; CDK, cyclin-dependent kinase; CASP, caspase;
BAD, BCL2-associated agonist of cell death; CDKNI, cyclin-dependent kinase inhibitor 1A; BCL2, BCL2-associated agonist of cell death; BAX, BCL2-
associated X apoptosis regulator; TP53, tumor protein 53; RB1, RB transcriptional corepressor 1; TGF-B1, transforming growth factor-pf1; CTNNBI, catenin f31.

and K562 cells to VDS58 treatment. The diverse cytotoxic  pathway analysis of whole genome RNA-Seq expression data
responses observed upon the exposure of U-87 MG and K562  from the ENCODE project available for parental U-87 MG and
cells to VDS58 were accompanied by a differential gene expres- K562 cells was performed, focusing on genes involved in the cell
sion profile in the same cultures (Figs. 9 and 10). To improve  cycle, senescence and/or apoptosis signaling pathways (Fig. 11).
our understanding of such cellular behavior, a bioinformatic ~ Analysis of the associations between gene expression levels
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Figure 11. Cell cycle pathway visualization using RNA-Seq ENCODE data and heatmaps of expression for selected genes of U-87 MG and K562 cells exposed
to VDS58 as analyzed by RT-qPCR. (A and D) Expression of genes that participate in the cell cycle pathway, as profiled by RNA-sequencing for untreated
(A) U-87 MG and (D) K562 cell lines (data from the ENCODE project). Transcript per million reads values for all genes expressed in each cell line were
normalized to z-score, and genes associated with the cell cycle were extracted from the Kyoto Encyclopedia of Genes and Genomes database (29-31) and
rendered in graphs using Pathview (28). (B and C) The heatmaps show the expression of selected genes participating in cellular senescence, apoptosis and the
cell cycle in the U-87 MG cell line. U-87 MG cells were (B) continuously exposed to the substance for 0 (control), 12, 24,48 and 72 h, and (C) continuously
exposed to the substance for 48 h (control) following re-addition at 24 and 48 h. (E) The heatmaps show the expression of selected genes involved in cellular
senescence, apoptosis and the cell cycle in K562 cells. K562 cells were continuously exposed to VDS58 for 0 (control), 24, 48 and 72 h. Gene expression
values for all heatmaps were measured using SYBR RT-qPCR and normalized to z-score values for each gene. RT-qPCR, reverse transcription-quantitative
polymerase chain reaction.
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associated with these aforementioned signaling pathways
in the two parental cell lines unveiled substantial differ-
ences (Fig. 11A and D). Notably, the comparison between the
two cell lines showed that crucial genes involved in the cell
cycle pathway, including TGFBI, MYC, TP53, RBI, CDKN2A,
CDKNIB,CDKNI,CDK?2 and CCNDI, exhibited greater varia-
tion in expression levels. Consequently, this existing variability
in cell cycle gene expression profiles could contribute toward the
notable diversity in the cytotoxic response of cultures to VDS58
treatment. To further analyze the gene expression profile and
detect the molecular profiles in VDS58-treated cell cultures
over time, heatmaps were created from the generated RT-qPCR
data (Figs. 9 and 10), and are presented in Fig. 11B, C and E.
Evidently, the existing variability in gene expression levels of
parental U-87 MG and K562 cells from the RNA-Seq data of
the ENCODE project was further confirmed in the RT-qPCR
data by comparing control cultures (Fig. 11B vs. E). Moreover,
the kinetic analysis of the gene expression levels analyzed
following VDS58 exposure exhibited a different pattern during
the 24-72 h course of investigation. This may contribute toward
the observed differential pharmacological response observed
in the two cell lines. The re-addition of VDS58 to U-87 MG
cultures, after initial exposure to the same agent, allowed cells
to present a clear molecular profile, in which two main groups
of genes could be identified. In the first group, the expression
of the BAX, RB1, CTNNBI, TGFBI and MYC genes was
increased after 24 h following the re-addition of VDS58 and
maintained at this level afterwards. In the second group repre-
senting the rest of the genes under investigation, a transient
24-h activation of expression was observed, which after 48 h
returned to the initial level reaching that of control untreated
cultures (Fig. 11C).

Discussion

Tumor cell heterogeneity and genomic instability are factors
that contribute toward the poor outcomes of cancer therapy
in clinical practice. Moreover, the development of drug resis-
tance represents a hallmark of malignant cells to escape the
effects of anticancer agents. An improved understanding of
the molecular mechanisms underlying the variable response of
cancer cells to environmental stimuli and therapeutic agents
is of high demand in the development of novel anticancer
drugs (6,33). To this end, the selective cytotoxicity observed
for the SL analogs, including artemisin, thapsigargin and
parthenolide, has led to further pharmacological investigation
through their evaluation in clinical trials; however, specific
pharmacokinetic issues have been raised (15-17). For example,
parthenolide presents poor bioavailability and thus efforts have
been made to produce molecules with enhanced solubility and
membrane permeability (9,34-36). Moreover, the potent ability
of parthenolide to inhibit NF-«xB is recognized as one of the
potential factors for its selective action for targeting tumor and
cancer stem cells. Parthenolide was found to directly modify
the p65 subunit of NF-xff and suppress the activity of the
upstream IkB kinase complex leading to stabilization of the
NF-«B inhibitors, IkBa and IkBf (37-39).

Notably, the total synthesis of sesquiterpenes and SLs has
led to intense research efforts for decades; however, only a few
unified synthetic protocols have been published to analyze
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the diverse carbocyclic complexity presented by the sesqui-
terpenoid family (20,21,40,41). Furthermore, despite extensive
studies on the chemical synthesis and biology of 6,12-SLs,
the isomeric 8,12-SLs, comprising almost half of the natural
substances, have received relatively limited attention in the
pharmacological field, restricting the identification of the
pharmacological potential of this family of compounds (42).
Thus, efforts to improve our understanding of the molecular
mechanisms underlying the effects of SLs in cancer cells are
urgently required to ensure the clinical exploitation and appli-
cation of these compounds as potential anticancer therapeutic
agents.

The CDK inhibitor CDKNI promotes cell cycle arrest in
response to a number of stimuli, including activation of TP53
and TGFBI, and suppression of MYC (43). The knowledge
accumulated thus far regarding the dysregulation of CDKNI
has revealed that several important tumor suppressor and
oncogenic signaling pathways may alter CDKNI expression
to exert their effects on cell cycle progression, survival,
senescence and apoptosis (44). Additionally, the co-operation
of CDKNI with tumor suppressor molecules or conversely,
the antagonism with oncogene products, leads to tumor cell
regression (45). It is notable that tumor cell senescence is
induced by CDKNI subsequent to restoring TP53 function
or inactivating MYC in tumors with functional TP53 (46,47).
Moreover, the anti-proliferation activity of TGFBI on tumor
cells is mediated through the activity of a repressive tran-
scription factor complex constituting SMAD4, pl07 and
E2F4/5, which is mediated by the suppression of MYC (48).
Consequently, CDKNI expression can promote and inhibit
tumorigenic processes, depending on the existing molecular
heterogeneity within various tumor cell types and microen-
vironments (43). Alternatively, variations in cellular response
and the complexity of the molecular events that are associ-
ated with the dysregulation of CDKNI imply that further
understanding of these molecular mechanisms is required
prior to the potential therapeutic roles of CDKNI being
investigated for the development of novel drugs for the treat-
ment of cancer.

The data obtained in the present study presents a solid
foundation of evidence as to how the sesquiterpene deriva-
tive VDS58 exerts its differential cytotoxic effects in cancer
and normal cell lines of various histopathological origins and
heterogeneous gene expression profiles. Normal MRC-5 cells
exhibit higher ICy, to VDS58 than U87 MG and recover their
proliferation capacity in a manner dependent to the exposure
period to VDS58. Moreover, the differential cytotoxicity
profile observed in the cell cultures has prompted us to focus
on elucidating the molecular events underlying the pharma-
cological response. However at this time, the high ICs, of
VDS58 restricts any further consideration of in vivo studies.
The unique ability of U-87 MG cells to transiently induce the
expression of genes involved in the cell cycle, senescence and
apoptosis imply heterogeneity at the molecular level and in the
underlying signaling pathways. Indeed, this was verified by
conducting a pathway bioinformatic analysis of whole genome
RNA-Seq data of the ENCODE project, in which the human
parental U-87 MG glioblastoma and K562 erythroleukemia
cells presented a substantially marked difference in the expres-
sion levels of crucial genes governing cell cycle decisions,
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including MYC, TP53, TGFBI, CCNDI and RBI. Notably, in
K562 cells exposed to VDS58, the expression of certain genes,
mainly TGFBI and, to a lesser extent, CTNNBI, BAD, BAX
and CASP3,was induced, and activation was maintained at this
level for 48-72 h. These results further support the hypothesis
that variations in the cytotoxicity observed in different cell
cultures reflect the heterogeneous gene expression profiles that
exist within these parental cell lines. Notably, genes such as
MYC and TGFBI in U-87 MG cells exposed to VDS58 exhib-
ited a persistent increase in expression, while the remaining
genes, including CDKNI, CASP9, BCL2 and TP53, were only
induced for 24 h. This observation suggests that the related
signaling pathways are differentially affected by the homeo-
static genomic mechanisms that govern the cellular behavior
following exposure to VDS58. The current study observed
that U-87 MG cells were capable of recovering their prolifera-
tion rates soon after 24-48 h following exposure to VDS58,
which coincides with the gene expression profiles. Moreover,
the persistence of induced expression levels for TGFBI and
MYC only could provide support for cell proliferation after the
initial cell cycle arrest of cells, due to the transient increase in
the expression level of CDKNI. Additionally, U-87 MG and
K562 cells treated with VDS58 exhibited increased TGFBI
expression levels; however, variations in their cellular prolif-
eration responses were noticed.

The analysis of gene expression profiles by creating the
corresponding heatmaps permitted the identification of
heterogeneity in the expression of crucial genes and signaling
pathways within the two parental cell lines. Consequently,
such an approach has permitted variations in expression to
be revealed within the molecular signatures of the genes
analyzed. This observation could be important in under-
standing the molecular mechanisms that aid cancer cells in
evading therapeutic interventions by overcoming prolifera-
tion restriction signals, or by developing drug resistance. The
results of the current study provide new knowledge on the
anticancer properties of sesquiterpene and present evidence
toward understanding the mechanism of action exhibited by
sesquiterpene analogs as potential antitumor drug targets.
Additionally, this study further contributes to improving
methodologies to develop potential candidate molecules as
anticancer agents to target cell cycle signaling pathways.
However, the IC;, values of the tested SLs analogs are high
enough to determine a clearer picture for their cytotoxicity
profile. Also, it is necessary to further clarify the precise
molecular mechanisms underlying the effects of VDS58
against tumor cells prior to this agent being considered for
further pharmacological evaluation and development. To
this end, by synthesizing more cytotoxic SLs and applying
genomics and proteomics approaches, such therapeutic possi-
bilities will be effectively addressed.
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