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Background: Dicerandrol B is a natural antitumor agent that can be isolated from the
endophytic fungus, Phomopsis sp. The present study investigated the effects of dicerandrol B
on human cervical cancer HeLa cells.

Materials and methods: In this study, dicerandrol B was identified by electrospray ionization
mass spectrometry and nuclear magnetic resonance spectroscopy. We used MTT to detect the
cell viability. Flow cytometry was used to analyze the apoptosis and cell cycle. Western blot
was used to examine the expression of related proteins.

Results: Dicerandrol B was isolated from the endophytic fungus Phomopsis sp. The MTT
assay and flow cytometry showed that dicerandrol B significantly inhibited HeLa cell viability
and induced G2/M cell cycle arrest. Western blot analysis demonstrated that dicerandrol B
increased the levels of GRP78, ubiquitin, cleaved PARP, and Bax protein, decreased the
levels of PARP and Bcl-2 protein, and caused an increase in the Bax/Bcl-2 ratio in HeLa cells.
Dicerandrol B increased the production of ROS in HeLa cells, which was attenuated by the
antioxidant N-acetyl-L-cysteine.

Conclusion: These findings suggest that dicerandrol B induces apoptosis in human HeLa cells,
possibly through the endoplasmic reticulum stress and mitochondrial apoptotic pathways. This
suggests that dicerandrol B possesses strong anticancer activity in cervical cancer and provides
insight into the underlying mechanisms.

Keywords: apoptosis, cervical cancer, endoplasmic reticulum stress, mitochondrial damage

Introduction
Cervical cancer is the fourth most common type of cancer among women and the
seventh most common cancer globally.! In China, the 5-year relative survival rate
for cervical cancer is estimated at 45.4%.> Management of cervical cancer includes
surgery, radiotherapy, and chemotherapy, either as a single agent or in combination
with radiotherapy (concurrent chemotherapy) to sensitize cancer cells to radiation.?
Although chemotherapy is effective in the treatment of cervical cancer, it is associ-
ated with toxicity,* and some cervical tumors are chemotherapy resistant. Currently,
there is an unmet need for novel therapies in cervical cancer that have low toxicity
and achieve good response rates.

Natural products represent effective therapeutic options for the prevention and
treatment of many cancers.’ In particular, the xanthone dimer metabolite dicerandrol B,
isolated from the endophytic fungus Phomopsis species,®® displays significant antitumor
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activity in vitro. Dicerandrol B was first isolated in 2001
from Phomopsis longicolla, an endophytic fungus of the
mint species Dicerandra frutescens.”'® Dicerandrol B dem-
onstrated antimicrobial activities against Bacillus subtilis
and Staphylococcus aureus and cytotoxic activity against
the human cancer cell lines colon HCT-116, lung A549 and
Calu-3, and breast MDA-MB-435.%!1° However, the specific
mechanisms underlying the antitumor effect of dicerandrol B
remain to be elucidated.

Apoptosis is mainly activated by cell surface death
receptors or mitochondria-mediated apoptosis signaling
pathways.!! The death receptor apoptotic pathway (extrinsic)
pathway involves Fas and tumor necrosis factor receptor
family. The mitochondrial (intrinsic) pathway is triggered by
the release of mitochondrial apoptotic factors.” The release
of cytochrome c, together with Apaf-1, activates caspase-9,
which cleaves downstream caspase-3. Caspase-3 is capable
of hydrolyzing substrate proteins, such as PARP, leading
to PARP dysfunction,'? all of which ultimately leads to
cell death. In addition, endoplasmic reticulum (ER) stress
(ERS) can also cause apoptosis. The ER is the principal
organelle responsible for multiple cellular functions includ-
ing protein folding and maturation and the maintenance of
cellular homeostasis. ERS is activated by a variety of factors
and triggers the unfolded protein response (UPR), which
restores homeostasis or activates cell death.!

In this study, we investigated the effects of dicerandrol B
on human cervical cancer HeLa cells. Findings showed that
this compound can affect the cell cycle and induce apoptosis
in HeLa cells through the ERS and mitochondrial apoptotic
pathways. These data advocate for the use of natural metabo-
lites in antitumor therapies.

Materials and methods

Cell line and cell culture

The cervical cancer HeLa cell line, which was purchased from
American Type Culture Collection (ATCC, Manassas, VA,
USA), was obtained from the Institute of Virology and AIDS
Research of the First Hospital of Jilin University (Changchun,
China). The human gastric cancer cell line MGC803 and the
human mammary epithelial cell line MCF10A were obtained
from the First Hospital of Jilin University. HeLa cells and
MGC803 cells were cultured in DMEM and Roswell Park
Memorial Institute Medium 1640, respectively, supple-
mented with 10% FBS and 1% antibiotics. MCF10A cells
were cultured in DMEM/F-12 supplemented with 5% horse
serum, 20 ng/mL epidermal growth factor, 0.01 mg/mL
insulin, 500 ng/mL hydrocortisone, and 100 ng/mL cholera

toxin. Cells were maintained in 5% CO, and 100% humidity
at 37°C.

Dicerandrol B preparation

The endophytic fungus Phomopsis sp. was isolated from
Polygonatum cyrtonema Hua. Fungal isolates were grown in
an incubator on potato dextrose agar for 5 days at 26°C and
inoculated into 500 mL Erlenmeyer flasks containing 200 mL
sterile solid rice medium (prepared by soaking 100 g of com-
mercially available rice in 100 mL distilled water overnight)
under static culture conditions at room temperature. After
40 days of culture, the solid fugal culture was overlaid with
a cellophane film and dicerandrol B was extracted with ethyl
acetate. Crude extract (108.60 g) was prepared by removing
the solvent by evaporation under reduced pressure. Five frac-
tions, A—F, were prepared by subjecting the extract to silica
gel column chromatography using CH,Cl :MeOH (CH,CL,
50:1, 30:1, 20:1, 10:1, MeOH) as the eluent. Fraction B
(13.52 g) was purified to a yellow amorphous compound
(526.85 mg) with Sephadex LH-20 with CH,Cl,:MeOH (6:4)
and repeated silica gel column chromatography. The yellow
amorphous compound was identified as dicerandrol B by
electrospray ionization mass spectrometry (ESI-MS) and
nuclear magnetic resonance (NMR) spectroscopy.

Cell viability assay

Cell viability was determined with the MTT assay. Briefly,
HeLa cells were seeded at 1x10* cells/well in 96-well flat-
bottom microtiter plates. After 24 hours, the medium was
replaced with fresh DMEM containing 3 or 5 pg/mL diceran-
drol B or dimethyl sulfoxide (DMSO; untreated control), and
cells were incubated for 24, 48, or 96 hours. Subsequently,
20 uL of 5 mg/mL MTT was added to each well, and cells
were incubated for 4 hours. Formazan was solubilized in
150 uL DMSO, and the OD at 490 nm was detected with a
96-well microplate reader (BioTek, Winooski, VT, USA).
Cell viability was evaluated according to the formula:
cell viability (%) = [1— (OD of the samples/OD of the
control)] x100%.

Colony formation assay

About 200 cells/well were added into a 24-well culture
plate, with three wells per sample. After 2 weeks of incu-
bation with different concentrations of dicerandrol B, the
cells were washed three times with PBS and stained with
the Giemsa solution. The plate clone formation efficiency
was calculated as: (number of colonies/number of cells
inoculated) x100%.
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Propidium iodide (PI) staining for cell

cycle analysis

Cultures of HeLa cells were treated with dicerandrol B
(3 or 5 ug/mL) or DMSO (untreated control) in DMEM and
incubated for 24 hours. Cells were detached by treating with
0.25% trypsin for 2—3 minutes, washed, centrifuged, fixed in
70% cold ethanol (10 mL) at 4°C overnight, and incubated
with PI buffer (50 mg/mL PI, 20 mg/mL RNase A; BD Bio-
sciences, San Jose, CA, USA). After 30 minutes in the dark,
cell cycle distribution was analyzed with flow cytometry (BD
FACSAriaIT; BD Biosciences) and the MultiCycle software
(Phoenix Flow Systems, San Diego, CA, USA).

Apoptosis assay

HeLa cells were treated with dicerandrol B (3 or 5 ng/mL)
or DMSO (untreated control) in DMEM and incubated
for 24 hours. Cells (1x10°) were detached by treating with
0.25% trypsin and washed twice with cold PBS. Cells were
resuspended in 500 pL binding buffer and stained with
5 UL Annexin V-fluorescein isothiocyanate (FITC) and
5 uL PI (Annexin V-FITC/PI Apoptosis Detection kit; BD
Biosciences) in the dark at room temperature for 15 minutes.
Apoptosis was measured with the FACSVerse™ flow cytom-
eter (BD biosciences). Apoptotic cells were counted by the
total percentage of Annexin V-positive cells, including the
early apoptotic and late apoptotic cells.

Measurement of intracellular ROS level
Intracellular ROS levels were measured using 2’,7’-dichlo-
rodihydrofluorescein diacetate (DCFH-DA; Beyotime,
Nanjing, China), according to the manufacturer’s recom-
mendations. Briefly, HeLa cells in six-well tissue culture
plates were treated with dicerandrol B (3 or 5 pug/mL) or
DMSO (untreated control) in DMEM for 24 hours; some
cells were pretreated with 100 wmol/L N-acetyl-L-cysteine
(NAC; antioxidant) for 60 minutes. After treatment, cells
were incubated with 10 uM DCFH-DA diluted in serum-free
culture medium in the dark at 37°C for 30 minutes, washed
twice with PBS, and micrographs were obtained using a
conventional fluorescent microscope (Olympus).

Western blot analysis

Cultured HeLa cells were detached by treating with 0.25%
trypsin, washed, and pelleted by centrifugation at 12,000 rpm
for 1 minute. Protein concentrations were quantified with
the BCA protein assay kit using bicinchoninic acid (Thermo
Fisher Scientific, Waltham, MA, USA), according to the
manufacturer’s instructions. Cells were lysed in RIPA buffer

and boiled for 10 minutes. Protein samples (30 pg/sample)
were subjected to 10% SDS-PAGE and electrotransferred to
polyvinylidene difluoride membranes (Bio-Rad). Membranes
were blocked with 5% nonfat dry milk in TBS buffer (20 mM
Tris-HCI, pH 7.4, 500 mM NacCl) and incubated with pri-
mary antibody at 4°C overnight. Primary antibodies included
rabbit polyclonal anti-Bcl-2(1:1,000), Bax (1:1,000), PARP-1
(1:1,000), cleaved PARP (1:1,000), ubiquitin (Ub; 1:1,000),
and GRP78 (1:1,000) (Cell Signaling Technology, Beverly,
MA, USA). Immunoblots were washed with TBS-T and incu-
bated with HRP-conjugated secondary antibodies at 37°C for
1-2 hours. Secondary antibodies were goat anti-rabbit IgG
(1:5,000) or rabbit anti-mouse IgG (1:5,000). Chemilumines-
cence signals were detected using the BioSpectrum Imaging
System (BioSpectrum 410, UVP; Analytik Jena US LLC,
Upland, CA, USA). B-Actin served as the internal control.

Quantitative real-time RT-PCR

RNA was extracted from cultured HeLa cells using Trizol
reagent (Thermo Fisher Scientific) and isolated, according
to the manufacturer’s instructions. RNA was treated with
DNAse (DNase I, RNase-Free; Ambion), and 200 ng of total
RNA was reverse-transcribed with oligo dT primers using
the High-Capacity cDNA RT Kit (Thermo Fisher Scientific)
in a 20 uL cDNA reaction, according to the manufacturer’s
instructions. For quantitative PCR, template cDNA was
added to a 20 UL reaction mixture with SYBR GREEN PCR
Master Mix (Thermo Fisher Scientific) and 0.2 mM of primer.
The marker of proliferation Ki67 (MKi-67) primers were:
forward, 5’-GCCTGCTCGACCCTACAGA-3’ and reverse,
5-GCTTGTCAACTGCGGTTGC-3". The UBE2S primers
were: forward, 5'-CCGACACGTACTGCTGACC-3" and
reverse, 5'-GCCGCATACTCCTCGTAGTTC-3'. The Gpx
primers were: forward, 5-CAGTCGGTGTATGCCTTC
TCG-3’ and reverse, 5’-GAGGGACGCCACATTCTCG-3".
The GAPDH primers were: forward, 5'-CGG AGT CA A CGG
ATT TGG TCG TAT-3" and reverse, 5-AGC CTT CTC CAT
GGT GGT GAA GAC-3’. Amplification was performed using
real-time quantitative PCR instrument (the LightCycler®480;
Roche) for 40 cycles under the following conditions: initial
denaturation at 95°C for 10 minutes, followed by 40 cycles of
95°C for 15 seconds and 60°C for 1 minute. Changes relative
to GAPDH were calculated using the AA Ct method.

Statistical analysis

Statistical analyses were conducted with SPSS 17.0 software.
All experiments were repeated three times. Data are presented
as mean = SD. Differences between test and control groups
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were compared with one-way ANOVA and Student’s #-test.
P<0.05 was considered as a significant difference.

Results

Identification of dicerandrol B

ESI-MS (positive mode): m/z=709 [M+H]*, 731 [M+Na];
HR-ESI-MS: m/z 709.2116 [M+H]* (calcd for C, H, O,
709.2127), 731.1977 [M+Na] (calcd for C, H, NaO
731.1946), '"H NMR (acetone-

367 736 15°
4 300 MHz), and *C NMR
(acetone-

1 125 MHz) data were in accordance with a

previous report (Figure 1).°

Effect of dicerandrol B on the growth of

Hela cells

In our experiment, we detected the cell viability of diceran-
drol B on different human cells, including human gastric
cancer cell MGC803, human mammary epithelial cell
MCF10A, and human cervical cancer HeLa cells. We used
MCF10A as a normal cell. The results showed that diceran-
drol B could inhibit the cell viability of all three cells, but the
inhibition of MGC803 and HeLa cells was more significant
than that of MCF10A (Figure 2A). MTT assay indicated that
dicerandrol B inhibited the viability of HeLa cells in a dose-
and time-dependant manner. IC, values for dicerandrol B
were 7.13, 3.00, and 1.84 pug/mL after 24, 48, and 96 hours
of incubation, respectively (Figure 2B). We also performed
a clone formation experiment. The results were similar to
the MTT results (Figure 2C). The apoptosis assay indicated
that dicerandrol B (0, 3, and 5 pg/mL for 24 hours) induced
apoptosis in HeLa cells in a dose-dependent manner; 30.9%
HeLa cells were apoptotic following incubation with 3 pug/mL
dicerandrol B, and 45% HeLa cells were apoptotic following
incubation with 5 pg/mL dicerandrol B (Figure 2D). Western

R,=Ac, R,=H

Figure | Chemical structure of dicerandrol B.

blot analysis showed a significant dose-dependent increase
in the expression levels of cleaved PARP in HeLa cells incu-
bated with dicerandrol B for 24 hours compared to control
(Figure 2E and F). These findings suggest that dicerandrol
B inhibits HeLa cell proliferation and promotes apoptosis by
increasing the expression of cleaved PARP.

Effect of dicerandrol B on the Hela cell
cycle
Flow cytometry revealed a significant (67.24%) increase
in the number of HeLa cells in the G2/M phase following
incubation with 3 pug/mL dicerandrol B for 24 hours com-
pared to control and a significant (17.91%) decrease in the
number of HeLa cells in the S phase. These findings suggest
that dicerandrol B significantly increases the number of HeLa
cells in the G2/M phase of the cell cycle (Figure 3A and B).
Real-time fluorescence quantitative PCR was used to
investigate the expression levels of the cell cycle-related gene
MKi-67 and ubiquitin conjugating enzyme E2S (UBE2S/
E2-EPF) in HeLa cells incubated with dicerandrol B (0, 3,
or 5 ug/mL for 24 hours). There was a significant dose-
dependent increase in the expression level of MKi-67 and
a significant dose-dependent decrease in the expression
level of UBE2S in HeLa cells incubated with dicerandrol B
compared to control (Figure 3C). These findings suggest that
dicerandrol B induces G2/M cell cycle arrest in HeLa cells.

Effect of dicerandrol B on ERS in HelLa

cells

Western blot analysis was used to investigate GRP78 and
Ub protein levels in HeLa cells incubated with dicerandrol B
(0, 3, or 5 ug/mL for 12 hours). GRP78 and Ub proteins
are markers of ERS-associated apoptosis in HeLa cells
(Figure 4A—C). Western blot analysis showed a significant
dose-dependent increase in the expression levels of GRP78
and Ub in HeLa cells incubated with dicerandrol B compared
to control. These findings suggest that dicerandrol B induces
apoptosis in HeLa cells by the ERS signaling pathway.

Effect of dicerandrol B on mitochondrial

dysfunction of Hela cells

The ROS-sensitive fluorescent probe DCFH-DA was used to
monitor cellular oxidative stress in HeLa cells incubated with
dicerandrol B (0, 3, or 5 pg/mL for 24 hours) in the presence
or absence of 100 umol/L NAC. Dicerandrol B considerably
increased ROS production in HeLa cells, and NAC signifi-
cantly attenuated the dicerandrol B-induced increase in ROS
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cells were incubated with dicerandrol B (3 or 5 ug/mL) or DMSO (untreated control) for 24, 48, or 96 hours. MTT assay was used to evaluate cell viability. (C) The clone
formation of Hela cells treated with dicerandrol B. (D) Hela cells were incubated with dicerandrol B (0, 3, or 5 pg/mL) for 24 hours. Annexin V-FITC, Pl, and flow cytometry
were used to assess the effects of dicerandrol B on apoptosis. (E, F) Western blot analysis for cleaved PARP, a marker of apoptosis, in Hela cells incubated with dicerandrol
B (0, 3, or 5 ug/mL) for 24 hours Data are presented as mean * SD of three experiments. (*P<<0.05, **P<<0.01, dicerandrol B vs control.)

Abbreviations: DMSO, dimethyl sulfoxide; FITC, fluorescein isothiocyanate; Pl, propidium iodide.
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Figure 3 Effect of dicerandrol B on the Hela cell cycle.

Notes: (A, B) Hela cells were treated with dicerandrol B (0, 3, or 5 ng/mL) for 24 hours. Subsequently, the cells were harvested and stained with Pl in order to determine
cell cycle distribution by flow cytometry. (C) Real-time fluorescence quantitative PCR of MKi-67 and UBE2S. Data are presented as mean * SD of three experiments.

(*P<<0.05, **P<<0.01, dicerandrol B vs control.)
Abbreviations: MKi-67, marker of proliferation Kié7; Pl, propidium iodide.

production (Figure SA). Western blot analysis demonstrated
that dicerandrol B significantly increased the Bax/Bcl-2 ratio
(determinant of apoptotic potential in cells) in HeLa cells
(Figure 5B and C). Real-time fluorescence quantitative PCR
showed a significant dose-dependent increase in the expres-
sion of the Gpx gene, which encodes an antioxidant enzyme, in
HeLa cells incubated with dicerandrol B compared to control
(Figure 5D). These findings suggest that dicerandrol B induces
ROS production in HeLa cells, disturbs the balance between
cell death and cell growth, and promotes the production of Gpx
to avoid the mitochondrial dysfunction caused by the ROS.

Discussion

Cancer remains a major global health problem. All available
anticancer agents currently have disadvantages such as resis-
tance and side effects.'* Therefore, it is necessary to introduce
a new anticancer agent. The utilization of natural products
and/or their novel structures, in order to discover and develop
the final drug entity, is still alive and well.! The xanthone

dimer metabolite dicerandrol B, isolated from the endophytic
fungus Phomopsis sp., displays marked cyctotoxic activity
against some tumor cells, but less-marked cytotoxic effect
on the immortalized human breast epithelial cell line.™
Dicerandrol B was found to be the most promising candidate
for further investigations among the tested xanthones.'®
This study investigated the effects of dicerandrol B on
human cervical cancer HeLa cells. Dicerandrol B signifi-
cantly inhibited HeLa cell viability, increased the number of
HeLa cells in the G2/M phase of the cell cycle, and increased
the expression MKi-67 and decreased the expression of
UBE?2S in a dose-dependent manner. MKi-67 and UBE2S are
cell cycle-related genes. MKi-67 is a nuclear protein that is
present during all cell cycle phases, including G1, S, G2, and
mitosis; it is not expressed in resting cells.!” UBE2S promotes
efficient anaphase-promoting complex (APC/C) substrate
degradation, spindle assembly, and progression through
mitosis.'®!"” UBE2S depletion prolongs drug-induced mitotic
arrest and suppresses mitotic slippage.?® Taken together,
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Figure 4 Effect of dicerandrol B on ERS in Hela cells.
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these data indicate that dicerandrol B induces G2/M arrest
and apoptosis in HeLa cells.

Apoptosis is programmed cell death. Apoptosis is essen-
tial for controlling the number of cells in a multicellular
organism.?! Modification of apoptotic pathways can lead to
disease, including cancer.?? The three key apoptotic pathways
include mitochondrial, ER, and death receptor-activated
apoptotic pathways.!!

The ER apoptotic pathway is initiated by ERS, which is
caused by factors such as cytotoxicity and nutrient limita-
tion and is characterized by the accumulation of unfolded or
misfolded proteins.? ERS activates the UPR to restore ER
homeostasis. In mild ERS, the UPR triggers and promotes
the ER-associated protein degradation pathway, which
removes misfolded proteins and restores normal ER function.
In prolonged or severe ERS, the UPR triggers ERS-induced
apoptosis.”* Findings from the present study suggest that
dicerandrol B caused ERS-mediated apoptosis in HelLa
cells, evidenced by the accumulation of substantial amounts
of ubiquitinated protein and changes in GRP78 expression

levels.?>? Ubiquitin is a key modulator of cell survival.
The accumulation of ubiquitinated proteins in the cells after
treatment with dicerandrol B suggests increase of the mis-
folded proteins in the ER, which can induce ERS-mediated
apoptosis. GRP78 is a major ER chaperone that exerts anti-
apoptotic effects and regulates the ERS response.?’*

The mitochondrial pathway is another important apop-
totic pathway. Mitochondria are the major ATP producer
and a producer and target of ROS.?® ROS interact with
Bcl-2 proteins to activate diverse redox-sensitive signaling
cascades, including the mitochondrial intrinsic apoptotic
cascade.?3* Bcl-2 proteins are proapoptotic (Bax, Bak, Bad,
Bim) or antiapoptotic (Bcl-2, Bel-dicerandrol BL, Bel-w).?!3
ROS activate and translocate Bax to the outer mitochondrial
membrane, where it forms oligomers that alter the mitochon-
drial membrane permeability.?**' This facilitates the release
of apoptogenic factors such as cyt ¢ from the mitochondrial
inner membrane space and activates caspase-9 and caspase-3,
which are crucial mediators of apoptosis.'' Findings from
the present study suggest that dicerandrol B activates the
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Figure 5 Effect of dicerandrol B on mitochondrial dysfunction in Hela cells.
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morphology was observed by fluorescence microscopy (bar, 50 um). (B) Western blot analysis of Bax and Bcl-2 proteins in Hela cells incubated with dicerandrol B (0, 3, or
5 pg/mL) for 24 hours. (C) The Bax/Bcl-2 ratio. (D) Real-time fluorescence quantitative PCR for the Gpx gene (¥P<<0.05, **P<<0.01, dicerandrol B vs control).
Abbreviations: DCFH-DA: 2',7’-dichlorodihydrofluorescein diacetate; NAC, N-acetyl-L-cysteine.

mitochondrial apoptotic pathway in HeLa cells, evidenced by
the dose-dependent increase in ROS production, Bax/Bcl-2
ratio (a key determinant of a cell’s apoptotic potential), and
cleaved PARP expression.

In summary, findings from this study demonstrate that
dicerandrol B isolated from a medicinal plant induces
apoptosis in human HeLa cells possibly through the ERS
and mitochondrial apoptotic pathways. This suggests that

dicerandrol B possesses strong anticancer activity in cervical
cancer, and provides insight into the mechanisms underlying
dicerandrol B’s antitumor effects.
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