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Radiosensitivity of human ovarian cancer cells is
enhanced by pseudolaric acid B due to the inhibition
of the Ras/Raf/ERK signaling pathway
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Abstract. Ovarian cancer has the highest mortality rate
among gynecological cancers; the most effective therapy for
this cancer is a combination of radiation treatment and chemo-
therapy. However, radiation resistance is the leading factor
associated with treatment failure. The present study aimed to
investigate pseudolaric acid B (PAB) as a potential radiosen-
sitizer for the treatment of ovarian cancer. The present study
performed MTT and clonogenic assays, and demonstrated that
PAB could induce a radiosensitizing effect on SKOV-3 cells.
An Annexin V/propidium iodide staining assay revealed that
PAB exerted a radiosensitizing effect by inducing SKOV-3
cell apoptosis. In addition, western blot analysis demonstrated
that the activity of the Ras/RAF proto-oncogene serine/thre-
onine-protein kinase/extracellular signal-regulated kinase
signaling pathway was reduced by combination therapy with
PAB and irradiation. In conclusion, the present study estab-
lishes PAB as a radiosensitizer, and provides a rational basis
for the use of PAB and irradiation as a combination therapy to
treat ovarian cancer.

Introduction

Ovarian cancer presents as a complex cystic mass in the pelvis
and is the leading cause of mortality amongst all types of gyne-
cological cancer (1,2). No anatomical barrier exists to prevent
the widespread metastasis of ovarian cancer (3). Currently, the
most effective therapy for this disease is cytoreductive surgery
alongside chemotherapy regimens; these predominantly use

Correspondence to: Dr Qingshui Li, Department of Gynecological
Oncology, Shandong Cancer Hospital Affiliated to Shandong
University, Shandong Academy of Medical Sciences, 107 Jiyan
Road, Jinan, Shandong 250117, P.R. China

E-mail: qingshui_li@126.com

Key words: pseudolaric acid B, irradiation, apoptosis, ovarian
cancer, Ras-Raf-ERK signaling pathway, radioresistance

platinum analogues with the addition of a taxane and induce
apoptosis to kill cancer cells (3,4). However, the overall cure
rate of patients with ovarian cancer remains low at ~30% and
the survival rate at 5 years is 38%, meaning a more effective
therapy is urgently needed (3).

Ionizing radiation, including X-rays and a-particles,
is often used to treat a variety of types of cancer (5-7). The
radiation can induce cell death through a variety of different
mechanisms, including apoptosis, autophagy, necrosis and
accelerated senescence (7). The type of radiation used, the
dosage and the region of the body targeted all determine the
type of cell death that occurs. When treating cancer with
irradiation, the degree of carcinogenic risk and radioresistance
must be taken into account. To help improve understanding of
this, it has been reported that the combination of radiotherapy
with a radiosensitizing agent was being investigated (8).

Pseudolaric acid B (PAB) is present in a traditional
Chinese medicine named ‘Tu-Jin-Pi’, which is derived from
Pseudolarix kaempferi Gordon (9). Previous studies have
demonstrated that PAB can have a range of different phar-
macological effects, including antifungal, antimicrobial,
antifertility and cytotoxic effects (9-12). It has been reported
that PAB possesses antitumor activity against an ovarian
cancer cell line by inducing caspase-dependent apoptosis (13).
However, few studies have focused on investigating the poten-
tial combination of radiotherapy and PAB.

The present study aimed to investigate the anticancer
activity of PAB, and the combination of PAB and irradiation
as a therapy against human ovarian cancer cells. First, it was
established that the combination of PAB with irradiation was a
potential treatment against ovarian cancer cells. Secondly, the
type of cell death taking place and the underlying mechanisms
causing it were investigated using the ovarian cancer cell line
SKOV-3.

Materials and methods

Reagents and chemicals. PAB was obtained from the National
Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China) with a purity of >98%. PAB was
dissolved in dimethyl sulfoxide (DMSO) to make a stock
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solution, which was then diluted using McCoy's 5SA (modified)
medium (Invitrogen, Thermo Fisher Scientific, Inc., Waltham,
MA, USA) to a final concentration of DMSO of <0.05%, which
was considered to have no detectable effects on cell growth
and viability. Trypsin, EDTA, PBS, monodansylcadaverine
(MDC), propidium iodide (PI) and Annexin V were all
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). McCoy's 5A (modified) medium and fetal bovine
serum (FBS) were purchased from Invitrogen (Thermo
Fisher Scientific, Inc.). Primary antibodies directed against
microtubule-associated proteins 1/2 light chain 3 (LC3-I/II),
autophagy protein 5 (ATGS), f-actin, phosphorylated (p)-Ras,
p-RAF proto-oncogene serine/threonine-protein kinase (Raf)
and extracellular signal-regulated kinase (ERK) were obtained
from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Secondary antibodies were also obtained from Cell Signaling
Technology, Inc. All other chemical reagents used in the study
were of analytical reagent grade.

Cells and culture. The human ovarian adenocarcinoma SKOV-3
and OVCAR-3 cell lines were obtained from the American
Type Culture Collection (ATCC; Manassas, VA, USA).
SKOV-3 cells are resistant to tumor necrosis factor-induced
apoptosis, and to several cytotoxic drugs, including diphtheria
toxin, cisplatin and Adriamycin (14). The cells were cultured
in Invitrogen McCoy's 5A (modified) medium supplemented
with 10% FBS at a temperature of 37°C with 5% CO, The
cells were passaged with 0.25% (w/v) trypsin-0.53 mM EDTA
solution. The cells were assayed in the logarithmic growth
phase.

Radiation. Cells were cultured at a density of 1.5x10° cells/well
in a 6-well plate and pretreated with PAB at different concen-
trations (2.5-10 yM) in a humidified atmosphere of 37°C
with 5% CO, for 24 h. Then, the cells were irradiated with
an X-ray source using a MD2 Linear Accelerator (Primus;
Siemens AG, Munich, Germany) at a dose of 0-10 Gy.

Cell viability assay. An MTT assay was performed to deter-
mine cell viability. The SKOV-3 or OVCAR-3 cells were
seeded into 96-well plates at a density of 1x10* cells/well. The
cells were treated with PAB (2.5, 5 or 10 uM) for 24 h, by
which time they had attained 70-80% confluence. Then, the
cells were irradiated at 4 Gy. Afterwards, 10 ul MTT solution
(5 g/l) was added to each well and the plates were incubated
at 37°C with 5% CO, for another 2 h. The resulting crystals
were dissolved in 150 ul DMSO and the absorbance (A) of
the wells was measured using a microplate reader. The
cell growth inhibitory ratio (%) was calculated as follows:

(A490,comrol - A490,sample)/(A490,comrol - A490,blank) X 100

Clonogenic assay. Cells were seeded into 6-well plates at a
density of 2x10? cells/well and cultured at 37°C in an atmosphere
with 5% CO, for 12 h. The cells were then treated with PAB
(2.5-10 uM) and/or irradiated (2-10 Gy). A total of 2 weeks later,
the colonies were fixed with 4% paraformaldehyde for 20 min
at room temperature, and stained with 0.2% crystal violet for
10 min at room temperature. The surviving fraction (%) was
calculated as follows: (1 - Ny, adiated colonies’ Neontrol colonies) X 100. All
data were fitted into the linear quadratic model using Graphpad
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Prism software (version 5; GraphPad Software, Inc., La Jolla,
CA,USA).

Observation of morphological changes. The cells were seeded
in 6-well plate at a density of 1.5x10° cells/well, cultured
overnight, then irradiated at a dose of 4 Gy following PAB
treatment (2.5-10 uM). The cellular morphology was subse-
quently observed using a phase-contrast microscope (Olympus
Corporation, Tokyo, Japan).

Cell autophagy assay. Cell autophagy was measured
using Sigma-Aldrich MDC staining assay (cat. no. D4008;
Sigma-Aldrich; Merck KGaA) according to the manufac-
turer's instructions. The cells were seeded at a density of
2x10° cells/well in a 6-well plate. Once the cells reached
70-80% confluence they were treated with different doses
of PAB (2.5-10 uM) and irradiated at a dose of 4 Gy. After
24 h the cells were washed, the staining buffer of 0.05 mM
MDC in PBS was added and the plates were incubated at 37°C
for 30 min. The samples were analyzed using a flow cytom-
eter (BD Biosciences, Franklin Lakes, NJ, USA). Apoptosis
ratios were analyzed by CellQuest software (version 3;
BD Biosciences).

Cell apoptosis assay. Cell apoptosis was measured using
an Annexin V/PI staining assay. The cells were seeded at a
density of 2x10 cells in a 6-well plate, and when the cells
reached 80% confluence they were treated with different doses
of PAB (2.5-10 uM) and irradiated with 4 Gy. After 24 h the
cells were washed with PBS, collected and then suspended in
a Sigma-Aldrich Annexin V binding buffer (Sigma-Aldrich;
Merck KGaA) according to the manufacturer's instructions.
Annexin V and PI (Sigma-Aldrich; Merck KGaA) were
added to the sample and it was incubated for 30 min at 37°C.
The cell apoptosis rate was analyzed using a flow cytom-
eter (BD Biosciences). Autophagy ratios were analyzed by
CellQuest software (version 3; BD Biosciences).

Western blot analysis. The cells were seeded into 6-well
plate at a density of 1.5x10° cell/well, cultured overnight and
then treated with 2.5-10 M PAB and 4 Gy radiation. After
incubation for 24 h, the cells were washed, collected and
then lysed using radioimmunoprecipitation assay lysis buffer
containing a protease inhibitor cocktail (cOmplete™, Mini,
EDTA-free Protease Inhibitor Cocktail; Sigma-Aldrich;
Merck KGaA). Protein concentration was determined
using the bicinchoninic acid protein assay. Samples contain
30 pg proteins were loaded into each lane of an 8-12%
SDS-PAGE gel. Electrophoresis was performed at 120 V
for 1 h to separate the proteins. The proteins were trans-
ferred onto Millipore Immobilon®-P transfer membrane
(EMD Millipore, Billerica, MA, USA) over 2 h at 100 mA.
The membrane was blocked using 5% non-fatdry milk in PBS
for 2 h. The membranes were then probed with antibodies
directed against LC3-I/II (cat. no. 3868, 1:1,000), ATGS (cat.
no. 12994, 1:1,000), p-Ras (cat. no. 3321, 1:1,000), p-Raf (cat.
no. 9421, 1:1,000), p-ERK (cat. no. 4370, 1:1,000) and B-actin
(cat. no. 4970, 1:1,000) overnight at 4°C. The membranes
were incubated with horseradish peroxidase-conjugated
anti-rabbit secondary antibodies (cat. no. 7074, 1:1,000) for



SPANDIDOS

G BUBLICATIONS EXPERIMENTAL AND THERAPEUTIC MEDICINE 15: 685-690, 2018 687
A B SKOV3 c OVCARS3
F100 1 1
s
Eow g :
5 = <
£ 60 S -0 2 - 0
e Eod = Eoq = 2s
S 40 4 e - 5 H -+ 5
x E E
g £ - 10 H - 10
o 2.0 i = 2
E PAB (uM) PAB (uM)
0 T e = == | 01 T T T ] 0.01 r . . v i
DMSO 25 5 10 v % b 8 1 0 2 4 6 8 10

PAB (uM) 0
4Gy - + +

Radiation dose (Gy)

+ +

Figure 1. PAB treatment enhances the radiosensitivity of ovarian cancer cells. (A) Cells were treated with different doses of PAB for 24 h and then cell viability
was measured by an MTT assay. (B) SKOV-3 or (C) OVCAR-3 cells were treated with different dose of PAB for 24 h and then treated with irradiation, the
cell viability was subsequently measured using a clonogenic assay. The surviving fraction is expressed as a function of the irradiation dose. (D) Morphologic
changes in SKOV-3 cells after PAB and irradiation treatment were observed. Magnification, x200. PAB, pseudolaric acid B.

1 h at room temperature and the proteins were then detected
using visualized by electrochemiluminescence (Pierce™
ECL Plus Western Blotting Substate, cat. no. 32132; Thermo
Fisher Scientific, Inc.). The films were scanned and quanti-
fied using Imagel software (version 1.43; National Institutes
of Health, Bethesda, MD, USA).

Statistical analysis. All results are expressed as the
mean + standard deviation of at least three repeats. A one-way
ANOVA followed by a Dunnett's post hoc test was performed
to determine the statistical differences among groups using
SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05
was considered statistically significant. Four Gy radiation
treatment group was considered as control group in all assays.

Results

PAB enhances the radiosensitivity of ovarian cancer cells.
To examine the effects of PAB on SKOV-3 cells, an MTT
assay was performed (Fig. 1A). Increasing doses of PAB were
administered for 24 h to detect the cytotoxicity of PAB. The
results demonstrated that PAB had no significant inhibitory
effect on the growth of ovarian cells.

Following this, a clonogenic assay was performed to inves-
tigate the effects of PAB on cell viability after irradiation. The
surviving fractions of SKOV-3 and OVCAR-3 cells decreased
as the doses of PAB and irradiation increased (Fig. 1B and C).
Compared with OVCAR-3, SKOV-3 cells were more sensitive
to radiation. Thus, SKOV-3 cells were used in subsequent
assays. These results demonstrated that PAB acted in synergy
with the irradiation, further reducing the surviving frac-
tion of the cancer cells, when compared with treatment with
irradiation alone. In addition, the morphological changes
observed (Fig. 1D) were consistent with the results of the cell
viability and clonogenic assays. These results indicate that
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Figure 2. Autophagy is not affected by PAB in SKOV-3 cells. SKOV-3 cells
were exposed to a range of PAB concentrations and 4 Gy radiation. After
24 h, (A) cells underwent MDC staining and the results were measured
by flow cytometry or (B) the expression of LC3-I, LC3-II and ATGS5 were
analyzed by western blot analysis. PAB, pseudolaric acid B; MDC, monodan-
sylcadaverine; LC3-I, microtubule-associated protein 1 light chain 3; LC3-I1,
microtubule-associated protein 2 light chain 3; ATGS, autophagy protein 5.

PAB may be a potent radiosensitizer and could have potential
benefits in the treatment ovarian cancer.
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Figure 3. PAB dose-dependently increases the irradiation-induced apoptosis of SKOV-3 cells. SKOV-3 cells were exposed to a range of PAB concentrations
and 4 Gy radiation. (A) After 24 h, cells were subjected to Annexin V and PI staining and the results were measured by flow cytometry. (B) The percentage of
apoptotic cells was quantified for each treatment. "P<0.05, “P<0.01 vs. 4 Gy radiation group. PAB, pseudolaric acid B; PI, propidium iodide; FITC, fluorescein

isothiocyanate.

Autophagy is not involved in the radiosensitizing effects
of PAB on SKOV-3 cells. To help determine the type of cell
death undergone by SKOV-3 cells during combination treat-
ment with PAB and irradiation, an MDC staining assay was
performed to detect whether the cells underwent autophagy.
The percentage ratio of MDC-positive cells was measured
by flow cytometry. The results revealed that there were no
notable changes in the level of autophagy following treatment
with PAB (Fig. 2A). In order to confirm these findings, the
expression of autophagy-associated proteins was also investi-
gated. The expression of LC3-I, LC3-II and ATGS exhibited
no notable changes following PAB treatment (Fig. 2B).
These results indicate that autophagy is not involved in the
radiosensitizing effects of PAB in SKOV-3 cells.

PAB dose-dependently increases the irradiation-induced
apoptosis of SKOV-3 cells. An Annexin V/PI staining assay
was performed to determine the percentage of SKOV-3 cell
death after treatment with a combination of PAB and irra-
diation (Fig. 3A). The results demonstrated that concurrent
treatment with PAB and irradiation significantly increased
the percentage of apoptotic SKOV-3 cells compared with the
positive and negative controls (Fig. 3B). This effect increased
with an increasing PAB dose. These results indicate that PAB
dose-dependently enhances the irradiation-induced apoptosis
of SKOV-3 cells and is an effective radiosensitizer.

PAB and irradiation combination therapy inhibits the
activation of the Ras-Raf-ERK signaling pathway. It has been
reported that PAB could upregulate the expression of ERK in
MCF-7 cells (9). To detect the underlying molecular mecha-
nisms by which PAB radiosensitizes SKOV-3 cells, the effects
of PAB and irradiation on the Ras-Raf-ERK signaling pathway
were investigated. The expression of p-Ras, p-Raf and p-ERK
was dose-dependently decreased by treatment with PAB
in combination with irradiation (P<0.01; Fig. 4A and B). In
addition, the phosphorylation of these proteins was not inhib-
ited by treatment with either irradiation (Fig. 4A and B) or
PAB (Fig. 4C) alone, which was consistent with the apoptosis
assay results. These results indicate that the Ras-Raf-ERK
signaling pathway is inhibited by the combination treatment
of PAB and irradiation, and that the disruption of this pathway
can induce apoptosis.

Discussion

Radiotherapy is a key constituent of ovarian cancer treatment,
which has been used for decades, with the primary limitation
being the radioresistance of tumor cells. Brown (15) previ-
ously reported that hypoxic conditions lead to resistance to
radiotherapy, overcoming this radioresistance would improve
the efficacy of cancer radiation therapy. In addition, several
other studies have focused on radioresistance of ovarian
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Figure 4. Combination treatment with PAB and irradiation inhibits the activation of the Ras-Raf-ERK signaling pathway. (A) SKOV-3 cells were exposed to
PAB at varying concentrations and irradiation, and the expression of p-Ras, p-Raf, and p-ERK was analyzed by western blot analysis. (B) A densitometry
analysis of the bands was performed. (C) SKOV-3 cells were exposed to PAB alone and analyzed by western blot analysis. “P<0.01 vs. 4 Gy radiation group.
PAB, pseudolaric acid B; p, phosphorylated; Raf, RAF proto-oncogene serine/threonine-protein kinase; ERK, extracellular signal-regulated kinase.

cancer (16,17). The present study investigated the potential
of PAB as a radiosensitizer during the irradiation of SKOV-3
ovarian cancer cells.

PAB has been demonstrated to exhibit antitumor effects
on a wide variety of tumor cells, including ovarian cancer
cells (9,13). However, there have been few studies focused on
the effects of PAB when administered alongside radiotherapy.
The present study aimed to determine the potential of PAB
as a radiosensitizer during the treatment of ovarian cancer, as
well as investigating the underlying mechanisms by which it
is able to have a radiosensitizing effect. The effectiveness of
radiotherapy as a single therapy and as a combined therapy
with PAB was studied by comparing the cell survival rates
of the SKOV-3 ovarian cancer cell line when treated with
each therapy type. In addition, autophagy, apoptosis and the
Ras-Raf-ERK signaling pathway were studied in order to help
determine the mechanism by which PAB exerts a radiosen-
sitizing effect. Yu et al (13) reported that PAB could induce
HO-8910 and A2780 ovarian cancer cell apoptosis. However,
in the present study PAB had no apoptotic effect on the
SKOV-3 cells. When a combined treatment of radiotherapy
and PAB was administered, the surviving fraction of cells
decreased compared to the group treated with radiotherapy
alone, indicating that PAB is a radiosensitizing agent.

To determine the mechanisms of cell death induced by
the combination of PAB and irradiation, an autophagy assay
was completed using MDC, a fluorescent dye used to label
autophagic vacuoles. The results demonstrated no notable
change in the number of autophagic vacuoles. The expression

of LC3-1I, LC3-II and ATGS5 was consistent with the MDC
staining assay results, with no notable changes seen. These
results demonstrated that autophagy was not affected by PAB.
PAB treatment alone had no effect on SKOV-3 cell growth,
whereas irradiation treatment alone did not induce cell
autophagy either. Thus, it was hypothesized that the combi-
nation treatment would induce apoptosis in SKOV-3 cells.

Previous studies have revealed that apoptosis is a
significant method of cell death during drug and irradiation
treatment (18,19). The increased induction of apoptosis has
been investigated using several different radiosensitizers,
including docetaxel (20), oxaliplatin (21) and vinorelbine (22).
These previous results led to the proposal that the radiosen-
sitizing effect of PAB may be due to it increasing the rate of
apoptosis of SKOV-3 cells. The results of the Annexin V/PI
staining assay supported this theory, demonstrating a signifi-
cant increase in the rate of apoptosis during treatment with
PAB and irradiation in a dose-dependent manner.

Raf proteins can be activated by the human proto-oncogene
Ras and regulated by the expression of the downstream protein
ERK (23). Ovarian cancer is the result of multiple genetic and
epigenetic changes in patients. It has been reported that Ras is
mutated in >20% of cases of ovarian cancer (24) and that the
Ras-Raf-ERK signaling pathway is involved in the progres-
sion of ovarian cancer, thus it represents a potential target
for anticancer therapy (25). In the present study, combination
therapy with PAB and irradiation notably decreased the levels
of phosphorylated proteins in the Ras-Raf-ERK singling
pathway when compared with the irradiation treatment alone.
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Therefore, it was hypothesized that decreasing the phosphory-
lation of proteins in the Ras-Raf-ERK signaling pathway could
also inhibit the progression of ovarian cancer, which may due
to enhanced apoptosis. In other studies, it has been reported
that irradiation enhanced the interactions between Ras and
Raf proteins, and the activation of ERK (26-28). In the present
study, treatment with irradiation and PAB was demonstrated
to lower the expression of ERK, which could be due to the
combination with PAB, but this hypothesis requires further
study to be confirmed.

Meanwhile, Kyula et al (29) reported that the Ras-Raf-ERK
signaling pathway not only serves a pivotal role in regulating
cancer progression, but is also involved in treatment resistance.
Currently, the main obstacle for radiotherapy is the degree of
radioresistance. In the present study, PAB treatment alone had
no effect on SKOV-3 cells, whereas combination therapy could
inhibit the Ras-Raf-ERK signaling pathway. This suggests that
combination therapy with PAB and irradiation not only inhib-
ited the progression of the ovarian cancer, but also reduced
irradiation therapy resistance by regulating the activity of the
Ras-Raf-ERK signaling pathway.

In conclusion, the combination of PAB with irradiation
increased the efficiency of radiation therapy in SKOV-3 cells by
inhibiting the Ras-Raf-ERK signaling pathway and increasing
cell apoptosis. This indicates that the downregulation of
the Ras-Raf-ERK signaling pathway is not only involved in
inhibiting tumor progression, but also in reducing irradiation
resistance. However, this hypothesis requires further research
to be confirmed. The results of the present study indicate that
PAB has therapeutic potential as a novel radiosensitizer for the
treatment of ovarian cancer.
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