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Abstract

Mulberry fruit water extract (MVVE) has been reported to synergistically enhance the cytotoxic effect of paclitaxel by promoting
mitotic catastrophe to induce apoptosis in bladder cancer cells in our previous work. The aim of this study was to evaluate and
to mechanistically explore the effects of MWE on bladder cancer responses to ionizing radiation (IR) by treating TSGH 8301
bladder carcinoma cells with MWE after exposing to IR. The results of MTT assay showed a synergistic cytotoxicity of IR with
the co-treatment of MWE (IR/MWVE) by inducing G2/M phase arrest as demonstrated by flow cytometry analysis in TSGH
8301, HT1367 and HT 1197 bladder carcinoma cells lines. The IR/MWE-treated cells expressed increased levels of the G2/M
phase arrest-related proteins cdc2/cyclin Bl and displayed giant multinucleated morphology, a typical characteristic of mitotic
catastrophe. Immunofluorescent confocal microscopy revealed that the combined strategy inhibited Aurora B phosphorylation
through Ras/Raf/MEK/ERK signaling cascade as demonstrated by Western blotting analysis. IRMWE also caused an inhibitory
effect on Plkl and the subsequent downstream regulator RhoA repression and Cep55 induction, which would influence cell
cycle progression in the early steps of cytokinesis. A profound tumor growth suppression and inactivation of Aurora B activity in
the tumor tissues by IRZ/MWE treatment were confirmed in the TSGH 8301 xenograft model in vivo. These data demonstrated
that MWE could be an effective auxiliary to synergize with radiation on the anticancer efficacy by promoting mitotic catastrophe
through inhibition of Aurora B, providing a novel and effective therapeutic option for bladder cancer management.
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Introduction

The bladder, a hollow organ in the lower part of the abdo-
men, functions as a storing unit of urine until it is passed out
of the body. Bladder cancer begins frequently in the urothe-
lium that lines the inside of the bladder. The most common
type of bladder cancer is transitional cell carcinoma, also
called urothelial carcinoma. Based on the occurrence of
muscle invasion, bladder cancer can be clinically classified
as muscle-invasive (MIBC) or non-muscle-invasive
(NMIBC) bladder carcinoma.' Up to the present, the stan-
dard treatment for MIBC is radical cystectomy whose peri-
operative complication rate and mortality rate are significant
improved because of medical techniques improvement.”
For the MIBC patients who are not suitable for or refuse

'Chi Mei Medical Center, Tainan City, Taiwan

2Chia Nan University of Pharmacy & Science, Tainan City, Taiwan
3Chung Shan Medical University, Taichung City, Taiwan

*Hung Kuang University, Taichung City, Taiwan

Chung Shan Medical University Hospital, Taichung City, Taiwan

Corresponding Authors:

Fen-Pi Chou, Institute of Biochemistry, Microbiology and Immunology,
College of Medicine, Chung Shan Medical University, 110, Sec. |, Jianguo
N. Road, Taichung City, 40246, Taiwan.

Email: fpchou@csmu.edu.tw

Hsien-Chun Tseng, Department of Radiation Oncology, Chung Shan
Medical University Hospital, | 10, Sec. |, Jianguo N. Road, Taichung City,
40246, Taiwan.

Email: rad.tseng@msa.hinet.net

@ @ @ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction
and distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages

(https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/ict
mailto:fpchou@csmu.edu.tw

Integrative Cancer Therapies

radical cystectomy, an alternative treatment choice is trans-
urethral resection of bladder tumor followed by radiation
therapy and systemic chemotherapy with a benefit of pre-
serving bladder function. The previous study showed that
MIBC patients received radiation therapy or radical cystec-
tomy had similar survival rate.’

Clinical therapeutic application of ionizing radiation
(IR) is not only limited by daily variations in bladder size
and position due to differences in bladder filling and other
factors that can negatively affect the ability to accurately
deliver radiation to the bladder but also by the IR-prompting
damages, including direct DNA double-strand break lesions
and indirect induction of cellular free radicals.” Previous
studies showed that one of the factors that influence the
extent of DNA damage following radiation exposure is cel-
lular oxygen that is believed to prolong the lifetime of the
short-lived free radicals produced by the interaction of
X-rays and cellular HzO'4’5 When the DNA of tumor cells is
damaged by IR, the cell cycle will be delayed at one of the
checkpoint by inhibiting cyclin-dependent kinases (CDKs)
until DNA repair is complete.® The heterodimer of cdc2/
Cyclin B1, also known as the M phase-promoting factor,
assists the conversion of centrosomes to mitotic microtu-
bule organizing center and the reorganization of microtu-
bule cytoskeleton in late prophase.”* During DNA repair,
cdc2/Cyclin B1 remains activated in the nucleus until DNA
is fixed. However, continually active cdc2 prompts cancer
cells to stay at M phase, when Cyclin Bl could not be
degraded via the ubiquitin-proteasome pathway.’

Mitotic catastrophe (MC) is a mechanism of sequential
events that are the consequence of premature or inappropri-
ate entry of cells into mitosis due to chemical or physical
stresses including ionizing radiation.”'® Many of mitotic
kinases have been reported to regulate the mechanism of
MC. The Aurora serine/threonine protein kinases family,
one of those that regulates mitotic process, has members of
Aurora A, B, and C. Aurora A locates at the spindle poles
and functions in mitotic entry, centrosome maturation and
maintenance of spindle bipolarity."" Accurate chromosome
segregation during mitosis requires the assistance of Aurora
B in the formation of chromosomal passenger complex with
other regulatory proteins,'”” a process that needs auto-
phosphorylation of Aurora B on Thr-232 through interac-
tion with the inner centromere protein.'* Overexpression of
Aurora B was found in primary human colorectal cancers,
non—-small cell lung carcinoma and hepatocellular carci-
noma cells lines."*'® In preclinical cancer therapy
researches, Aurora B inhibitor induced loss of normal chro-
mosomal alignment and chromosomal segregation to result
in MC,"'® and inhibited small-cell lung cancer cells growth
in vitro and in vivo."

The strategy of adding nutritional compounds from
botanical as auxiliary agents to reduce side effects and
toxicity of traditional cancer therapies is a noticeable
trend in cancer research in recent years.”’ Mulberry is an

important medicinal plant belonging to the Moraceae
family; and several phenolic compounds and many flavo-
noids have been identified from mulberry fruit.*! Previous
researches has shown that mulberry fruits extract had
potential antitumor effects such as suppressing acute coli-
tis and colorectal tumorigenesis via preventing lipopoly-
saccharide (LPS)-induced NF-kB/p-ERK/MAPK signals,
promoting human glioma cell death in vitro through reac-
tie oxygen species (ROS)-dependent mitochondrial path-
way and inhibiting glioma tumor growth.?** In addition,
our previous study discovered that mulberry water extract
(MWE) had synergistic effects to strengthen the toxicity
of paclitaxel by promoting MC to induce apoptosis in
bladder cancer cells.**

In this study, we found that the assistance of MWE
enhanced the cytotoxicity of IR via stimulating MC through
a mechanism in which the inhibition of Aurora B activity
interfered cytokinesis procedure in bladder cancer cells.
These results suggested that MWE could be used as an aux-
iliary to improve IR therapy via inducing MC.

Materials and Methods
Antibodies and Reagents

Primary antibodies used in Western blotting and immu-
nocytochemical analysis were as follows: antibodies
against Cdc2, phospho-Cdc2 (Tyrl5), Cyclin B1, phos-
pho- Cyclin B1 (Ser133), Aurora A, phospho-Aurora A
(Thr288), Ras, B-Raf, MEK1/2, p-MEK1/2, and Lamin
A/C were purchased from Cell Signaling (Danvers,
MA); antibodies against Cep55, polo-like kinase 1
(Plk1) and phospho-Plk1 (Thr210) were purchased from
Santa Cruz (Santa Cruz, CA); P-actin was purchased
from Gene Tex Inc (San Antonio, TX). Secondary anti-
bodies Alexa Fluor 488 and FITC were from BD
Biosciences (Franklin Lakes, NJ). RPMI1640 medium,
Eagle’s minimum essential medium, phosphate buffered
saline (PBS), trypsin-EDTA, penicillin-streptomycin
mixed antibiotics, L-glutamine solution, HEPES, and
sodium pyruvate solution were purchased from Gibco/
BRL (Gaithersburg, MD). Trypan blue solution was
from Thermo Fisher Scientific (Waltham, MA).
Methylthiazolyldiphenyl-tetrazolium bromide (MTT)
and 4',6-diamidino-2-phenylindole  dihydrochloride
(DAPI) were purchased from Sigma-Aldrich (St Louis,
MO). N,N,N',N'-tetramethylethylenediamine (TEMED),
glycine, 1.5 M Tris (pH 6.8) and 0.5 M Tris (pH 8.8)
were purchased from AMRESCO (Solon, OH); 10%
sodium dodecyl sulfate (SDS) and 40% acrylamide were
purchased from SERVA (Heidelberg, DE); ammonium
persulfate (APS) was purchased from Pharmacia Biotech
(Piscataway, NJ); NE-PER nuclear and cytoplasmic
extraction reagent was purchased from Thermo Fisher
Scientific (Waltham, MA).
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Extraction of Aqueous Fractions From Mulberry
Fruit

Fresh mulberry fruit (54 kg) were frozen dried to obtain 5.4
kg dried mulberry fruit powder. The dried powder (100 g)
was dissolved in 1000 mL of deionized water with stirring
for 2 hours. The suspension was frozen dried into powder
after a centrifugation at 3500 rpm for 20 minutes at 4°C. A
yield of about 50% of original dried powder weight was
reached. The lyophilized powder (MWE) was resuspended
in distilled water and filtered (0.45 pm pore size) for sub-
sequent uses in cell cultures and in animal study.

Cell Culture

TSGH 8301, HT1367, and HT1197 cells lines were obtained
from Bioresource Collection and Research Center, Food
Industry Research and Development Institute (Taipei, Taiwan).
TSGH 8301 cells line was maintained in RPMI 1640 medium
supplemented with 10% (w/v) fetal bovine serum; and HT1367
and HT1197 cells lines were maintained in Eagle’s minimum
essential medium with fetal bovine serum to a final concentra-
tion of 10% (w/v). Cells were cultured at 37°C in a humidified
atmosphere of 5% CO,/95% air incubator.

Cytotoxicity Assay

Cancer cell viability was determined by MTT reduction
assay. Cells seeded in 24-well plates at a density of 3 x 10*
per well were exposed to IR followed by MWE 12 hours
later and then incubated for additional 24, 48, and 72 hours.
After incubation, the cells were washed with PBS and then
incubated with 1 mL medium containing 100 uL MTT (5
pg/mL) for 4 hours. The amount of viable cells per dish was
quantified by the ability of living cells to reduce the yellow
dye to a purple formazan product, which was solubilized in
isopropanol and measured spectrophotometrically at 563
nm with a spectrophotometer (Hitachi U-2900/2910).

Cell Cycle Distribution Analysis

TSGH 8301, HT1367, and HT1197 cells treated with MWE
and/or IR for the indicated doses and time periods were
trypsinized from the culture plate and fixed in —20°C ice-
cold 70% ethanol. Thereafter, the DNA content was deter-
mined by staining with a solution containing 0.1% Triton-X
100, 20 pg/mL RNase, and 20 pg/mL propidium iodide (PI)
at room temperature in the dark for 30 minutes. The cell
cycle distribution was analyzed using CellQuest software
on a BD FACS Calibur machine (Mountain View, CA).

Western Blot Analysis

From the treated cells, the cytoplasmic and nuclear proteins
were extracted by NE-PER nuclear and cytoplasmic

extraction reagents (Thermo Fisher Scientific) and quantified
using a Bio-Rad protein assay (Bio-Rad, Hercules, CA) with
bovine serum albumin (BSA) as a standard. Each lysate (20
ng of protein) was resolved on denaturing polyacrylamide
gels and transferred electrophoretically to nitrocellulose
membranes. After blocking with 5% nonfat dried milk in
TBS-Tween 20 (TBST), the membranes were incubated with
primary antibodies overnight at 4°C. Immunoreactive pro-
teins were detected with horseradish peroxidase (HRP)-
conjugated secondary antibodies for 1 hour at room
temperature. After washed with TBST, the reacted bands
were developed using the enhanced chemiluminescence kit
(GE Healthcare Biosciences) and identified using the
ImageQuant LAS 4000 mini.

Hematoxylin and Eosin Stain

After the treatment, the cultured cells were fixed with 95%
(v/v) alcohol for 1 minute at room temperature followed by
washing 3 times with purified water. The cells on the cover-
slips were stained for nuclei with hematoxylin for 3 to 5
minutes, and then washed with ammonia solution for 30
seconds and with purified water 3 times. The cells were
dehydrated by passing through 70% (v/v) and 95% (v/v)
ethanol for 30 seconds each. The cells were then stained
with eosin for 1 minute followed by immersing in 95%
(v/v) and 100% (v/v) ethanol for 30 seconds each. The cov-
erslips were immersed in xylene for 1 minute and then
mounted onto slides.

Immunofluorescence and Confocal Microscopy

TSGH 8301 cells seeded at 3 x 10* cells on coverslips
overnight were fixed in 4% paraformaldehyde on ice for 15
minutes, washed 3 times with PBS, and then permeabilized
with 0.1% Triton X-100 in PBS for 15 minutes at room
temperature. The cells were further blocked in 10% goat
serum for 1 hour before the required primary antibody was
applied. After washing with PBS, the cells were incubated
with Alexa 488- or FITC-conjugated secondary antibody
(BD Biosciences). Cell nuclei were counterstained with
DAPI 32670 (Sigma). After extensive washing, coverslips
were mounted onto glass microscope slides, and cells were
viewed with a fluorescence confocal microscope (Zeiss,
Jena, Germany).

Xenograft Model and Treatment

Four-week-old BALB/c male nude mice were purchased
from National Laboratory Animal Center (Taipei, Taiwan)
and maintained for 1 week in a specific pathogen-free room
with an irradiated 5058-PicoLab Mouse Diet (LabDiet, Inc,
St Louis, MO) at 22°C and 55% humidity with a 12-hour
diurnal system. TSGH 8301 cells (I x 10’ cells/mouse)
were mixed with an equal volume of BD Matrigel (Becton,
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Dickinson and Company, Franklin Lakes, NJ) and injected
into the right inguinal region of a nude mouse. When the
tumor size reached approximately 140 mm®, the mice were
randomly divided into 4 groups receiving the following
treatments: IR combined with MWE (12 mice), MWE alone
(8 mice), IR alone (12 mice), and sterile deionized water
(the control group, 8 mice). A single dosage of IR (10 Gy/
mouse) was applied to the tumor site at the beginning of the
treatment; and MWE (4 mg/kg) in sterile deionized water
was given with a stomach sonde needle daily. Tumor vol-
umes were monitored using a caliper every week during the
entire experiment. Tumor volumes were calculated using
the following formula: tumor volume = major axis x (minor
axis)® x 0.52. All animal care and experimental procedures
were carried out in strict accordance with the guidelines for
the care and use of laboratory animals of Chung Shan
Medical University, and approved by the Institutional
Animal Care and Use Committee. The article does not con-
tain clinical studies or patient data.

Statistical Analysis

Statistical analyses were performed by Sigmastat software
(Jandel Scientific, San Rafael, CA). Results are expressed
as mean £ SD, and data were analyzed by Student’s 7 test or
1-way analysis of variance with post hoc Dunnett’s test for
significant difference with P < .05 considered significant.

Results

Effects of MWE Combined With IR on the
Cytotoxicity via Inducing G2/M Phase Arrest in
Bladder Carcinoma Cell Lines

MWE used in this study was rich in phenolic compounds
and flavonoids as analyzed by HPLC-DAD-ESI-MS and
reported in our previous study.**

Three bladder carcinoma cell lines at different malig-
nant stages, TSGH 8301, HT1136, and HT1197, were
tested for the cytotoxic effect of IR, MWE, or combination
of both for different time periods. The results of MTT assay
showed that the supplement of MWE (0-1500 pg/mL)
along with a single IR exposure (10 Gy) enhanced, dose-
and time-dependently, the toxicity of IR alone, while MWE
(500 pg/mL) alone was not toxic to TSGH 8301 cells
(Figure 1A). The 2 other cell lines demonstrated results
with a similar trend (Figure 1B). To understand the possi-
ble death mechanism regarding the synergistic cytotoxic
effect of MWE and IR, flow cytometry analysis of the
treated cells was performed. Although the cell cycle distri-
bution of MWE alone group was comparable to that of
control group (no treatment), the addition of MWE along
with IR treatment increased the population of cells arrested
at the G2/M phase from ~40% (IR alone) to ~60% (MWE

750-1500 pg/mL + IR) at 24 hour (Figure 1C). The cell
cycle arrest at the G2/M phase was even more profound
(~80% of cell population) at 48 hour. This observation
indicated that MWE enhanced the IR-induced G2/M arrest
at early time point. Similar outcomes were obtained when
the same strategy was applied to HT1367 and HT1197 cells
showing a more apparent dose-dependent manner of MWE
(Figure 1D). TSGH 8301 cell line was used thereafter in
this study because it was more susceptible to the treatment
strategy than the other 2 cell lines, which would let us to
clarify the mechanism.

During DNA damage, active cdc2/Cyclin B1 complex is
recruited to the nucleus and remained active to avoid cells
escaping from the G2/M phase.” To confirm that cdc2/
Cyclin B1 complex was activated in the G2/M phase arrest
cells, Western blotting was performed to determine the
phosphorylation of cdc2 and Cyclin B1, a known G2/M
markers and events. The treatment of MWE alone did not
affect the protein levels and phosphorylation state of cdc2
and Cyclin B1 as compared with the control cells. IR expo-
sure increased the levels of cdc2 and phosphorylated cdc2
and Cyclin B1, which were further enhanced dose-depend-
ently by the co-treatment of MWE at 24 hours (Figure 1E).
These data provided evidence that the combined treatment
of IR/MWE promoted cell death through inducing G2/M
phase arrest in bladder carcinoma cells.

Induction of Mitotic Catastrophe by IRIMWE
Treatment in TSGH 8301 Bladder Carcinoma
Cells

The cytochemistry H/E stain of the IR alone or IR/'MWE
treated TSGH 8301 cells displayed significant number of
multinucleated cells (black arrows) at 24 and 48 hours
(Figure 2A). This phenomenon was significantly boosted as
MWE concentration increased at both time points (Figure
2A, right panel). Giant multinucleated cells characterized
by missegregated and uncondensed chromosomes are often
the morphological markers of MC. The recent studies dis-
covered that Aurora A would cooperate with Bora, a G2/M
expressed protein, to induce Plk1 activation, and the acti-
vated Plkl could delay cancer cells to escape from the
G2/M phase via activating cdc2/Cyclin B1.2*® We ana-
lyzed the protein levels of MC-related proteins, p-Aurora A/
Aurora A and p-Plk1/Plk1, at 24 and 48 hours. As a moder-
ate elevation of p-Aurora A was observed in the MWE and
IR/MWE, but not IR alone, treated cells at 24 hours, there
was a profound and dose-dependent induction of the phos-
phorylation of Aurora A at 48 hours (ratio to the control was
up to 4.24-fold) under a circumstance that its protein level
remained unchanged (Figure 2B and C). On the other hand,
while all treatments induced slightly the activation of Plk1
(p-Plkl), only IR and IR/MWE increased total protein lev-
els at 24 hours as compared with those of untreated cells.



Suetal 5

A B HT1367 HT1197
120 120 Am
== : =:
df -

= E?h - - 1 100 .
. - . H - g — = .
8 L. . . g i . - § ™ o
H T — 5
ES T 2 & —_ # —
z = g = ® -_:- © T
2 3 ]
; 404 g 40 > a0
8 ] &

2 20 m

0l

IR {10 Gy) IR (10 Gy} IR(10 Gy)

Ty T e T T %%%*»%%‘% B e T T e e T
ETE T R Y %, e, e B v Ty T
v T AN W5, SRR,

IRMWE 24 h IRMWE 48 h
C 2 —— »
. = (==
g 80 £ N
é B g 80
i. :.
3 [
’ IR {10 Gy) ! IR (10 Gy}
B, e, e e, %, 0, % " ", o, P
", o, %, % o, A e A e,
6\‘“’»%%%%%% *\)% %%%%%
HT1367 (48 h) HT1187 (48 h)

D " . s O - -5 G
E = . — — — _Ei:‘

g £
g L] ‘% &
i, i,
] 3
’ IR (10 Gy ’ R10Gy)
N ey e e e, %%%‘% S, M, ", M,
0:9%%%%&,%% %%%%““b%
E 24h
IR {10 Gy)

MWE (ugiml) 0 500 0 250 500 750 1000 1500
podo? (Tyr 16) s e e weww S ———

fldofcontol 10 108 116 115 181 170 183 210
foid of irradiiation w oo 163 145 18T 179
cdc2 - - e e e e .
fold of control 1.0 113 179 176 229 204 214 278
foid of iradiation 10 097 127 113 1.19 154
_ = — — —
p-cyclin B1 ———4 4 3 &
fold of contrel 1.0 097 180 008 178 222 312 153
fold of iradiaton 10 11 088 123 173 0.4
i 4 —— -
Cyclin Bl = —— — —— — —
fdofcontrol 10 105 082 086 096 099 107 104
fald of imadiation 1.0 104 104 1.08 1.16 113
mnac SIS B EE S EEEREE T

Figure |. Effects of mulberry water extract (MWE) combined with ionizing radiation (IR) on the cytotoxicity via inducing G2/M phase
arrest in bladder carcinoma cells lines. (A) and (B) TSGH 8301, HT 1367, and HT | 197 bladder carcinoma cells were treated with IR (10
Gy), MWE (500 pg/mL), or IR/MWVE with the indicated concentrations of MWE for 24, 48, and 72 hours before being subjected to the
MTT assay for cell viability. The data are reported as means * SD from 2 different experiments performed at least in triplicate and are
expressed as a percentage of control (not treated). One-way analysis of varaince with post hoc Dunnett’s test was used to calculate the
p value for each dose treatment compared with IR alone, ("P < .05; “P < .01) and between time points (*P < .05; **P < .01). (C) TSGH
8301 cells and (D) HT1367 and HT | 197 cells were treated with IR (10 Gy), MWE (500 pg/mL), or IRFMWE with different concentrations
of MWE for the indicated time point and then subjected to cell cycle distribution analysis by flow cytometry. (E) Nuclear protein samples
obtained from TSGH 8301 cells of different treatments at 24 hours were analyzed by Western blotting for phosphorylation and protein
levels of Cdc2 and Cyclin Bl. The numbers under each blot are the intensity of each band relative to that of the control (not treated) or
IR alone. The blots were reprobed with an anti-Lamin A/C antibody to confirm equal loading of the samples. Arrow head indicated the
band used for quantitation. The results of C to E are representative of 3 independent experiments with similar results.
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Figure 2. Mulberry water extract (MWE) enhance ionizing radiation (IR) ability to induced multinucleation and expression of mitotic
catastrophe—related proteins in TSGH 8301 cells. (A) TSGH 8301 cells were subjected to hematoxylin and eosin (HE) staining

after the indicated treatments and times. The arrows point to the cells with multinucleation (left panel). Right panel represents the
quantitation of the number of multinucleated cells/100 cells that was expressed as percentage of control. The data are reported as
means * SD from 2 different experiments performed at least in triplicate. One-way analysis of varaince with post hoc Dunnett’s test
was used to calculate the P value for each dose treatment compared with IR alone, (‘P < .05; “*P < .01) and between time points

(*P < .05; ¥**P < .01). (B) and (C) Nuclear proteins prepared from the TSGH 8301 cells treated with IR, MWE or both for 24 and 48
hours were subjected to Western blotting analysis for the levels of phosphorylated form and total protein of Aurora A and Plkl. (D)
Cytoplasmic lysates were extracted from TSGH 8301 cells to assess Rho A and Cep55 expression. The numbers under each blot are
the intensity of each band relative to that of control (not treated) or IR alone. The relative protein amounts were quantified, and the
results are normalized to that of -actin (cytoplasm) or Lamin A/C (nucleus). The results shown are representatives of 3 independent
experiments with similar results.
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When the treatment time extended to 48 hours, the phos-
phorylation of Plk1 was diminished unexpectedly, while the
total protein level remained elevated at a time point that
G2/M arrest was robust (Figure 2B and C).

The phenomenon of high cellular activated Aurora A
could coerce cancer cells to stagnate in G2/M period.
However, our data showed that the phosphorylation of Plk1,
a downstream factor of activated Aurora A, was not concur-
rently increased along with the elevated levels of p-Aurora
A in the IR/MWE treated TSGH 8301 cells. Previous stud-
ies have revealed that PIk1 could induce activation of RhoA,
a central regulator of cellular contractility, and negatively
regulate CepS5, a microtubule-bundling protein, to assist
cytokinesis in progress.””?® In the present treatment strat-
egy, the level of RhoA was decreased by IR exposure, and
was further diminished by the co-treatment of MWE (Figure
2D). On the contrary, IRMWE induced the expression of
Cep55 at 48 hr. These observations that coincide with the
downregulation of Plk1 could sabotage the progression of
cytokinesis, and that together with the continuous activa-
tion of Aurora A could finally lead to severe MC.

Inhibition of Aurora B Phosphorylation by IR/
MWE Treatment in TSGH 8301 Bladder
Carcinoma Cells

The study of Shao et al*’ demonstrated a novel pathway that
Aurora B phosphorylates Plk1, triggering its kinase activity
at the kinetochores, to ascertain proper chromosome biori-
entation and accurate chromosome segregation in mitosis.
Using Western blotting we found that the combined treat-
ment cause a reduction in the phosphorylation of Aurora B
as compared with the MWE and IR alone groups (Figure
3A) while the protein levels was slightly increased. Confocal
microscopy immunofluorescent analysis was then used to
detect the localization and expression of p-Aurora B. As
shown in Figure 3B, p-Aurora B located mainly in the
nucleus and concentrated at the kinetochores in some cells
(white arrows) in the control and MWE alone groups; how-
ever, the florescent intensity was ~30% less in the latter
(Figure 3C). The cells received IR exposure revealed a phe-
notype of large endopolyploid cells that are fairly well char-
acterized for MC*® and had about 10% less of p-Aurora B
that was mainly distributed in the nucleus without concen-
trated localizing at the kinetochores (Figure 3B and C). In
the combined treatment group, the expression of p-Aurora
B was dissipated to ~20% of control, and giant endopoly-
ploid cells were observed (Figure 3B and C). This evidence
demonstrated that the combined strategy could integrate the
effects of IR and MWE via inhibiting the activity of Aurora
B to interfere with cancer cells division that led to the for-
mation of multinucleation and giant cell of MC in TSGH
8301 bladder cancer cells.

Inhibition of Ras/IMEK/ERK Signaling Pathway
by IRIMWE in TSGH 8301 Bladder Carcinoma
Cells

The activation of Aurora B has been reported to be regulated
by Ras/Raf/MEK/ERK signaling cascade in gynecological
cancer cell lines.”’ Ras/Raf/MEK/ERK signaling cascade
participates in regulation of normal cell proliferation, sur-
vival, and differentiation,” and some mutated or aberrantly
overexpressed components of the signaling pathways are
involved in the proliferation, survival and metastasis of
human cancer cells.** Ras is a small GTP-binding protein that
locates at the inner surface of cell membrane and binds to the
Ras-binding domain of Raf (named for Rapidly Accelerated
Fibrosarcoma with 3 isoform: A-Raf, B-Raf, and C-Raf) to
regulate its activation.”** The activation of B-Raf was
reported to trigger downstream MEK/ERK activation to reg-
ulate cancer cells proliferation, invasion and metastasis.** As
shown in the results of Western blotting assay, the combined
strategy inhibited the expression of Ras and B-Raf dose-
dependently, and repressed the phosphorylation of MEK
(p-MEK) that was consistent with the decreased level of
MEK protein (Figure 4A). The phosphorylation of ERK1/2
was also decreased by the combined treatment; however,
there was an increase in the protein level.

In the past study, it was reported that B-Raf could pro-
mote nuclear factor—xb (NF-kb) pathway via C-Raf activa-
tion to support cell proliferating and survival ability.*> The
Western blotting results showed that the level of NF-«kb in
the nucleus of the IR/MWE-treated cells was correspond-
ingly decreased with the reduction in the B-Raf expression
(Figure 4B). Phosphatidylinositol 3-kinase (PI3K)/AKT is
another main effector pathway of Ras, participating in cel-
lular proliferation, transformation, adhesion, apoptosis, sur-
vival, and motility.*® The data demonstrated that IR/MWE
downregulated PI3K expression, an observation consistent
with the changes in Ras level (Figure 4A and C). These out-
comes indicated that the combined strategy of IR/MWE
could repress concurrently the pathways of Raf/MEK/ERK
and PI3K/AKT, a consequence of Ras suppression.

Inhibition of Tumor Growth and Aurora B
Activity by IRIMWE in a Human Bladder
Carcinoma TSGH 8301 Xenograft Model

To clarify the in vivo efficacy of present strategy, TSGH
8301 xenografts in mice were treated with IR (10 Gy),
MWE (p.o. 4 mg/kg), or IR/MWE (10 Gy/p.o. 4 mg/kg)
when the tumors reached an average volume greater than
140 mm’. The mice were randomly grouped and treated
with IR at the first day (IR alone and IRZMWE groups)
and MWE every day for 3 weeks. The results in Figure
5A showed that the untreated tumors displayed a stable
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Figure 3. Synergistic effect of ionizing radiation (IR) and mulberry water extract (MVWVE) inhibited Aurora B activity in TSGH 8301
cells. (A) Nuclear proteins prepared from the TSGH 8301 cells treated with IR, MWE, or both for 48 hours were subjected to
Western blotting analysis for the levels of phosphorylated form and total protein of Aurora B. The numbers under each blot are the
intensity of each band relative to that of control (not treated) or IR alone. The relative protein amounts were quantified, and the
results are normalized to that of Lamin A/C (nucleus). The results shown are representatives of 3 independent experiments with
similar results. (B) TSGH 8301 cells with the indicated treatments for 48 hours were fixed with formaldehyde and then stained with
anti-p-Aurora B (red), anti-Tubulin (green) and DAPI (blue) for confocal microscope observation. (C) Quantitation of the fluorescent
intensity of p-Aurora B in TSGH 8301 cells. Student’s t test was used to calculate the P value for each treatment compared with the
control (¥*P <.001).

growth and were more than the double of the initial size week and suppressed the growth rate thereafter as com-
at the third week. The application of IR alone or MWE pared with that of control, attaining an average volume
alone retarded the development of the tumors at the first that was 150% of the initial size at the third week. IR/
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Figure 4. lonizing radiation/mulberry water extract (IR/MWE) treatment inhibited Ras/MEK/ERK signaling pathway in TSGH
8301 cells. Cytoplasmic lysates (A and C) and nuclear proteins (B) prepared from the TSGH 8301 cells treated with IR, MWE, or
both 48 hours were subjected to Western blotting analysis for the levels of the indicated proteins. The relative protein amounts
were quantified, and the results are normalized to that of 3-actin (cytoplasm) or Lamin A/C (nucleus). The results shown are

representatives of 3 independent experiments with similar results.

MWE reduced effectively 34% of the initial tumor size
(P < .01) at the first week and inhibited substantially
tumor growth in the later weeks. At the end of the experi-
ment, the tumor volume of the IR/MWE group was
almost identical to the initial size.

Since the aforementioned in vitro studies revealed that
the combined treatment exerted the cytotoxic effect toward
bladder carcinoma TSGH 8301 via reducing Aurora B
activity, it was interesting to know whether the same
mechanism occurred in vivo. Immunohistochemical fluo-
rescent analysis was therefore used to detect the localiza-
tion and expression of p-Aurora B in the tumor specimens.
As shown in Figure 5B, p-Aurora B was co-localized with
DAPI in the nucleus in the control and MWE alone groups;
however, the florescent intensity was ~10% less in the lat-
ter (Figure 5C). The tumor slide of IR group showed irreg-
ular organization of the nuclei as DAPI stain demonstrated,
and significantly eliminated level (~35% of control) (P <
.001) of p-Aurora B (Figure 5B and C). In the combined
treated tumor sample, the fluorescence intensity of
p-Aurora B was almost undetectable and down to a level

of 7% of control (P < .001). This evidence supported that
with the assistance of MWE, IR treatment could achieve
better inhibitory effect on Aurora B activity. To confirm
the findings, we detected p-Aurora B and Aurora B con-
tents in the tumors by Western blotting assay (Figure 5D),
and expressed the activity by normalizing the level of
p-Aurora B to that of Aurora B protein (Figure SE). We
discovered that Aurora B was significantly decreased in
some of the IR/MWE treated tumors (Figure 5D, lower
panel). The changes in the ratio of p-Aurora B to Aurora
B of different groups were similar to the results of fluo-
rescence intensity of p-Aurora B (Figure 5C) showing
that IR and IR/MWE decreased significantly the activity
of Aurora B in the tumor tissues to ~60% and ~40% of
control, respectively.

Discussion

A treatment of transurethral resection of bladder tumor fol-
lowed by radiation therapy and systemic chemotherapy is a
typical procedure for the MIBC patients. Novel compounds
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Figure 5. Synergistic strategy retarded tumor growth in a human bladder carcinoma TSGH 8301 xenograft model. (A) TSGH 8301
cells (1 x 107 cells/mouse) were injected into the right inguinal region of nude mice to form tumor xenografts. When the tumor size
reached about 140 mm?, the mice were randomly divided into 4 groups and received the following treatments: ionizing radiation
(IR) combined with mulberry water extract (MWE), MWE alone, IR alone, and sterile deionized water (control group). Tumor

size was monitored every week, and the results are expressed as means + SD. One-way analysis of variance (ANOVA) with post
hoc Dunnett’s test was used to calculate the P value for each treatment compared with IR alone at each time point (**P < .0l). (B)
Immunohistochemical examination of p-Aurora B in the tumor sections obtained from the indicated treatment and (C) quantitation
of fluorescent intensity of p-Aurora B in TSGH 8301 cells. One-way ANOVA with post hoc Dunnett’s test was used to calculate the
P value for each treatment compared with the control (*P < .5; ***P < .001). (D) Western blotting analysis of the levels of p-Aurora
B in xenograft tumors. The upper and lower panels are the results obtained from different animal samples. (E) Statistical quantitation
of the ratio of p-Aurora B/Aurora B in tumor tissues of all animals. One-way ANOVA with post hoc Dunnett’s test was used to
calculate the P value for each treatment compared with the control (***P < .001).
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as adjuvants to improve the efficacy and to reduce the resis-
tance of both chemo- and radiotherapy are clearly required.
The present results demonstrated a synergistic effect of
MWE under IR influence via inhibiting Aurora B activity
and inducing MC. Taken together with our previous research
showing that MWE assisted paclitaxel, a currently used
chemotherapeutic agent, to treat bladder cancer via inhibi-
tion of PTEN activity and also leading to MC,** MWE pos-
sesses great potential in serving as an additive to amend the
effectivity of traditional treatments of bladder cancer for
both radio- and chemotherapy.

DNA damage induction is the main mechanism of action
of radiation therapy, and tumor cells response to it by mobiliz-
ing cell cycle-regulated proteins to repair DNA damage. It
has been reported that radiation treatment induced G2/M
phase arrest in meningioma cells that were then slowly recov-
ered and formed aggressive intracranial tumors with rapid
spread and morbidity unless an interference with Chk2 activa-
tion or cyclin B1/Cdc2 interaction was delivered.”” Although
the maximum energy of radiation could be delivered directly
to kill tumor cells theoretically, the normal cells around tumor
tissue would not tolerate radiation energy that achieved tumor-
killing effect.*®** Therefore, the employment of radiosensitiz-
ing agents can increase tumor cell killing effect for a given
physical dose of radiation. In this study, we demonstrated that
MWE could be used as a radiosensitizing agent to assist radia-
tion to kill TSGH 8301 cells via inducing MC.

Aurora kinases are essential for cell proliferation and
could serve as biomarkers of a poor prognosis because they
are expressed at high levels in solid tumors, especially
Aurora A.*” The nuclear accumulation of active Aurora A
has been recently described to regulate the Haspin-H3T3-
ph-Aurora-B feedback loop for the timely formation of the
chromosomal passenger complex before spindle assembly.*!
Although our data showed that the treatment of IR along
with MWE caused an astonishing and MWE dose-depen-
dent induction of Aurora A phosphorylation 48 hours after
the management, we considered it was a consequence of an
inhibition on Aurora-B activity that blocked mitosis progres-
sion and led to a compensated increase in Aurora A activa-
tion. The work of Tao et al** reported that aurora B kinase
inhibitor AZD1152 was able to mediate radiosensitization in
vivo by enhancing MC in HCT116 colon cancer cells. We
further linked the suppression of Aurora-B to the inhibitory
effect on its downstream regulator Plk1 that consequently
influence the downstream signaling by repressing RhoA
level and increasing CepS5 expression. The activation of
RhoA and repression of CepS5 are essential for accurate
chromosome segregation and proper cytokinesis during
mitosis.””*’ The blockage of such actions could be the
promising cause of the promoting effect of IR/MWE on MC.

The most commonly encountered problem with cancer
radiotherapy is radioresistance, and PI3K/AKT signaling

pathway was proved to be involved in such process.* It
was discovered that IR stimulated epidermal growth fac-
tor receptor (EGFR) that triggered PI3K/AKT signaling
pathway and drove cancer cells to generate radioresistant
ability.** Many PI3K inhibitors have been developed that
are now approved by the FDA (such as idelalisib and
copanlisib) or in clinical trials.*” Ras/Raf/MEK/ERK
was another signaling pathway induced by EGFR that
contributed to the radioresistance of cancer cells.*
Clinical trials testing EGFR, BRAF, and MEK inhibitors
as single agents or in combination are ongoing. However,
either pathway is complex, with many feedback loops
and interactions with other pathways, which make it hard
to predict the outcome of the inhibition of either one of
them. It has been suggested that combined therapy with
inhibitors targeting both PI3K/AKT and Ras/Raf/MEK/
ERK was the most effective way to treat cancer in animal
models,*® and could be a promising strategy in human
cancer management. The present study showed that
MWE was able to assist the efficacy of IR by inhibiting
Ras/Raf/MEK/ERK activity and decreasing PI3K level
(Figure 4), suggesting that this combined treatment could
target these 2 pathways concurrently that would be ben-
eficial in future clinical application.

In the past decade, complementary and alternative
medicine, as known as CAM, gradually becomes an
important trend in the cancer therapy. For instance, PHY-
906, extracting and condensing from 4-herb Chinese
Medicine Formula, and pomegranate extract are under
clinical trials to serve, respectively, as neoadjuvants to
assist clinical colorectal cancer and prostate cancer ther-
apy.’*® The use of MWE together with chemotherapeutic
agent and IR that could initiate multieffects leading even-
tually to MC, a new direction in cancer research other than
apoptosis and autophagy, provide a promising new strat-
egy with good potency for bladder cancer.

In conclusion, we provided evidences showing that the
assistance of MWE under the influence of IR caused severe
MC via repressing Ras/Raf/MEK/ERK signaling pathway
and Aurora B activity in bladder cancer cells. These data
support further preclinical work on the application of MWE
as adjuvant for radiosensitization.

Acknowledgments

The authors would like to thank Chung Shan Medical University
and Chi Mei Medical Center for providing the necessary facilities
and financial support.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.



12

Integrative Cancer Therapies

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this arti-
cle: This work was supported by Chung Shan Medical

University,

Taichung City, Taiwan (Grant No. CSMU-

CMMC-106-02); and Chi Mei Medical Center, Tainan City,
Taiwan (Grant No. CMCSMU10602).

References

1.

10.

11.

12.

13.

14.

15.

16.

Griffiths TR; Action on Bladder Cancer. Current perspectives
in bladder cancer management. /nt J Clin Pract.2013;67:435-
448.

. Stein JP, Lieskovsky G, Cote R, et al. Radical cystectomy in

the treatment of invasive bladder cancer: long-term results in
1,054 patients. J Clin Oncol. 2001;19:666-675.

. Zhang S, Yu YH, Zhang Y, Qu W, LiJ. Radiotherapy in mus-

cle-invasive bladder cancer: the latest research progress and
clinical application. Am J Cancer Res. 2015;5:854-868.

. Baskar R, Lee KA, Yeo R, Yeoh KW. Cancer and radiation

therapy: current advances and future directions. Int J Med Sci.
2012;9:193-199.

. Littbrand B, Révész L. The effect of oxygen on cellular survival

and recovery after radiation. BrJ Radiol. 1969;42:914-924.

. Iliakis G. Cell cycle regulation in irradiated and nonirradiated

cells. Semin Oncol. 1997;24:602-615.

. Nigg EA. The substrates of the cdc2 kinase. Semin Cell Biol.

1991;2:261-270.

. De Souza CP, Ellem KA, Gabrielli BG. Centrosomal and

cytoplasmic cdc2/cyclin Bl activation precedes nuclear
mitotic events. Exp Cell Res. 2000;257:11-21.

. Shen L, Au WY, Wong KY, et al. Cell death by bortezomib-

induced mitotic catastrophe in natural killer lymphoma cells.
Mol Cancer Ther. 2008;7:3807-3815.

Vitale I, Galluzzi L, Castedo M, Kroemer G. Mitotic catastro-
phe: a mechanism for avoiding genomic instability. Nat Rev
Mol Cell Biol. 2011;12:385-392.

Cowley DO, Rivera-Pérez JA, Schlickelman M, et al.
Aurora-A kinase is essential for bipolar spindle formation and
carly development. Mol Cell Biol. 2009;29:1059-1071.
Honda R, Korner R, Nigg EA. Exploring the functional inter-
actions between Aurora B, INCENP, and survivin in mitosis.
Mol Biol Cell. 2003;14:3325-3341.

Yasui Y, Urano T, Kawajiri A, et al. Autophosphorylation of
a newly identified site of Aurora-B is indispensable for cyto-
kinesis. J Biol Chem. 2004;279:12997-13003.

Katayama H, Ota T, Jisaki F, et al. Mitotic kinase expres-
sion and colorectal cancer progression. J Natl Cancer Inst.
1999:;91:1160-1162.

Smith SL, Bowers NL, Betticher DC, et al. Overexpression
of aurora B kinase (AURKB) in primary non-small cell lung
carcinoma is frequent, generally driven from one allele, and
correlates with the level of genetic instability. Br J Cancer.
2005;93:719-729.

Lin ZZ, Jeng YM, Hu FC, et al. Significance of Aurora
B overexpression in hepatocellular carcinoma. Aurora
B overexpression in HCC. BMC Cancer. 2010;10:461.
doi:10.1186/1471-2407-10-461

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Hauf S, Cole RW, LaTerra S, et al. The small molecule
Hesperadin reveals a role for Aurora B in correcting kineto-
chore-microtubule attachment and in maintaining the spindle
assembly checkpoint. J Cell Biol. 2003;161:281-294.

Keen N, Taylor S. Mitotic drivers—inhibitors of the Aurora B
kinase. Cancer Metastasis Rev. 2009;28:185-195.

Helfrich BA, Kim J, Gao D, et al. Barasertib (AZD1152),
a small molecule Aurora B inhibitor, inhibits the growth
of SCLC cell lines in vitro and in vivo. Mol Cancer Ther.
2016;15:2314-2322.

Gullett NP, Ruhul Amin AR, Bayraktar S, et al. Cancer pre-
vention with natural compounds. Semin Oncol. 2010;37:258-
581.

Yang J, Liu X, Zhang X, Jin Q, Li J. Phenolic profiles, anti-
oxidant activities, and neuroprotective properties of Mulberry
(Morus atropurpurea Roxb) fruit extracts from different rip-
ening stages. J Food Sci. 2016;81:C2439-C2446.

Qian Z, Wu Z, Huang L, et al. Mulberry fruit prevents LPS-
induced NF-kB/pERK/MAPK signals in macrophages and
suppresses acute colitis and colorectal tumorigenesis in mice.
Sci Rep. 2015;5:17348. doi:10.1038/srep17348

Jeong JC, Jang SW, Kim TH, Kwon CH, Kim YK. Mulberry
fruit (Moris fructus) extracts induce human glioma cell
death in vitro through ROS-dependent mitochondrial path-
way and inhibits glioma tumor growth in vivo. Nutr Cancer-.
2010;62:402-412.

Chen NC, Chyau CC, Lee YJ, Tseng HC, Chou FP. Promotion
of mitotic catastrophe via activation of PTEN by paclitaxel
with supplement of mulberry water extract in bladder cancer
cells. Sci Rep. 2016;6:20417. doi:10.1038/srep20417

Cazales M, Schmitt E, Montembault E, Dozier C, Prigent C,
Ducommun B. CDC25B phosphorylation by Aurora-A occurs
at the G2/M transition and is inhibited by DNA damage. Cell
Cycle. 2005;4:1233-1238.

Bruinsma W, Macurek L, Freire R, Lindqvist A, Medema RH.
Bora and Aurora-A continue to activate Plk1 in mitosis. J Cell
Sci. 2014;127(pt 4):801-811.

Zhao WM, Seki A, Fang G. Cep55, a microtubule-bundling
protein, associates with centralspindlin to control the mid-
body integrity and cell abscission during cytokinesis. Mol
Biol Cell. 2006;17:3881-3896.

Dai BN, Yang Y, Chau Z, Jhanwar-Uniyal M. Polo-like
kinase 1 regulates RhoA during cytokinesis exit in human
cells. Cell Prolif. 2007;40:550-557.

Shao H, Huang Y, Zhang L, et al. Spatiotemporal dynamics
of Aurora B-PLK1-MCAK signaling axis orchestrates kineto-
chore bi-orientation and faithful chromosome segregation. Sci
Rep.2015;5:12204. doi:10.1038/srep12204

Erenpreisa J, Cragg MS. MOS, aneuploidy and the ploidy
cycle of cancer cells. Oncogene. 2010;29:5447-5451.
Marampon F, Gravina GL, Popov VM, et al. Close correla-
tion between MEK/ERK and Aurora-B signaling pathways
in sustaining tumorigenic potential and radioresistance of
gynecological cancer cell lines. Int J Oncol. 2014;44:285-
294.

Roberts PJ, Der CJ. Targeting the Raf-MEK-ERK mitogen-
activated protein kinase cascade for the treatment of cancer.
Oncogene. 2007;26:3291-3310.



Suetal

13

33.

34.

35.

36.

37.

38.

39.

40.

McCubrey JA, Steelman LS, Chappell WH, et al. Roles
of the Raf/MEK/ERK pathway in cell growth, malignant
transformation and drug resistance. Biochim Biophys Acta.
2007;1773:1263-1284.

Maurer G, Tarkowski B, Baccarini M. Raf kinases in
cancer-roles and therapeutic opportunities. Oncogene.
2011;30:3477-3488.

Baumann B, Weber CK, Troppmair J, et al. Raf induces
NF-kappaB by membrane shuttle kinase MEKK1, a signaling
pathway critical for transformation. Proc Natl Acad Sci U S A.
2000;97:4615-4620.

Castellano E, Downward J. RAS interaction with PI3K:
more than just another effector pathway. Genes Cancer.
2011;2:261-274.

Gogineni VR, Nalla AK, Gupta R, Dinh DH, Klopfenstein
JD, Rao JS. Chk2-mediated G2/M cell cycle arrest maintains
radiation resistance in malignant meningioma cells. Cancer
Lett. 2011;313:64-75.

Ruiz de, Almodovar JM, Nufiez MI, McMillan TJ, et al.
Initial radiation-induced DNA damage in human tumour cell
lines: a correlation with intrinsic cellular radiosensitivity.
BrJ Cancer. 1994,69:457-462.

Willers H, Azzoli CG, Santivasi WL, Xia F. Basic mechanisms
of therapeutic resistance to radiation and chemotherapy in
lung cancer. Cancer J. 2013;19:200-207.

Nikonova AS, Astsaturov I, Serebriiskii IG, Dunbrack RL
Jr, Golemis EA. Aurora A kinase (AURKA) in normal and
pathological cell division. Cell Mol Life Sci. 2013;70:661-687.

41.

42.

43.

44.

45.

46.

47.

48.

Yu F, Jiang Y, Lu L, et al. Aurora-A promotes the
establishment of spindle assembly checkpoint by priming
the Haspin-Aurora-B feedback loop in late G2 phase. Cell
Discov. 2017;3:16049. doi:10.1038/celldisc.2016.49

Tao Y, Leteur C, Calderaro J, et al. The aurora B kinase inhibitor
AZD1152 sensitizes cancer cells to fractionated irradiation and
induces mitotic catastrophe. Cell Cycle. 2009;8:3172-3181.
Brognard J, Clark AS, NiY, Dennis PA. Akt/protein kinase B
is constitutively active in non-small cell lung cancer cells and
promotes cellular survival and resistance to chemotherapy
and radiation. Cancer Res. 2001;61:3986-3997.

Toulany M, Rodemann HP. Membrane receptor signaling and
control of DNA repair after exposure to ionizing radiation.
Nuklearmedizin. 2010;49(suppl 1):S26-S30.

Janku F, Yap TA, Meric-Bernstam F. Targeting the PI3K
pathway in cancer: are we making headway? Nat Rev Clin
Oncol. 2018;15:273-291.

Rodemann HP, Blaecse MA. Responses of normal cells to
ionizing radiation. Semin Radiat Oncol. 2007;17:81-88.
Kummar S, Copur MS, Rose M, et al. A phase I study of
the chinese herbal medicine PHY906 as a modulator of
irinotecan-based chemotherapy in patients with advanced
colorectal cancer. Clin Colorectal Cancer. 2011;10:85-96.
Pantuck AJ, Pettaway CA, Dreicer R, et al. A randomized,
double-blind, placebo-controlled study of the effects of
pomegranate extract on rising PSA levels in men following
primary therapy for prostate cancer. Prostate Cancer Prostatic
Dis. 2015;18:242-248.



