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Mangiferin induces radiosensitization in glioblastoma cells
by inhibiting nonhomologous end joining
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Abstract. Although surgery and high-dose radiotherapy have
been the standard treatments for glioblastoma multiforme
(GBM), these therapies are palliative, due to the high risk
of local relapse. Emerging evidence has demonstrated that
DNA double-strand break (DSB) repair serves a critical role
in resistance to radiotherapy. Previous studies have revealed
that mangiferin possesses anti-neoplastic effects on human
lung adenocarcinoma and ovarian cancer. The present study
aimed to investigate the role of mangiferin in radio-sensitivity
inhuman GBM. Through in vitro experiments, decreased
proliferation and increased DNA damage were observed in
cells pretreated with mangiferin following radiation. Further
study of the repair pathway indicated that mangiferin inhibits
the non-homologous end-joining (NHEJ) DSB repair pathway.
Furthermore, studies on key proteins in the NHEJ DSB repair
pathway revealed that mangiferin inhibited the phosphoryla-
tion of serine-protein kinase ATM, TP53-binding protein 1
and vy-histone H2AX (y-H2AX). In addition, observations
on the average percentages of y-H2AX-positive cells and the
average number of y-H2AX foci per cell suggested that treat-
ment with mangiferin decreased the number of y-H2AX foci
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in GBM cells following radiation. However, mangiferin selec-
tively inhibited DSB repair in GBM cells, and was not able
to trigger DSB repair inhibition in normal neuronal Schwann
cells. Through in vivo tumor-bearing mouse experiments, a
smaller tumor volume, decreased tumor weight and prolonged
life span were observed in mice treated with mangiferin
following radiation. Therefore, xenograft GBM models clearly
demonstrated that treatment with mangiferin treatment may
increase tumor sensitivity to radiotherapy. Taken together, as
demonstrated by in vivo and in vitro data, mangiferin may be
a potential novel therapeutic drug for improving the radiation
sensitivity of glioblastoma.

Introduction

It has been widely acknowledged that glioblastoma multiforme
(GBM), characterized by its poor 2-year survival rate and high
mortality rate, is the most aggressive and malignant subtype
of glioma (1). Canonical therapy for GBM includes surgical
resection of tumors followed by radiotherapy (2). However,
these therapies remain largely palliative as the majority of
patients relapse within a year of their initial operation (3).
Previous studies have indicated that the activation of cell
survival pathways following ionizing radiation (IR) contrib-
utes to the induction of recurrence (4). In addition, aberrations
in tumor suppressor genes also serve critical roles in tumor
relapse (5). Notably, the induction of recurrence following
radioresistance is commonly associated with the activation
of DNA double strand break (DSB) repair (6,7). There exist
two major pathways for DNA DSB repair, which are nonho-
mologous end-joining (NHEJ) and homologous recombination
(HR). It has been demonstrated that IR-induced DSB repair
is predominantly through the NHEJ pathway, which is an
intrinsically error-prone pathway and occurs in all phases
of the cell cycle (8). A number of proteins influence NHEJ,
including the DNA-dependent protein kinase catalytic subunit,
the Ku 70/80 heterodimer, serine-protein kinase ATM(ATM),
v-histone H2AX (y-H2AX), and TP53-binding protein 1
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(53BP1) (9-12). Studies have demonstrated that cells defi-
cient in the NHEJ-associated proteins mentioned above are
hypersensitive to IR (13). Therefore, a novel therapeutic drug
targeting the NHEJ pathway may be a promising radiosensi-
tization approach for the treatment of glioblastoma following
IR.

Mangiferin, 1,3,6,7-tetrahydroxyxanthone-C2-f3-D-gluco
side, is isolated from the leaves, stem barks, fruit peels and
roots of Mangiferina indica (14). Known as an antioxidant,
anti-diabetic and anti-inflammatory compound (15-18),
mangiferin also exhibits anti-neoplastic effects in lung
cancer (19-21), colon cancer (20,22), leukemia (19,23-26)
and ovarian cancer (27). A previous study demonstrated the
decreased proliferation and increased apoptosis induced by
mangiferin in glioma cells via the induction of microRNA-15b
and the inhibition of matrix metalloproteinase-9 expres-
sion (28). Further studies on mangiferin demonstrated that
it suppresses the invasiveness of glioma cells by inhibiting
the activation of the phosphatidylinositol 3-kinase/RAC-a
serine/threonine-protein kinaseand mitogen-activated protein
kinase signaling pathways (29). Additionally, mangiferin
enhances recognition memory by increasing neurotrophin and
cytokine levels (30). However, to the best of our knowledge,
there are no data on whether mangiferin is able to improve
radiosensitivity in GBM cells. In the present study, it was
demonstrated that treatment with mangiferin was able to
sensitize U-87 MG and U-118MG cells to IR. As it remained
unclear which repair pathways were the most relevant targets
of mangiferin in GBM following IR, the two pathways were
examined, the radiosensitization effect of mangiferin was
observed to be mediated by inhibition of the NHEJ pathway.
Taken together, these findings demonstrated a novel function
of mangiferin by inhibiting NHEJ of DSBs generated by IR.
Therefore, the present study on mangiferin offered a potential
novel strategy by which to increase the sensitivity of glioblas-
toma to radiotherapy.

Materials and methods

Reagents. Mangiferin was purchased from Shanghai PureOne
Technology (Shanghai, China). The purity of mangiferin was
>95%, as demonstrated by high-performance liquid chroma-
tography. Dulbecco's modified Eagle's medium (DMEM),
fetal bovine serum (FBS) and 0.25% trypsin were purchased
from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). MTT (cat. no. M5655), dimethyl sulfoxide (DMSO;
cat. no. D2650), 0.25% trypsin solution (cat. no. T4049),
bovine serum albumin (BSA; cat. no. V900933), DAPI
(cat. no. D9542), paraformaldehyde (PFA; cat. no. 16005),
HEPES (cat. no. H3375), Triton X-100 (cat. no. H9284),
2 mM sodium orthovanadate (cat. no. S6508), sodium fluoride
(cat. no. S7920), 1 mM edetic acid (cat. no. E9884), phenyl-
methylsulfonyl fluoride (PMSF; cat. no. 78830), aprotinin
(cat.no.A11530),leupeptin (cat.no.L2884), penicillin and strep-
tomycin (cat. no. V900929), and L-glutamine (cat. no. G3126)
were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). The Annexin V-fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) apoptosis detection kit
(cat. no. C1063) was purchased from Beyotime Institute of
Biotechnology (Haimen, China).

MU et al: MANGIFERIN INHIBITS NHEJ IN GLIOBLASTOMA

Cell culture, cell survival and DNA damage assay. The
human glioblastoma of unknown origin cell lineU-87 MG
(cat. no. HTB-14) and human glioblastoma cell line U-118
MG (cat. no. HTB-15) were obtained from the American
Type Culture Collection (ATCC; Manassas, VA, USA).
Short tandem repeat (STR) DNA profiling of U-87 MG
cells and U-118 MG cells was performed using the Cell ID
System (cat. no. G9500; Promega Corporation, Madison,
WI, USA), and the products were analyzed using an ABI
3130 Genetic Analyzer (Applied Biosystems; Thermo Fisher
Scientific, Inc.). Although the U-87 MG cell line from the
ATCC is not the original cell line from the University of
Uppsala (31), and the U-118 MG and U138 lines exhibit cross
contamination (32), these cell lines remain widely used in
the study of glioblastoma (33,34). Furthermore, U-87 MG
cells may be engineered with various expression vectors.
Thus, it was decided to use the U87 and U-118 MG cells
from the ATCC in the present study for the in vitro and
in vivo experiments. A rat immortalized neuronal Schwann
cell line (cat. no. CRL-2765) was also purchased from the
ATCC. Cells were cultured in DMEM containing 10% FBS,
100 pug/ml streptomycin, 100 U/ml penicillin and 0.03%
L-glutamine and maintained at 37°C with 5% CO, in a
humidified atmosphere.

Cells in the logarithmic growth phase were seeded in a
96-well plate (3x10* cells/well) and incubated at 37°C for
24 h. Mangiferin (25 ug/ml) and control solvent (DMSO)
were added and incubated for 48 h (28). The cells were
irradiated with a calibrated Shepherd & Associates Mark I
self-shielded '*’Cs yirradiator (JL Shepherd & Associates
Inc., San Fernando, CA, USA), at a dose of 1.84 Gy/min for
2 min and 43 sec. As a control, mock irradiation (0 Gy) was
performed by placing the plates containing the cells in the
irradiator for the designated time period without turning on
the machine (35). For dose-dependent and time course study,
different dosage of mangiferin (12.5, 25, 50 and 100 zg/ml)
were added and incubated for 12, 24, 36 and 48 h, respec-
tively. A total of 0.05 mg (10 pl of 5 mg/ml) MTT was added
to each well and incubated at 37°C for 4 h; the medium was
removed and termination buffer (SDS-HCI) was added to
each well. The absorbance at 570 nm was measured with a
spectrophotometer (Model 3550 Microplate Reader; Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Cell viability was
calculated as follows: Cell viability (%) = [optical density
(OD) 570 nm (drug)/OD 570 nm (control)] x 100. Cellular
apoptosis was measured with the Annexin V-FITC/PI
apoptosis detection kit. In brief, cells were harvested with
0.25% trypsin and washed twice with cold PBS. A total
of 1x10° cells were resuspended in 1X binding buffer, and
incubated with 5 yl FITC-conjugated Annexin V and 5 pl PI
for 15 min at room temperature in the dark. Samples were
analyzed using a FACSAria II machine (BD Biosciences,
San Jose, CA, USA). Data were analyzed with Cell Quest Pro
software (version 5.2.1; BD Biosciences).

8-Hydroxy-2'-deoxyguanosine (8-OHdG) is a modi-
fied nucleotide base and by-product of DNA damage that is
excreted upon DNA repair (36). By measuring the levels of
8-OHdG, DNA damage percentages were determined using
a commercial ELISA kit (cat. no. ADI-EKS-350; Enzo Life
Sciences, Inc., Farmingdale, NY, USA).
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Immunofluorescent staining. U-87 MG, U-118 MG and
Schwann cells were seeded into a 6-well culture plate at a
density of 4x10° cells/well and cultured for 24 h. Following
treatment with mangiferin or control solvent, cells were
exposed to 5-Gy radiation using the Mark I '*’Cs irradiator.
Following irradiation, immunofluorescent staining of y-H2AX
was performed as previously described (35). Cells were fixed
with 4% PFA for 30 min at room temperature, and permeabi-
lized with 1% Triton X-100. Following blocking with 5% BSA
for 1 h at room temperature, cells were incubated with rabbit
polyclonal y-H2AX (phospho-S139) antibody (1:100 dilution;
cat. no. abl1174, Abcam, Cambridge, MA, USA) overnight
at 4°C. The cells were incubated with fluorescein isothio-
cyanate-conjugated goat anti-rabbit immunoglobulin (Ig)
G polyclonal antibody (1:500 dilution; cat. no. 111-095-003,
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA,
USA) for 2 h at room temperature. Following staining with
DAPI, cells were washed and analyzed immediately under
a fluorescence microscope (x200 magnification; Olympus
Corporation, Tokyo, Japan). At least 500 cells were counted
per slide, and cells containing >10 foci were scored as positive.

NHEJ/HR I-Scel reporter assay. In the NHEJ/HR I-Scel
reporter assay, green fluorescent protein (GFP) expression was
quantified (by flow cytometry) in U87-DRGFP cells trans-
fected with an I-Scel plasmid as previously described (37,38).
In brief, a single DSB was generated in the plasmid substrate
pEGFP-N1 (Addgene, Inc., Cambridge, MA, USA) containing
an NHEJ or HR reporter cassette by cleavage between the
promoter and GFP reporter gene with I-Scel (cat. no. R0694;
New England BioLabs, Inc., Ipswich, MA, USA) or HindIIl
(cat. no. RO104; New England BioLabs, Inc.,) restriction
enzymes. The linear products were purified using a gel purifi-
cation kit (cat. no. DP209; Tiangen Biotech Co., Ltd., Beijing,
China). Serum-starved (overnight) U-87 MG cells were trans-
fected with 1 yg NHEJ reporter constructor 2 g HR reporter
construct, and 0.1 ug pDsRed-N1 as the internal control.
Cells were harvested 48 h subsequently. The percentages of
GFP-positive cells (NHEJ or HR-repaired cells) were quanti-
tated using a FACSAria Il machine (BD Biosciences). For each
assay, 1x10° cells were processed and data were analyzed with
Cell Quest Pro software (Version 5.2.1; BD Biosciences).

Western blot analysis. U-87 MG cells and U-118 MG cells
were treated with 50 M mangiferin or DMSO for 48 h, and
the cells were exposed to 5-Gy radiation using the Mark T '¥’Cs
irradiator. Adherent and floating cells were collected. The cell
pellets were resuspended with lysis buffer and lysed at 4°C for
15 min. The lysis buffer consisted of 50 mM HEPES (pH 7.4),
1% Triton X-100, 2 mM sodium orthovanadate, 100 mM
sodium fluoride, 1 mM edetic acid, 1| mM PMSF, 10 mg/l
aprotinin and 10 mg/1 leupeptin. Following 12,000 x g centrifu-
gation for 15 min at 4°C, the protein content of the supernatant
was determined by Bradford protein assay (cat. no. PO006;
Beyotime Institute of Biotechnology). Equal amounts of
the total protein (10 ug) were separated on 4-12% NuPAGE
Bis-Tris gels (cat. no. NP0327BOX; Life Technologies; Thermo
Fisher Scientific, Inc.) and transferred to PVDF membranes
(cat. no. ISEQ00010; EMD Millipore, Billerica, MA, USA).
The membranes were soaked in blocking buffer (5% BSA;
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cat. no. V900933; Sigma-Aldrich; Merck KGaA) at room
temperature for 1 h, and incubated with primary antibodies
at 4°C overnight. The following primary antibodies were
used in this study. Rabbit polyclonal 53BP1 antibody (1:1,000
dilution; cat. no. ab36823), rabbit polyclonal phospho-53BP1
(S25) antibody (1:1,000 dilution; cat. no. ab70323), mouse
monoclonal phospho-ATM (S1981) antibody (1:1,000 dilution;
cat. no. ab19304), rabbit polyclonal y-H2AX (phosphor-S139)
antibody (1:1,000 dilution; cat. no. abl11174) were purchased
from Abcam. Mouse monoclonal f-actin antibody (1:5,000
dilution; cat. no. sc-47778) was purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Following incubation
with specific primary antibodies, the membranes were washed
and incubated with the corresponding secondary antibodies at
room temperature for 2 h. For the secondary antibodies, horse-
radish peroxidase (HRP)-conjugated goat anti-mouse IgG
polyclonal antibody (1:5,000 dilution; cat. no. 115-035-003)
and HRP-conjugated goat anti-rabbit polyclonal IgG (1:5,000
dilution; cat. no. 111-035-003) were purchased from Jackson
ImmunoResearch Laboratories, Inc. The membranes were
washed and visualized via enhanced chemiluminescence
(cat. no. 345818; EMD Millipore).

Tumor xenograft study. To establish tumor xenografts,
5x10° U-118 MG cells were injected into BALB/c nude
male mice (5-6 weeks old; 16-18 g body weight; Affiliated
Laboratory Animal Center of Sichuan Academy of Medical
Science and Sichuan Provincial People's Hospital, Chengdu,
China). Following implantation, the tumors were allowed to
grow to a size of 100-550 mm?®. No mouse bearing multiple
tumors was identified in the present study. Furthermore, the
largest diameter exhibited by a single subcutaneous tumor
was 1.1 cm. The mice were randomly divided into 4 groups
(n=80 in total and n=20 per group) as follows: i) The control
group, in which mice with U-118 MG-derived tumors were left
untreated; ii) the IR group, in which mice received 25-Gy IR
following tumor formation by U-118 MG cells; iii) the mangif-
erin group, in which mice were intraperitoneally administered
with 5 mg/kg mangiferin following tumor formation by U-118
MG cells; and iv) the IR+mangiferin group, in which mice
were intraperitoneally administered with 5 mg/kg mangiferin
and subjected to 25-Gy IR following tumor formation by U-118
MG cells. Following treatment, mouse body weights were
measured every day. On day 20, 10 mice in each group were
sacrificed, and 10 mice in each group were used for survival
analysis. The subcutaneous tumors were removed from the
sacrificed mice and weighed. Meanwhile, the volume of the
tumors was determined in three dimensions with Vernier
calipers, according to the following formula: Tvol = length
x width x depth x 0.5. Animal handling was approved by the
Ethics Committee of Sichuan Academy of Medical Science
and Sichuan Provincial People's Hospital, and all animals
were kept in a 12 h light/dark cycle with free access to water
and food (26°C and 40-60% humidity), which is in accor-
dance with individual ventilated cage requirements at the
Sichuan Academy of Medical Science and Sichuan Provincial
People's Hospital.

Statistical analysis of the data. The experiments were repeated
three times, and all data are expressed as the mean + standard
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error of the mean from at least three independent experiments.
Data analysis was performed using GraphPad Prism 5.0 soft-
ware (GraphPad Software, Inc., La Jolla, CA, USA). Statistical
significance between multiple groups was determined by
one- or two-way analysis of variance with a Bonferroni
post hoc test, and between two groups using a Student's t-test.
Survival analyses were carried out using Kaplan-Meier curves.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Mangiferin inhibits cell viability following IR. Based on a
previous study on mangiferin (21,27), it was hypothesized
that mangiferin may increase the sensitivity of glioblastoma
cells to radiation. Therefore, to substantiate this hypothesis
and to examine the inhibitory role of mangiferin in GBM
cells following IR, MTT assays were performed on U-87
MG (Fig. 1A) and U-118 MG cells (Fig. 1B). As predicted,
the proliferation rates of U-87 MG cells treated with 25 pg/ml
mangiferin following5-Gy IR were decreased significantly
compared with those of the mock-treated cells (Fig. 1A),
indicating that mangiferin may be a potential radiosensitive
agent in the treatment of GBM following IR. Although the
U87 cell line from ATCC is not the original cell line from
the University of Uppsala (31), the cells remain widely used
in the study of glioblastoma (33,34). To further ascertain the
potential inhibitory role of mangiferin following IR, the radio-
sensitizing potential of mangiferin in U-118 MG cells was also
determined. As presented in Fig. 1B, the proliferation rates of
U-118 MG cells were greatly inhibited following combined
treatment with mangiferin and IR. To further assess whether
mangiferin was able to radiosensitize GBM cells by inhibiting
DNA repair, a radiation survival assay was performed to
assess this in a dose and time-dependent manner. Consistent
with the proliferation data (Fig. 1A and B), with 5 Gy radia-
tion, U-87 MG cells (Fig. 1C) and U-118 MG cells (Fig. 1D)
exhibited marked sensitivity to radiation following treat-
ment with mangiferin. Notably, this radiosensitization was
dose-dependent, meaning that a lesser degree of sensitization
was observed in cells treated with lower concentrations of
mangiferin. Furthermore, this radiosensitization was also
time-dependent. On the basis of these experiments, a concen-
tration of 25 pug/ml mangiferin was used for the subsequent
experiments. Taken together, these results suggested that
mangiferin may enhance the radiosensitivity of glioblastoma
cells to radiation, and therefore inhibit the viability of cells
following radiation.

Mangiferin inhibits DNA damage repair via the NHEJ pathway.
To examine the mechanism of mangiferin-induced radiosensi-
tivity in glioblastoma cells, the present study examined whether
mangiferin was able to increase the DNA damage percentages
in GBM cells following IR. As indicated by Fig. 2A (U-87
MG cells) and Fig. 2B (U-118 MG cells), mangiferin-treated
GBM cells exhibited increased numbers of DNA damage
percentages, which correlated with the high degree of radio-
sensitization observed in Fig. 1. These observations indicated
that mangiferin possibly mediated radiosensitization through
the inhibition of DNA damage repair.
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Since in eukaryotic cells there exist two major DSB repair
pathways following radiation, one of which is the fast and
efficient, although error-prone, NHEJ DNA repair pathway.
The other is error-free HR, which is considered to be a more
accurate mechanism for DSB repair as it uses homologous
sequences for repair synthesis. However, as there is compe-
tition and crosstalk between these two repair pathways (39),
the present study subsequently investigated by which pathway
mangiferin inhibited DSB repair and thus induced the limited
proliferation following radiation. Notably, treatment with
mangiferin resulted in NHEJ repair defects in cells that were
more severe than those in the control solvent cells (Fig. 3A).
Statistical analysis of NHEJ percentages further confirmed
this (Fig. 3B). Therefore, NHEJ repair was significantly
inhibited by mangiferin. In contrast to the inhibitory effects of
mangiferin on NHEJ repair, pretreatment of cells with mangif-
erin led to decreased HR repair percentages (Fig. 4A), although
this decrease was not statistically significant (P>0.05; Fig. 4B).

To further determine the mechanisms of mangiferin-medi-
ated inhibition of NHEJ repair in GBM cells, the present
study investigated the phosphorylation levels of ATM, 53BP1
and y-H2AX. It was identified that mangiferin attenuated the
activation of ATM, 53BP1 andy-H2AX in U-87 MG cells.
Similarly, the phosphorylation of ATM, 53BP1 andy-H2AX
was also markedly impaired by pretreatment with mangiferin
in U-118 MG cells (Fig. 5). Collectively, these data suggested
that the radiosensitization effect of mangiferin was due to its
inhibition of the NHEJ repair pathway.

Mangiferin decreases the number of y-H2AX foci. To validate
the findings on mangiferin-mediated inhibition of NHEJ
repair, immunocytochemistry staining of U-87 MG and U-118
MG cells and assessed the repair percentages by investigating
the number of y-H2AX foci (Fig. 6). Immunocytochemistry
analysis revealed that pretreatment with mangiferin decreased
the percentages ofy-H2AX foci (Fig. 6A). Notably, statistical
analysis of the average percentages of y-H2AX-positive U-87
MG cells (Fig. 6B) and U-118 MG cells (Fig. 6D) clearly indi-
cated that pretreatment with mangiferin decreased the number
of y-H2AX foci in cells. Similar to the data ony-H2 A X-positive
cell percentages, the average numbers of y-H2AX foci per cell
were significantly decreased in U-87 MG cells (Fig. 6C) and
U-118 MG cells (Fig. 6E). These results clearly indicated that
mangiferin was able to potently inhibit NHEJ, resulting in
DSB repair defects by decreasing the number of y-H2AX foci
in GBM cells.

Mangiferin does not inhibit DSB repair in Schwann cells. To
investigate whether mangiferin was able to induce the inhibi-
tion of DSB repair in neuronal cells, DSB repair was examined
in rat immortalized neuronal Schwann cells. In Fig. 7A, cells
pretreated with mangiferin and control solvent exhibited
comparatively similar numbers of y-H2AX foci. Statistical
analysis of the average percentages of y-H2AX-positive
cells (Fig. 7B) and average numbers of y-H2AX foci per
cell (Fig. 7C) clearly demonstrated that pretreatment with
mangiferin was not able to attenuate DSB repair in Schwann
cells. Further analysis of the DNA damage percentages also
indicated that pretreatment with mangiferin was not able to
inhibit DSB repair in rat neuronal Schwann cells. These data
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suggested that mangiferin selectively inhibited DSB repair
in GBM cells, and was unable to trigger inhibition in normal
neuronal cells.

Mangiferin increases radiosensitivity in vivo. Finally, to
determine the effect of mangiferin on radiosensitivity in xeno-
graft tumors, subcutaneous tumors were generated in nude

mice using U-118 MG cells (Fig. 8). As presented in Fig. 8A,
following treatment with IR and mangiferin, tumor-bearing
mice exhibited gradually increased body weights.
Subsequently, tumors from mangiferin and IR co-treated mice
exhibited marked reductions in the tumor volume (Fig. 8C)
and the tumor weight (Fig. 8D), demonstrating that treatment
with mangiferin and IR was able to inhibit tumor growth



3668

MU et al: MANGIFERIN INHIBITS NHEJ IN GLIOBLASTOMA

A DMSO Mangiferin B

a7 w ] 49

,O_'! ,O_'! *

] Q2 ] Q2 T gl 4

5 5, E3
< 73 <73 u
3 o] Q4 3 %] Q4 Z o
I i 3
o o 4 =}

S ¢ o] 3 1

-] ‘O_- =

[=1" (=3

$ M lllul“lllllll LI iKKiIKI LI i!llill TrT KHII[ T %M IIIIII”IIIIIII T ll"lrl TT IYI"I‘[ TT YY"I’II T G L) *_

-98 0 102 108 104 10° Zg8 0 102 10° 10* 105 DMSO  Mangiferin

FITC-A FITC-A

Figure 3. Mangiferin inhibits NHEJ repair. (A) Flow cytometry analysis of NHEJ repair in U-87 MG cells using an NHEJ-I Scel assay system. (B) Statistical
analysis of NHEJ repair percentages of U-87 MG cells treated with either mangiferin or DMSO following irradiation. “P<0.01. Data are the mean + standard
error of the mean from three independent experiments. FITC, fluorescein isothiocyanate; DMSO, dimethyl sulfoxide; NHEJ, non-homologous end-joining.

DMSO Mangiferin B 15+
-
ez s £ 1.0
; c
Q4 3‘ Q4 'ﬂué
o 3 054
L=
T ‘l”ﬂ'[ T ‘ll"“i LI Illllll T LR """I T "”"l] T Y'l‘l"l T 0'0 T
108 10* 108 103 104 10° DMSO Mangiferin
FITC-A FITC-A

Figure 4. Mangiferin does not inhibit HR repair. (A) Flow cytometry analysis of HR repair in U-87 MG cells using an HR-I Scel assay system. (B) Statistical
analysis of HR repair percentages of U-87 MG cells treated with either mangiferin or DMSO following irradiation. Data are the mean + standard error of the
mean from three independent experiments. FITC, fluorescein isothiocyanate; DMSO, dimethyl sulfoxide; HR, homologous recombination.

U-87 MG
DMSO

U-118 MG
DMSO

Mangiferin Mangiferin

B-actin

Figure 5. Mangiferin inhibits key proteins in non-homologous end-joining
repair. Western blotting of phospho-ATM, phospho-53BP1, 53BP1,
phospho-y-H2AX and B-actin. Left, U-87 MG cells; right, U-118 MG
cells. Images are representative of three independent experiments. ATM,
serine-protein kinase ATM; 53BP1, TP53-binding protein 1; y-H2AX,
v-histone H2AX; p, phosphorylated; DMSO, dimethyl sulfoxide.

compared with IR alone, mangiferin alone and the normal
saline control. Furthermore, the survival curve of xenograft
mice clearly indicated that the irradiated mice pretreated with

mangiferin had a comparatively prolonged life span (Fig. 8B).
Taken together, these results demonstrated that pretreatment
with mangiferin increased radiosensitivity in glioblastoma,
in vitro and in vivo.

Discussion

With a poor 2-year survival rate, GBM is the most aggres-
sive primary brain tumor in adults and the leading cause of
mortality (40). Standard therapy for GBM includes surgical
resection followed by radiotherapy and chemotherapy.
However, GBM relapse rates remain high, likely due to the
activation of DNA repair systems in cancer cells. Therefore,
previous studies have focused on the improvement of radio-
sensitivity to IR by blocking DSB repair pathways (41-43).
In the current study, markedly inhibited proliferation was
observed with combined therapy of radiation and pretreat-
ment with mangiferin, suggesting that mangiferin may be
a potential radiosensitive agent. Furthermore, the improved
sensitivity was dose- and time-dependent. Based on these
observations, it was hypothesized that the improved radio
sensitivity of GBM cells by pretreatment with mangiferin
was mediate via the inhibition of DSB repair. Through
analysis of DNA damage percentages, NHEJ and HR
percentages, and y-H2AX foci numbers, the hypothesis that
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Figure 7. Mangiferin does not inhibit double-strand break repair in rat Schwann cells. (A) Immunofluorescent staining images of Schwann cells treated
with mangiferin or DMSO following irradiation. Green fluorescence, y-H2AX; blue fluorescence, nuclei. (magnification, x200). (B) Statistical analysis of
the average percentages of y-H2AX-positive Schwann cells. (C) Statistical analysis of the average number of y-H2AX foci per Schwann cell. (D) Statistical
analysis of the DNA damage percentages of Schwann cell. Data are the mean + standard error of the mean from three independent experiments. DMSO,
dimethyl sulfoxide; y-H2AX, y-histone H2AX.

mangiferin inhibited DNA repair by inhibiting the NHEJ  in tumor cells. Furthermore, tumor-bearing mouse data indi-
pathway was validated. More importantly, experiments on  cated that mangiferin was able to increase the sensitivity of
rat immortalized neuronal Schwann cells revealed that the  the xenograft tumors to IR and maybe a potential therapeutic
DSB repair-blocking effect of mangiferin was only triggered  drug for the treatment of GBM.
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Figure 8. Mangiferin increases the radiosensitivity of xenograft glioblastoma multiforme tumors. (A) Weight changes of U-118 MG cell xenografted mice.
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vs. control by one-way analysis of variance with Bonferroni post hoc test). IR, ionizing radiation.

Previous studies on mangiferin revealed that mangiferin
may exert anticancer effects by inhibiting the Notch signaling
pathway (27) and transcriptional coactivator YAP1 signaling
pathway (He et al, unpublished data) in ovarian cancer. A
study on non-small cell lung cancer A549 cells also revealed
the anti-neoplastic effects of mangiferin, mediated by inducing
apoptosis and cell cycle arrest at the G,/M phase (21). Other
studies have revealed that mangiferin mediates apoptosis via
the activation of nuclear factor-kB by inducing tumor necrosis
factor expression (44). Furthermore, in lung cancer-bearing
animals, the activity of glutathione transferase, quinone
reductase and uridine 5'-diphosphate-glucuronosyl trans-
ferase is enhanced by mangiferin (45). In addition, in K562
cells, mangiferin inhibits telomerase activity and induces
apoptosis (23,24). Therefore, mangiferin has been reported
to possess anti-neoplastic functions in lung (19,20) and colon
cancer (20,22), leukemia (19,23-26), lung (19,26) and prostate
cancer (19). However, there exists controversy as to whether
mangiferin is able to inhibit the proliferation of GBM cells.
According to a study by Pardo Andreu et al (30), mangiferin
stimulates the proliferation of human U-138 MG glioblas-
toma cells. However, a study by Xiao et al (28) demonstrated
the increased apoptosis of U-87 MG cells mediated by
mangiferin. Furthermore, doubts have been raised about
U-87 MG cells originating from the ATCC due to potential
contamination (31). Therefore, in the present study, U-87
MG s and U-118 MG cells were used. With mock radiation,
slightly inhibited proliferation of mangiferin-treated cells was

observed, although this was not statistically significant. This
was primarily due to the low concentration used in the present
study. In accordance with the study of Xiao et al (28), with
the increased concentration of mangiferin, increased apoptosis
was also observed in U-87 MG and U-118 MG cells (data not
shown). As the primary purpose of the present study was to
examine whether mangiferin was able to increase the radio-
sensitivity of GBM cells, a dosage of 25 pg/ml mangiferin
was selected for the present study. With the time course
and dose-dependence experiment, the radiosensitive role of
mangiferin was observed to be time-and dose-dependent.
Further analysis of DNA damage percentages demonstrated
that mangiferin-treated GBM cells had more damaged DNA.
As there exist two principal pathways of DNA damage repair,
the mechanisms underlying mangiferin-inhibited DNA repair
required further study.

It has been widely postulated that two principal pathways,
NHEJ and HR, are involved in the DSB repair in eukaryotic
cells. To facilitate efficient repair, these two principal repair
pathways cooperate and compete with each other at DSB
sites (46). Although NHEJ appears to compete with HR for
DSB, key proteins, including ATM and 53BP1, have been
reported to influence HR through a complex regulatory
network (39). 53BP1 is a highly conserved DNA damage check-
point protein, and an important regulator of genome stability
by mediating DSB repair (47). A previous study demonstrated
that 53BP1-null mice are hypersensitive to radiation due to
defects in NHEJ (48). Therefore, to examine the radiosensitive
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role of mangiferin, the phospho-53BP1 expression levels were
examined, and decreased activation of 53BP1 mediated by
pretreatment with mangiferin was observed. Furthermore,
accumulating evidence suggests that ATM serves a critical
role in regulating the cellular response to IR (49). A previous
study reported that ATM-dependent phosphorylation was a
prerequisite for the activation of 53BP1 at DSB sites following
IR (12). Therefore, in the present study, it was observed that
there was decreased activation of ATM and 53BP1 following
treatment with mangiferin and radiation, indicating that
mangiferin inhibited DSB repair. In the current study, in
order to ensure equal loading, 53BP1 and B-actin were used as
loading controls, and their protein expression was quantified.
Furthermore, as previously reported, the activation of ATM
in DSB repair also requires the phosphorylation of y-H2AX
and 53BP1 (50). It was observed that there was decreased
phosphorylation of y-H2AX in U-87 MG and U-118 MG
cells treated with mangiferin. The formation of y-H2AX foci
was observed in GBM cells treated with either mangiferin or
control solvent, and it was identified that mangiferin affected
v-H2AX phosphorylation and subcellular localization. It may
be possible that mangiferin has a phosphatase inhibitor role
and directly inhibits the phosphorylation of ATM. It was
reported that the SQ/TQ domain is the principal ATM kinase
phosphorylation region (51). If mangiferin directly inhibits
ATM phosphorylation, it may be possible that mangiferin
binds to the SQ/TQ domain and that this binding inhibits
ATM phosphorylation. There also exists the possibility that
mangiferin indirectly inhibits the phosphorylation of ATM
by the inhibition of upstream genes of ATM. Thus, further
studies examining the molecular mechanism of mangif-
erin-inhibited ATM phosphorylation are required. It has been
reported that ATM phosphorylates a broad range of substrates,
including 53BP1 and y-H2AX (52), thus it may be possible
that mangiferin phosphorylates ATM at the SQ/TQ domain,
and the p-ATM further phosphorylated 53BP1 and y-H2AX.
Therefore, mangiferin may also directly phosphorylate 53BP1
at the SQ/TQ domain. In order to unravel the molecular
mechanisms of the mangiferin-induced phosphorylation of
ATM, 53BP1 and y-H2AX, further experiments are required.
To confirm the role of NHEJ repair in mangiferin-mediated
inhibition of DSB repair following radiation, an in vivo assay
system was generated, measuring NHEJ repair using a linear-
ized plasmid (53). By using the NHEJ-I Scel assay system, a
markedly decreased NHEJ percentage was observed in U-87
MG cells treated with mangiferin. To evaluate whether the
inhibition of DSB repair by mangiferin was mediated only by
the inhibition of NHEJ, an HR-I Scel assay system was also
generated, and a significant difference in HR repair percent-
ages between mangiferin-treated and DMSO-treated cells was
not observed. The present data supported an inhibitory role of
mangiferin in NHEJ repair following radiation. The present
study subsequently assessed whether mangiferin was able to
mediate neuronal protection from IR. Data from rat immortal-
ized Schwann cells revealed that treatment with mangiferin
did not result in any alteration in DSB repair. Prior to this, to
the best of our knowledge, there had been no direct evidence
of the mechanisms underlying the different effects of mangif-
erin on radiosensitivity between Schwann and GBM cells. A
previous study indicated that 5-25 ug/ml mangiferin protected
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against y-radiation-induced DNA damage in human lympho-
cytes (40). It has also been reported that mangiferin reduces
etoposide-induced DNA damage in human umbilical cord
blood cells, by inducing the nuclear accumulation of nuclear
factor erythroid 2-related factor 2 (Nrf2) and increasing the
expression of NAD(P)H dehydrogenase [quinone] 1, a down-
stream target gene of the Nrf2 pathway (41). Furthermore,
the in vitro experiments by Lei ef al (54) demonstrated that
pretreatment with either mangiferin aglycone or mangiferin
was able to inhibit DNA damage by IR in human intestinal
epithelial cells. Therefore, it was hypothesized that for normal
cells, which are less proliferative compared with tumor
cells, mangiferin serves a DNA damage-protective role via
its antioxidant function. However, for proliferative tumor
cells, mangiferin may increase the radiosensitivity. Another
reason may be the crosstalk between metabolism and DNA
damage repair. According to the Warburg effect, the majority
of cancer cells predominantly produce their energy through
aerobic glycolysis; whereas, normal cells primarily produce
energy through mitochondrial oxidative phosphorylation (43).
Pyruvate kinase PKM (PKM2) has been reported to be the
key enzyme in the Warburg effect in tumor cells, and it is
not expressed in healthy tissues (44). However, PKM2 also
interacts with DNA damage-associated proteins and regulates
the DSB repair pathway (45,46). Recent studies revealed a
modulating function of mangiferin on the metabolism of
carbohydrates and lipids (47). Therefore, it was postulated
that by regulating tumor metabolism enzyme PKM2, which
exhibits crosstalk with DNA repair pathways, mangiferin may
have different DNA damage repair functions in tumor cells
and normal cells. However, these assumptions require further
examination in future studies. Therefore, mangiferin may
possess dual roles by increasing the radiosensitivity of glio-
blastoma cells and enhancing neuronal protection for normal
neuronal cells.

Subsequently, the present study examined the in vivo
radiosensitivity of mangiferin in tumor-bearing nude mice.
Although complete tumor regression did not occur in all mice,
mice treated with mangiferin exhibited significantly smaller
tumors with lower tumor weights. As the primary purpose
of this study was to examine whether mangiferin was able
to prolong the life span of xenograft mice, the survival study
was of critical importance. As predicted, mice treated with
mangiferin exhibited increased survival following radiation,
compared with mice treated with radiation alone. Therefore,
mangiferin increased the sensitivity of glioblastoma cells to
IR in vivo. Furthermore, no adverse effects were observed,
including diarrhea or symptoms of decreased food intake. It
has previously been reported that there is no clinical evidence
of adverse effects of mangiferin (55). In summary, the present
data demonstrated that the radioresistance of GBM cells
may be reversed by mangiferin. Therefore, with the marked
radiosensitization of GBM cells at low concentrations and
neuroprotection of neuronal cells during cranial IR, mangif-
erin has potential as a novel drug for the treatment of human
glioblastoma.
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