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Abstract: The DNA-alkylating agent temozolomide (TMZ) is an effective chemotherapeutic agent against malignant
glioma, including glioblastoma multiforme (GBM). However, the clinical efficacy of TMZ is limited in many patients
because of 0%-methylguanine-DNA methyltransferase (MGMT)-driven resistance. Thus, new strategies to overcome
TMZ resistance are urgently needed. Ursolic acid (UA) is a naturally derived pentacyclic triterpene acid that exerts
broad anticancer effects, and shows capability to cross the blood-brain barrier. In this study, we evaluated the pos-
sible synergistic effect of TMZ and UA in resistant GBM cell lines. The results showed that UA prevented the prolifera-
tion of resistant GBM cells in a concentration-dependent manner. Compared with TMZ or UA treatment alone, the
combination treatment of TMZ and UA synergistically enhanced cytotoxicity and senescence in TMZ-resistant GBM
cells. This effect was correlated with the downregulation of MGMT. Moreover, experimental results with an in vivo
mouse xenograft model showed that the combination treatment of UA and TMZ reduced tumor volumes by deplet-
ing MGMT. Therefore, UA as both a monotherapy and a resensitizer, might be a candidate agent for patients with
refractory malignant gliomas.
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Introduction

Glioblastoma multiforme (GBM) is the most
aggressive and most lethal primary malignant
glioma in adults [1]. Malignant gliomas are
highly proliferative, invasive, and difficult to
resect completely through surgery; thus, its
clinical effect had no encouraging change over
the past 20 years [2]. The average survival time
of patients with malignant gliomas is only 12-15
months [3, 4]. Although temozolomide (TMZ) as
a first-line alkylating agent exerts an antitumor
activity in malignant glioma patients. Its effica-
cy is still unsatisfactory because of intrinsic
resistance and acquired resistance to TMZ [5].
Overcoming drug resistance and exploring
strategies for combining chemotherapy to rever-
se resistance have become attractive foci in
human glioma research.

TMZ cytotoxicity is mainly due to DNA 0°-G
methylation in guanine-rich regions. During
DNA replication, O%-methylaguanine mispairs
with thymine and triggers the mismatch repair
system that generates DNA strand breaks, trig-
gering cell cycle arrest and apoptosis. 0°-
methylguanine-DNA methyltransferase (MGMT)
removes methyl groups from the 0° position of
guanine, and confers TMZ resistance [6, 7].
Ongoing studies have intended to inhibit MGMT
activity to enhance the therapeutic effect of
TMZ [8]. One proposed approach involves the
high-frequency administration of TMZ resulting
in the rapid depletion of MGMT activity without
unacceptable toxicity [9]. Another approach is
to inactivate MGMT [10]. Many MGMT inhibi-
tors, such as 0°%-benzylguanine (0%-BG), lome-
guatrib and their corresponding derivatives,
have been developed and proven to irreversibly
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deplete MGMT, and improve the efficacy of TMZ
in vitro and in vivo [7]. However, the efficacy of
MGMT inhibitors combined with alkylating
agents in patients with glioblastoma remains
controversial [10, 11]. Therefore, other thera-
peutic agents that downregulate MGMT expres-
sion and attenuate TMZ resistance are highly
desired.

Ursolic acid (3B-hydroxy-12-urs-12-en-28-oic
acid, UA) is a naturally derived pentacyclic trit-
erpene acid widely existing in food, medicinal
herbs and other plants [12]. Its extensive phar-
macological effects include hepatoprotective,
antioxidant, anti-inflammatory, antiviral and
cytotoxic activities. In recent years, UA has
become a major focus in cancer research
because of its broad anticancer effects and
minimal toxicity. Although the concrete mecha-
nisms are poorly understood, an increasing
number of studies have found that UA can
inhibit the proliferation, and induce the apopto-
sis of many tumor cell lines [13, 14]. Moreover,
many studies indicated that UA has a strong
killing effect on multidrug-resistant cell lines
[15]. UA induces apoptosis and factor-mediat-
ed kKilling in ADR-resistant human hepatoma
cells [16]. UA can significantly improve the sen-
sitivity of 5-FU to HCT15 cells, which are intrin-
sically resistant to 5-FU [17]. UA can also over-
come apoptosis resistance in prostate cancer
mediated by Bcl-2 [18]. However, whether or
not UA could reverse TMZ resistance in GBM
cells remains unknown.

In this study, we evaluated the possible syner-
gistic anticancer efficacy of TMZ and UA, and
hypothesized that UA partly mediates the
effects of TMZ through the depletion of MGMT
expression. In our experiments, we demon-
strated that UA suppressed the expression of
MGMT in TMZ-resistant cells, and enhanced its
response to the cytotoxic effects of TMZ. Our
results suggest that the combination treatment
of TMZ and UA could be a potential strategy for
patients with refractory malignant gliomas.

Materials and methods
Reagents

Dulbecco’s Modified Eagle Medium (DMEM),
fetal bovine serum (FBS), typsin and penicillin/
streptomycin were purchased from Invitrogen
(Carlsbad, CA, USA). 3-(4,5-Dimethylthiazol-2-
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yl)-2,5-diphenyltetrazolium bromide (MTT) and
G418 were purchased from Sigma (St. Louis,
MO, USA), and polyvinylidene difluoride (PVDF)
membrane was purchased from Millipore
(Bedford, MA, USA). Annexin V-FITC/PI Apop-
tosis Detection Kit was purchased from BD
Pharmingen (San Diego, CA, USA), and BCA
protein assay was purchased from Pierce
(Rockford, IL, USA). Rabbit monoclonal antibod-
ies against MGMT and phospho-H2A.X (Ser
139) antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA).
Mouse monoclonal antibody against B-actin
was purchased from Santa Cruz Inc (Santa
Cruz, CA, USA). IRDye-conjugated anti-rabbit or
anti-mouse IgG antibodies were obtained from
LI-COR Biosciences Inc (Lincoln, NE, USA). UA
was supplied by Liyuanheng Pharmaceutical
Co., Ltd (Wuhan, China) with purity over 98%,
and TMZ was supplied by TASLY Holding Group
Co., Ltd. (Tianjin, China) with purity greater than
98%.

Cell culture

Human GBM cell lines LN229, LN18 and T98G
were obtained from the American Type Culture
Collection (Manassas, Virginia, USA). These
cells were maintained in DMEM culture medi-
um supplemented with 10% FBS, 100 units/ml
penicillin and 100 pg/ml streptomycin in a
humidified atmosphere with 5% CO, at 37°C.

Stable transfection of LN229 with human
MGMT cDNA

Exogenous MGMT or vector control expression
in LN229 cells was accomplished using a lenti-
viral expression system. In brief, the human
MGMT cDNA was cloned into the pCDH-CMV-
MCS-EF1-Puro lentiviral vector (Genewiz Inc,
Suzhou, China) for lentivirus production. LN229
cells were selected with 2 uyg/mL G418 at 48 h
after MGMT or vector control virus infection for
2 weeks.

Cell proliferation assay

For the cell proliferation assays, GBM cells
were seeded in 96-well culture plates at a den-
sity of 4x103 cells/well. After 24 h, various con-
centrations of UA, TMZ or dimethyl sulfoxide
(DMSO) were added to the cells, which were
treated for the indicated time periods. At the
end of treatment, MTT (5 mg/mL) was added
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into each well for 4 h. The supernatants were
carefully aspirated, and the formazan crystals
were dissolved using DMSO. Absorbance was
recorded at 570 nm using a microplate reader.

Apoptosis analysis

Cells were seeded at approximately 50% con-
fluence in six-well cell culture plates. UA, TMZ or
DMSO was added to the cells after 24 h, and
the cells were collected after 72 h of incuba-
tion. Cell apoptosis was measured by Annexin
V-FITC/PI staining. Cells were considered early
apoptotic if Annexin V was positive and Pl was
negative, late apoptotic if both Annexin V and PI
were positive and necrosis if Annexin V was
negative and Pl was positive.

Colonogenic survival assay

For colonogenic survival studies, 300 cells
were seeded in twelve-well plates, exposed to
different treatments for 48 h, and then ob-
served for 10-14 days. The colonies were fixed
for 6 min in cold methanol, and then stained
with a 1% crystal violet solution for 30 min.
Colonies of more than 50 cells were counted.
Percent colony formation was calculated by
assigning untreated cultures as 100%. The per-
cent colony formation of treated cells was
determined by (colony formation of treated
cells/colony formation of untreated cells) x100.

Western blot analysis

Subconfluent cells were incubated with UA or
TMZ for the indicated time periods. Cells were
washed with ice-cold phosphate-buffered sa-
line, and lysed in 240 mmol/L Tris (pH 6.8), 2%
sodium dodecyl sulfate (SDS), 0.5% glycerol, 5
mmol/L EDTA, 1 mg/L aprotinin, 1 mg/L leu-
peptin, 1 mg/L pepstatin A, 10 mmol/L
B-glycerol phosphate, 1 mmol/L Na,VO, and 1
mmol/L phenylmethylsulfonyl fluoride. Lysates
were then spun at 10,000 rpm for 10 min to
remove insoluble materials. The protein con-
centration was measured by BCA protein assay,
and equal amounts of lysates were boiled with
SDS sample buffer. Proteins were separated by
SDS-polyacrylamide gel electrophoresis, and
then electrotransferred onto PYDF membranes.
Primary antibodies were diluted in accordance
with the manufacturer’s instructions, and the
membranes were incubated overnight at 4°C.
After washing, the membranes were incubated
with IRDye-conjugated anti-rabbit or anti-
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mouse IgG antibodies, and proteins were visu-
alized with an Odyssey LI-COR infrared imaging
system. The density of bands was quantified
using ImageJ software (NIH, http://imagej.nih.
gov/ij/) and the results were expressed as fold
change relative to the control treatment.

Nuclear morphometric analysis

Nuclear morphometry was performed as previ-
ously described [19]. In brief, the cells were
treated with different treatments for 48 h, and
then fixed in 4% paraformaldehyde for 10 min
at room temperature. The fixed cells were
marked with a solution containing 5 pg/mL
DAPI and 0.1% Triton X-100 for 30 min at room
temperature, and then the images obtained
with DAPI staining were quantified using Image
J plugin. Data were presented as a plot of area
versus nuclear irregularity index (NIl). The per-
centages of normal, irregular, small, small and
regular, small and irregular, large and regular,
and large and irregular were determined as pre-
viously described.

Xenograft in vivo

Female BALB/c mice (four weeks old) were pur-
chased from the Academy of Military Medical
Sciences (Beijing, China). Mouse care and
treatment was approved by the Animal Care
Committee of Tianjin Medical University Cancer
Institute and Hospital. The animals were main-
tained under standardized environmental con-
ditions: 22-28°C, 60%-70% relative humidity,
12/12-hour dark/light cycle and water ad libi-
tum. LN18 cells (5x10%/mouse) were subcuta-
neously injected into the left hind flank of each
mouse. Tumor sizes were assessed using the
two largest perpendicular axes. Tumor volume
was calculated using the formula V=(axb?)/2,
where a is the length and b is the width. When
the tumor volumes reached 100 mm?, the mice
were randomized to treatment or vehicle groups
(6 mice per group). TMZ was administered via
intraperitoneal (i.p.) injection at a dose of 50
mg/kg in 10% DMSO in saline daily for 5 con-
secutive days. UA was administered via i.p.
injection at a dose of 50 mg/kg in 0.5% sodium
carboxymethyl cellulose daily for 21 consecu-
tive days. Tumor growth was monitored and
measured twice a week with a vernier caliper.
Tumor-bearing mice were assessed for weight
loss twice a week. Tumors were removed from
mice at 21 days after treatment. The relative
tumor volume (RTV) was calculated as the ratio
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Figure 1. Effects of UA on MGMT-expressing GBM cells. A. LN18, T98G and LN229 cells were seeded in 96-well
plates, and treated with TMZ for 7 days. Their responses were determined using MTT assay. B. LN18, T98G and
LN229 cells were exposed to TMZ for 48 h. Colony-forming efficiency was determined 10-14 days later. C. Immu-
noblot analysis of MGMT in three GBM cell lines, namely, T98G, LN18 and LN229 (top). B-actin was used as a load-
ing control (bottom). D. LN18 and T98G cells were seeded in 96-well plates and treated with UA for 3 days. Their
responses were determined using MTT assay. E. LN18 and T98G cells were treated with UA for 48 h. Colony-forming

efficiency was determined 10-14 days later. *P < 0.05.

between the tumor volume at time t and the
tumor volume at the start of treatment.
Inhibition rates were expressed as TRTV/
CRTV% (RTV of the treatment groups versus
RTV of the control group) by dividing the RTVs of
the treatment groups by those of the control
group, and then multiplying the quotient by
100.

Statistical analysis

Each experiment was done in triplicate, and val-
ues are presented as mean = SD. Analyses
were conducted using the SPSS 16.0 software.
The comparisons between different groups
were performed using the one-way ANOVA.
Difference was considered significant at P <
0.05.

Results

UA inhibits the proliferation of MGMT-
expressing GBM cells

LN229, LN18 and T98G cells were subjected to
an MTT assay to determine cell viability, and
consequently examine the cytotoxicity of TMZ
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in various GBM cells. The cells were treated
with 0-1000 pM TMZ for 7 days. As shown in
Figure 1A, TMZ inhibited cell viability in a dose-
dependent manner in the three glioma cell
lines. Moreover, the inhibitory effect of TMZ in
the colonogenic survival assay were much
stronger than those in the acute proliferation
inhibition assays (Figure 1B). The results also
showed a higher resistance to TMZ in LN18 and
T98G cells than in LN229 cells. To determine
the expression of MGMT in the three glioma cell
lines, Western blot assay was performed to
detect the levels of MGMT. LN18 and T98G cell
lines showed strong immunoreactive bands at
the predicted size of 21 kDa on immunoblots
(Figure 1C). Thus, MGMT expression and resis-
tance to TMZ in the survival assays were highly
correlated.

To further investigate the effects of UA on
MGMT-expressing GBM cells, the cytotoxic
effects and inhibition of colony formation medi-
ated by UA were conducted in T98G and LN18
cells. The results showed that UA inhibited cell
viability and colony formation in a dose-depen-
dent manner (Figure 1D and 1E).
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Figure 2. UA reduced the expression of MGMT in MGMT-expressing GBM cell lines. A. LN18 and T98G cells were
treated with UA at varying concentrations for 48 h. MGMT and p-H2A.X levels were measured by immunoblot assay.
B. Expression of MGMT determined by immunoblot assay of whole-cell protein extracts of LN229 cells, which were
manipulated by stable transfection with vector control or MGMT. LN229/vector control and LN229/MGMT cells
were exposed to TMZ for 48 h. Colony-forming efficiency was determined 10-14 days later. C. LN229/MGMT cells
were treated with UA of varying concentrations for 72 h. MGMT and p-H2A.X levels were measured by immunoblot

assay. *P < 0.05.

UA downregulates MGMT expression in GBM
cells

The expression of MGMT has been thought to
be inversely related to TMZ cytotoxicity. To
determine whether or not UA modulates MGMT
expression, we treated LN18 and T98G cells
with various concentrations of UA for 72 h, and
performed Western blot assay to detect the
level of MGMT. The results demonstrated that
UA could downregulate MGMT expression in a
dose-dependent manner in MGMT-expressing
GBM cell lines (Figure 2A). Overexpression of
MGMT in LN229 cells significantly enhanced
resistance to TMZ (Figure 2B). However, UA
downregulated MGMT expression in MGMT-
overexpressing LN229 (LN229/MGMT) cells in
a similar manner (Figure 2C), demonstrating
that UA has the potential to enhance the effi-
cacy of TMZ by MGMT depletion.

Phosphorylation of H2A.X were considered
markers of DNA damage. The phospho-H2A.X
levels in LN18, T98G and LN229/MGMT cells
were elevated after UA treatment.
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UA potentiates the cytotoxic effect of TMZ in
GBM cells

We combined 12.5 uM UA with 0-1000 yM TMZ
to treat LN18 and T98G cells for 72 h to verify
the effect of UA on TMZ-mediated cytotoxicity in
MGMT-expressing cells. Cell viability was lower
in cells treated with a combination of 12.5 uM
UA and various concentrations of TMZ than
in cells treated with TMZ alone (Figure 3A).
Furthermore, UA increased TMZ-induced apop-
tosis, necrosis and colonogenic inhibition, indi-
cating that UA can sensitize MGMT-expressing
GBM cells to TMZ (Figure 3B and 3C).

UA attenuates TMZ resistance by downregulat-
ing MGMT expression

Furthermore, the effect of UA combined with
TMZ (UT) on MGMT level was examined. The
combination treatment produced a synergistic
effect to reduce MGMT expression in T98G,
LN18 and LN229/MGMT cells. Compared to
TMZ or UA treatment alone, UT treatment did
not significantly change the expression of phos-
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Figure 3. UA enhanced the cytotoxicity of TMZ in MGMT-expressing GBM cells. A. LN18 and T98G cells were seeded
in 96-well plates, and treated with 12.5 uM UA, TMZ of varying concentrations, or UT for 3 days. Cell responses were
determined using MTT assay. B. Induced overall cell deaths of T98G and LN18 cell lines were determined by flow
cytometric analysis of Annexin V/PI double-stained cells 48 h after treatment with 12.5 yM UA, 25 ug/ml TMZ, or
UT. C. LN18 cells were exposed to 12.5 uM UA, 25 ug/ml TMZ, or UT for 48 h. LN229/MGMT cells were exposed to
15 uM UA, 100 pg/ml TMZ, or UT for 48 h. Colony-forming efficiency was determined 10-14 days later. *P < 0.05.

pho-H2A.X in LN18, T98G and LN229/MGMT
cells (Figure 4A and 4B).

UT mediates senescence

We observed that the UT-treated cells present-
ed nuclear morphological changes. The per-
centage of large nuclei significantly increased
in LN18 cells with UT treatment, indicating that
UT induced senescence in TMZ-resistant GBM
cells (Figure 5). Senescence induction was
thought to be 08-G methylation dependent [20].
Thus, senescence induction and MGMT deple-
tion with UT treatment were closely correlated.

UA enhances the efficacy of TMZ in glioma
xenografts

We conducted an antitumor study using a
mouse xenograft model to determine the effect
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of UT on tumor growth in vivo. The inhibition
rates for the UA, TMZ and UT groups were
92.4%, 83.2% and 39.9%, respectively. UT
treatment significantly reduced tumor volume
compared with TMZ and UA monotherapies
(P < 0.05, Figure 6A), indicating that UA might
have enhanced the cytotoxicity of TMZ in the
xenograft model. No significant weight loss was
observed in the treatment groups, suggesting
that UA-associated toxicity was acceptable, as
shown in Figure 6B. To verify the mechanism of
UT, the proteins extracted from the tumor tis-
sues were analyzed using the immunoblot
assay. As shown in Figure 6C, TMZ induced the
downregulation of MGMT expression, suggest-
ing that UA potentiated the effect of TMZ by
MGMT depletion. These results indicate that UA
enhances the cytotoxicity of TMZ through the
same pathway both in vitro and in vivo.
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Discussion

Despite the effectiveness of TMZ in treating
malignant glioma, many patients still fail to
benefit from this drug because of primary and
acquired resistance. Several experimental
agents, such as valproic acid [21], withaferin A
[22], resveratrol [23], interleukin-24 [24], Inter-
feron-alpha/beta [25], BC3EE2,9B [26], lipoic
acid [27] and 0°8-BG derivatives, were devel-
oped to attenuate TMZ resistance in glioma
cells. However, their clinical applications need
to be further demonstrated.

At present, traditional medicine has become an
important source of exploring novel antitumor
drugs. Screening of high-efficiency and low-tox-
icity compounds from natural medicine for
reversing drug resistance has become an
attractive focus in cancer research. Previous
studies demonstrated that UA induces notable
antitumor effects and presents minimal toxicity
[15]. More importantly, UA can pass through
the blood-brain barrier in vivo [28], suggesting
the potential of UA as a new candidate for GBM
therapy.

In the present study, we showed for the first
time that UA induced a potent cytotoxicity
against TMZ-resistant GBM cells and enhanced
the efficacy of TMZ in vitro and in vivo. Fur-
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Figure 4. UT downregulates MGMT ex-
pression in MGMT-expressing cells. A.
LN18 and T98G cells were treated with
12.5 uM UA, 25 pg/ml TMZ, or UT treat-
B B B MGMT ment for 72 h. The MGMT and p-H2A.X
levels were measured by immunoblot
assay. B. LN229/MGMT cells were
e e p-H2A X treated with 15 pM UA, 100 pg/ml TMZ,
or UT treatment for 72 h. The MGMT
and p-H2A.X levels were measured by
I —— — B-actin immMunoblot assay.

Aside from apoptosis and au-
tophagy, senescence is tho-
ught to be another cellular
response to DNA damage
[20]. Senescent cells are via-
ble, but they cease to synthe-
size DNA and present mor-
phological changes charac-
terized by large nuclei. Given
that senescence is depen-
dent on 0%-G methylation in-
duction, which can be elimi-
nated by the suicidal enzyme
MGMT, senescence was not
observed in MGMT-express-
ing LN18 cells when treated with 25 pg/mL
TMZ for 48 h. However, TMZ combined with UA
induced obvious senescence in LN18 cells,
suggesting that UA promoted the accumulation
of DNA damages resulting from 0%-G methyla-
tion induced by depleting MGMT.

STAT3 activation is necessary for post-tran-
scriptionally regulating MGMT in GBM cells.
STAT3 inhibition could overcome TMZ resis-
tance in GBM cells by downregulating MGMT
expression [29]. A previous study showed that
UA could inhibit STAT3 activity specifically in
human multiple myeloma cells and improve the
sensitivity of tumor cells to bortezomib and tha-
lidomide therapies [30]. UA can significantly
inhibit the growth of glioma xenografts in nude
mice by blocking the STAT3 signaling pathway
without weight loss and other adverse reac-
tions [31]. In the present study, UA inhibited the
phosphorylation of STAT3 in a concentration-
dependent manner (data not shown). However,
whether UA-induced MGMT depletion was
mediated by STAT3 inhibition should be further
investigated.

In conclusion, the current study demonstrated
that UT combination treatment synergistically
attenuates TMZ resistance and provides a
novel strategy for the clinical application of UA
to MGMT-driven resistant cell lines both as a
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section, and the percentages of normal (N) and large regular (LR) nuclear types are shown.

A 25 ——Ctrl B 30 ——Ctrl
£ = TMZ . -=TMZ
§ 20 UA :? 25 __3¢
M _ﬂ e ==
£ @ 20 :
2 10 Lk 2 W
@ =)
£ 0 15
s 5 i
[]
[1'4
0 10
0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21
Time (d) Time (d)
C ctd T™Z UA uT
1 0.76 0.76 0.58
MGMT
p-H2A X
1 134 140 160

—— il . .l Bttt < g-actin

Figure 6. UA potentiates the efficacy of TMZ in a xenograft model. (A) Mice with LN18 xenograft were treated intra-
peritoneally with vehicle, i.e., TMZ (50 mg/kg), UA (50 mg/kg), or their combination for 21 days. (A) Tumor volume
and (B) Body weight were measured as described in the Materials and methods section. (C) Lysates extracted
from the tumor tissues were examined using immunoblot assay with anti-MGMT and anti-phospho-H2A.X antibody.
B-actin was used as internal control. *P < 0.05.

cytotoxic agent and as an enhancer of TMZ effi- tizer, might be a candidate agent for patients
cacy. UA, as both a monotherapy and a resensi- with refractory malignant glioma.
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