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a b s t r a c t

Temozolomide is a novel cytotoxic agent currently used as first-line chemotherapy for glioblastoma
multiforme (GBM). However, intrinsic or acquired chemoresistance to temozolomide remains the
greatest obstacle to the successful treatment of human GBM. The principal mechanism responsible for
this resistance is largely unknown. In the present study, we showed that expression of transcriptional co-
activator with PDZ-binding motif (TAZ) in glioma cells correlated with temozolomide chemoresistance in
human glioma cells. Overexpression of TAZ promoted temozolomide resistance in U-87MG cells, whereas
knockdown of TAZ expression sensitized temozolomide-resistant U-251MG cells to temozolomide.
Further, TAZ inhibits temozolomide induced apoptosis via upregulation of MCL-1 (myeloid cell leukemia
1) and high expression of TAZ predicts a poor prognosis for GBM patients. In conclusion, our results
suggest that TAZ had a critical role in the resistance to temozolomide in glioma cells, and it may provide a
promising target for improving the therapeutic outcome of temozolomide-resistant gliomas.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Glioblastomamultiforme (GBM) is themost aggressivemalignant
primary brain tumor in adults [1,2]. Despite surgical operation
combined with radiotherapy and chemotherapy, the prognosis for
GBM patients remains poor, with a median survival of ~1 year [1,2].
Temozolomide is one of the most commonly used chemotherapy
drugs against GBM that act by inhibiting the proliferation of glioma
cells and inducing apoptosis [3,4]. Although it is currently the most
promising chemotherapy for GBM, intrinsic or acquired resistance to
temozolomide is a major cause of treatment failure in patients with
malignant gliomas [5]. Thus, identifying the diverse mechanisms
underlying its highlymalignant nature and poor response to therapy
will be instrumental fordevelopingefficacious therapeutic regimens.
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The Hippo pathway plays an important role in cell prolifera-
tion, organ size control, and tumorigenesis [6]. The transcriptional
co-activator with PDZ-binding motif (TAZ) and Yes-associated
protein (YAP) are the primary downstream effectors of the Hip-
po signaling pathway, and these two effectors can be phosphor-
ylated and inhibited by the Hippo pathway [7]. TAZ plays a key
role in the tumor initiation and progression of diverse cancers,
including breast, lung, colorectal, ovarian and brain cancer [8e10].
The aberrant overexpression of TAZ has been observed in GBM and
its overexpression significantly correlated with poor differentia-
tion in glioma [11]. Studies reported that glioblastoma cell pro-
liferation can be inhibited and cell differentiation promoted by
targeting TAZ [12]. Moreover, TAZ has been identified as a core
player in driving the mesenchymal differentiation of malignant
glioma, which exhibits poor overall survival and treatment resis-
tance [13]. We therefore speculate that TAZ might be involved in
the mechanism of acquired chemoresistance to temozolomide in
GBM.

In this study, we found that overexpression of TAZ promoted the
chemoresistance of human glioma cells to temozolomide by
upregulating MCL-1. Furthermore, high levels of TAZ expression
were correlated to shorter overall survival in GBM patients.
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2. Materials and methods

2.1. Cell culture

Human glioblastoma cell lines (T98G, U-138MG, A-172 and U-
87MG) were obtained from American Type Culture Collection ATCC
(Rockville, MD, USA). Other glioblastoma cell lines (LN382, AM-38,
U-251MG and KMG4) were obtained from Biofavor company
(Wuhan, China). All cell lines were cultured in Dulbecco's modified
Eagle's medium (Hyclone, Logan, UT, USA) supplemented with 10%
fetal bovine serum (Hyclone, Logan, UT, USA), 100 units/ml peni-
cillin, and 0.1 mg/ml streptomycin (Invitrogen, California, USA) in
5% CO2 atmosphere at 37 �C.

2.2. Cell transfection

The TAZ cDNA was subcloned into plasmid pcDNA4/TO (Invi-
trogen, California, USA) and the plasmid for overexpression of TAZ
were designated as pcDNA4/TOeTAZ. U-87MG cells were seeded in
six-well plate and transfected with vector control pcDNA4/TO or
pcDNA4/TO-TAZ by using Lipofectamine 2000 reagent as recom-
mended by the manufacturer (Invitrogen, California, USA). Twenty-
four hours after transfections the cells were passaged and selected
using 100 mg/ml Zeocin for 2 weeks, and then got the U-87MG/TAZ
stable cell lines. Two distinct, non-overlapping small interfering
RNA (siRNA) oligonucleotides targeting TAZ (siTAZ#1: 50-GGAUA-
CAGGAGAAAACGCA-3’; siTAZ#2: 50-AAACACCCAUGAACAUCAA-30),
MCL-1 (siMCL-1#1: 50-GGACUUUUAUACCUGUUAU-30; siMCL-1#2:
50-GGAGGCCUCGGCCCGGCGATT-30) and negative control siRNA
were synthesized by RiboBio (Guangzhou, China) and cells were
transfected with Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
CA, USA).

2.3. Cell viability assay

Cells were seeded into 96-well culture plates and incubated at
37 �C. Temozolomide was purchased from Sigma (St. Louis, MO)
and dissolved in DMSO. After treatment with different concentra-
tions of temozolomide for 72 h, the 20 mL of tetrazolium bromide
(5mg/mL, GE Healthcare) was added to eachwell and incubated for
4 h at 37 �C. The culture mediumwas removed and 150 mL of DMSO
was added to solubilize the crystals for 20min at room temperature
and the absorbance at 570 nm was read by an ELISA plate reader
(Model 680, Bio-Rad, CA). Each temozolomide concentration was
tested in triplicate in 96-well plates, and experiments were
repeated independently at least three times. The 50% inhibitory
concentration (IC50) was calculated with GraphPad Prism software
using the sigmoidal doseeresponse function.

2.4. Establishment of temozolomide-resistant U-251MG cell line

To establish the temozolomide-resistant cell line, U-251MG cells
were exposed to a low dose of temozolomide in culture media for 6
months and established temozolomide-resistant cells designated
as U-251MG/TR. IC50 for the growth inhibition of temozolomide to
U-251MG and U-251MG/TR are 18.4 mMand 141.6 mM, respectively.

2.5. RNA isolation and real-time PCR

Total RNA was isolated using the RNeasy mini kit (Qiagen, Ger-
many) and the cDNA was prepared using the SuperScript® III First-
Strand Synthesis System (Invitrogen, California, USA). Quantitative
PCR was performed using SYBR Green dye on an Applied Bio-
systems 7300 Real-time PCR system (Applied Biosystems, Foster
City, CA).
2.6. Western blot analysis

Western blot analysis was performed as we previously described
[14]. Briefly, cells were lysed in cold lysis buffer containing protease
inhibitor mixture. Proteins were resolved on SDS-PAGE, and then
transferred onto polyvinylidene difluoride (PVDF) membrane
(Amersham Biosciences, Piscataway, NJ, USA). The membrane was
blocked in TBS-T buffer containing 5% (w/v) non-fat milk at room
temperature for 1 h and then probed with antibodies for TAZ (sc-
48805, Santa Cruz Biotech), MCL-1 (sc-819, Santa Cruz Biotech) and
GAPDH (sc-32233, Santa Cruz Biotech) at 4 �C overnight. Detection
was performed with the SuperSignal West Femto Maximum
Sensitivity Substrate Trial Kit (Pierce, Rockford, IL, USA). The band
imageswere digitally captured and quantifiedwith a FluorChem FC2
imaging system (Alpha Innotech, San Leandro, CA, USA).

2.7. Apoptosis assays

Cells were plated in six-well plates and treated with 100 mM
temozolomide for 6 h, and then cells werewashed twice and placed
in temozolomide free medium to grow for 48 h. Cell apoptosis was
determined by Annexin V/PI fow cytometry assays (BD Biosciences,
San Diego, CA) as described previously [15].

2.8. KaplaneMeier analysis of survival probability using The Cancer
Genome Atlas (TCGA) network

Publically available microarray and clinical data of patients with
glioma were acquired from The Cancer Genome Atlas (TCGA) [16].
Survival analysis within the glioblastoma data set of the TCGA data-
base (n ¼ 504) was performed using the KaplaneMeier analysis
module of the R2 microarray analysis and visualization platform
(http://r2.amc.nl). Clinical data of these patients is available at
the Data Portal:https://tcga-data.nci.nih.gov/tcga/dataAccessMatrix.
htm?mode¼ApplyFilter&showMatrix¼true&diseaseType¼GBM&
tumorNormal¼TN&tumorNormal¼T&tumorNormal¼NT. Gene
expression data were collected using Affymetrix® gene chips. The
Affymetrix probe-set for TAZwas 202132_at. KaplaneMeier analysis
was conducted online, and the resulting survival curves and P values
(log-rank test) were downloaded from the Internet. The cutoff value
of 177.3 was used for separating the high and low expression groups
of TAZ, which is determined using the online R2microarray platform
algorithm.

2.9. Statistical analysis

All data were expressed as mean ± SEM. Between groups and
among groups comparisonswere conductedwith Student t test and
ANOVA, respectively. ManneWhitney U test is used for nonpara-
metric variables. The Spearman rank correlation test was assessed
to verify the association between expression levels of TAZ and their
resistance to temozolomide (IC50) in glioma cells. Statistical anal-
ysis was performed using GraphPad Prism software version 4.0
(PRISM4) (GraphPad Software Inc, LaJolla, CA), and P < 0.05 was
considered significant.

3. Results

3.1. Expression of TAZ in glioma cells correlates with their resistance
to temozolomide

To determine whether TAZ expression is associated with che-
moresistance of glioma cells, we examined the mRNA expression of
TAZ and temozolomide sensitivity in eight glioma cell lines. First,
the IC50 values of temozolomide, which stand for the
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concentration of temozolomide needed for preventing cell prolif-
eration by 50%, were determined in these cell lines. Three of them
LN382, T98G, and U138MG, exhibited a higher IC50 than the other
five cell lines A-172, AM-38, U-87MG, U-251MG and KMG4
(Fig. 1A). Subsequently, we examined the mRNA expression of TAZ
in these cell lines. The correlation between the IC50 values and the
relative mRNA expression of TAZ was analyzed. The IC50 values of
temozolomide significantly correlated with the expression level of
TAZ in these glioma cells (Fig. 1B, Spearman r ¼ 0.833, p ¼ 0.015).
Furthermore, we established temozolomide resistant human gli-
oma cell line (U-251 MG/TR) by exposure of U-251MG cells to a low
dose of temozolomide in culture media for 6 months. IC50 for the
growth inhibition of temozolomide to U-251MG and U-251 MG/TR
are 18.4 mM and 141.6 mM, respectively (Fig. 1C). The expression of
TAZ increased significantly in U-251 MG/TR cells compared with
parental U-251MG cells (Fig. 1D). These results suggest that TAZ
expression correlates with temozolomide resistance in glioma cells.

3.2. TAZ confers resistance to temozolomide in glioma cells

To confirm that overexpression of TAZ is directly responsible for
temozolomide resistance in glioma cells, we carried out the
following experiments. First, TAZ was overexpressed in a temozo-
lomide sensitive cell line, U-87MG. Results showed that over-
expression of TAZ rendered U-87MG cells more resistant to
temozolomide. U-87 MG cells transfected with vector control had
an IC50 value of 15.2 mM; whereas the IC50 value of U-87MG cells
overexpressed with TAZ was 92.4 mM (Fig. 2A). These results indi-
cate that overexpression of TAZ enhances resistance of glioma cells
to temozolomide. Second, we knocked down the expression of TAZ
in temozolomide-resistant U-251MG/TR cells by using two distinct,
non-overlapping siRNAs targeting TAZ. As shown in Fig. 2B,
knockdown of TAZ in U-251 MG/TR cells sensitizes their response
Fig. 1. Correlation between TAZ expression and temozolomide resistance in glioma cells.
between the relative TAZ expression and the IC50 values in glioma cells was quantified by S
analysis showed the upregulated expression of TAZ in U-251 MG/TR cells. All experiments
to temozolomide treatments (IC50siControl: 163.9 mM; IC50siTAZ#1:
18.45 mM; IC50siTAZ#2: 21.01 mM; P < 0.05). In summary, these
findings suggest that TAZ overexpression confers resistance to
temozolomide in glioma cells.

3.3. TAZ inhibits temozolomide induced apoptosis via upregulation
of MCL-1

To determine the mechanisms by which TAZ enhances resis-
tance of glioma cells to temozolomide, we analyzed the effect of
TAZ overexpression on temozolomide induced apoptosis. U-87 MG
cells stably transduced with TAZ were treated with 100 mM
temozolomide for 6 h, and then cells were washed twice and
placed in temozolomide free medium to grow for 48 h. Cell
apoptosis was determined by Annexin V/PI fow cytometry assays.
The apoptosis rate of vector control group and TAZ overexpression
group were (37.5 ± 6.2)% and (13.1 ± 2.7)%, respectively (*, P < 0.05,
Fig. 3A). It suggests that overexpression of TAZ inhibits temozolo-
mide induced apoptosis. To study underlying molecular mecha-
nisms by which TAZ inhibits temozolomide induced apoptosis, we
analyzed several apoptosis related proteins and found MCL-1, an
anti-apoptotic BCL-2 family member, was significantly upregulated
in U-87MG cells stably transduced with TAZ (Fig. 3B), whereas the
cells with TAZ knockdown showed a reduced MCL-1 expression
(Fig. 3C). To determine whether TAZ inhibits temozolomide
induced apoptosis via upregulation of MCL-1, we knocked down
MCL-1 expression by using two distinct, non-overlapping siRNAs
targeting MCL-1 in U-87MG cells stably transduced with TAZ. Cell
apoptosis assay showed that knockdown of MCL-1 attenuated the
anti-apoptotic advantage conferred by TAZ significantly (*, P < 0.05,
Fig. 3D). Taken together, these data suggest that TAZ inhibits
temozolomide-induced apoptosis via upregulation of MCL-1 in
glioma cells.
A, the IC50 values of temozolomide in different glioma cell lines. B, The correlation
pearman's rank correlation. C, Cell viability was assessed by MTT assay. D, Western blot
were performed in triplicate.



Fig. 2. TAZ confers resistance of glioma cells to temozolomide. Overexpression of TAZ in U-87MG cells (A) or knockdown of the endogenous TAZ expression in U-251 MG/TR cells
(B), and then these cells were treated with gradient concentrations of temozolomide for 72 h. The percentage of cell survival as a function of drug concentrationwas plotted. All data
represent the means ± SEM of three replications.
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3.4. High TAZ expression indicates a poor prognosis for
glioblastoma patients

We next analyzed the clinical outcome data in glioblastoma
patients in TCGA database (n ¼ 504). Survival analysis within the
TCGA database was performed using the KaplaneMeier analysis
module of the R2 microarray analysis and visualization platform
(http://r2.amc.nl). These glioblastoma patients were divided into
two groups: high expression (TAZ high; n¼ 252) and low expression
(TAZ low; n ¼ 252). KaplaneMeier analysis revealed that glioblas-
toma patientswith high expression of TAZ had both a poor progress-
free survival (Fig. 4A; P ¼ 0.006) and a worse overall survival
(Fig. 4B; P ¼ 0.023). Taken together, these results suggest that high
TAZ expression predicts a poor prognosis for glioblastoma patients.
Fig. 3. TAZ inhibits temozolomide induced apoptosis via upregulation of MCL-1. A, U-87MG
and then cell apoptosis was determined by Annexin V/PI assay. B and C, Western blot analysis
internal control. D, Cell apoptosis assay showed that knockdown of MCL-1 attenuated the an
replications.
4. Discussion

Temozolomide is one of the most commonly used alkylating
agents in the treatment of malignant gliomas; however, its survival
benefit remains unsatisfactory because of the intrinsic or acquired
chemoresistance of glioma cells [17,18]. In the present study, we
report that TAZ promotes temozolomide resistance in glioma cells.
Moreover, elevated expression of TAZ indicates a poor prognosis for
glioblastoma patients.

TAZ is an important mediator of the Hippo pathway and plays
important roles in tumor initiation and progression [19]. It has been
revealed that aberrant expression of TAZ is associated with che-
moresistance in breast cancer and oral cancer [20,21]. To explore
the relationship between TAZ and the temozolomide
cells stably transfected with vector control and TAZ were treated with temozolomide
showed that TAZ upregulated MCL-1 expression in glioma cells. GAPDH was used as an
ti-apoptotic advantage conferred by TAZ. All data represent the means ± SEM of three

http://r2.amc.nl


Fig. 4. High TAZ expression indicates a poor prognosis for glioblastoma patients. KaplaneMeier analysis of glioblastoma patients in TCGA database (n ¼ 504) revealed that patients
with high expression of TAZ had a poor progress-free survival (A; P ¼ 0.006) and a worse overall survival (B; P ¼ 0.023).
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chemoresistance in glioma cells, we first examined the level of TAZ
expression in glioma cell lines and their response to temozolomide.
We found that the expression level of TAZ correlated with the
chemoresistance to temozolomide in glioma cells. Forced over-
expression of TAZ could enhance resistance of glioma cells to
temozolomide. By contraries, knockdown of endogenous TAZ
sensitized glioma cells to temozolomide.

Temozolomide is known to block the cell cycle and lead to cell
apoptosis by targeting nuclear DNA [17]. Dysregulation of
apoptosis-regulating genes and proteins is one of the most com-
mon mechanisms of temozolomide resistance [5,17]. Therefore, we
further explored the possible mechanisms involved in the TAZ-
mediated resistance to temozolomide by evaluating the effect of
forced TAZ overexpression on temozolomide-induced apoptosis. In
this study we showed that overexpression of TAZ rendered U-
87MG cells more resistant to temozolomide, andwe also found that
an anti-apoptotic BCL-2 family member, MCL-1, could be signifi-
cantly upregulated by TAZ. Previous studies reported that MCL-1 is
essential for temozolomide induced cell death in human glioma,
and thus may be a target to overcome therapeutic resistance to-
ward temozolomide [22,23]. Consistent with previous studies, our
results also showed that TAZ inhibited temozolomide induced
apoptosis via upregulation of MCL-1. In addition, interrogation of
the TCGA glioblastoma cohort revealed that high TAZ expression
predicted a poor prognosis for glioblastoma patients.

In conclusion, our findings demonstrate that the mechanism
responsible for resistance of glioma cells to temozolomide is
associated with TAZ-mediated upregulation of MCL-1. TAZ may
function as an important modifier of the response of glioma cells to
temozolomide. A new strategy combining current regimens with
compounds targeting TAZ may significantly improve the thera-
peutic outcome of temozolomide-resistant GBM.
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