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Abstract We previously demonstrated that the acquired

resistance because of Hsp27 activation weakens the cyto-

toxic effect of t-AUCB on glioblastoma cells. Since autop-

hagy is regarded as a survival mechanism for cells exposed to

cytotoxic agents, the aim of this study is to investigate

whether t-AUCB induces autophagy and whether Hsp27 and

autophagy are interacted with each other. Our data demon-

strated that t-AUCB induces autophagy in glioblastoma cells

and regulates multiple autophagy related-gene expression.

t-AUCB induces overexpression of Atg7, which is down-

stream of Hsp27 and participates in the resistance of

glioblastoma cells to t-AUCB treatment. Hsp27 inhibitor

quercetin suppresses Atg7 expression and strengthens

t-AUCB-induced cell death by autophagy blockage. We

concluded that combination of quercetin and t-AUCB might

be a potential strategy for glioblastoma treatment.
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Introduction

Our previous studies have demonstrated that, soluble

epoxide hydrolase inhibitor (sEHi) t-AUCB inhibits

human glioblastoma cell growth, induces G1 cell cycle

arrest and p38 MAPK/Hsp27 activation which confer

apoptosis resistance [1–3]. The cytotoxic effect of

t-AUCB on glioblastoma cells is certain, but multiple

mechanisms may participate in treatment resistance, such

as p38 MAPK/Hsp27 activation that is known by us.

Thus, to further investigate unknown mechanisms that

may initiate t-AUCB treatment resistance is necessary.

Autophagic process is characterized by cellular self-

digestion and the removal of excessive or dysfunctional

organelles and proteins [4–6]. Autophagy is either a

physiological process in normal cells or a survival

mechanism under special conditions, such as hypoxia,

stress or nutrient deprivation [7]. Since autophagy par-

ticipates in multiple key biological processes, drugs that

can modulate autophagy have been developed for ther-

apeutic purposes [7–9]. Recently, more and more studies

demonstrated that, autophagy induces chemo- or radio-

resistance and may be a potential anticancer therapeutic

target [10–12], although the mechanism of autophagy

influenced resistance is still unclear. In the present study,

we investigate whether t-AUCB treatment induces

autophagy, and whether Hsp27 and autophagy are

interacted with each other.
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Materials and Methods

Reagents

The sEH inhibitor t-AUCB was granted from Professor

Bruce D. Hammock (Department of Entomology and UCD

Cancer Research Center, University of California, Davis,

CA, USA) [13]. The Hsp27 inhibitor quercetin was pur-

chased from Sigma-Aldrich (St. Louis, MO, USA). All of

agents were dissolved in dimethyl sulfoxide (DMSO). The

concentration which was never exceeded 0.1 % (v/v) was

diluted in serum-supplemented medium immediately

before use.

Cell culture

Human glioblastoma cell lines U251 and U87 were provided

by ATCC (American Type Culture Collection) as we

described previously [2]. All cells were cultured in Dul-

becco’s Modified Eagle’s Medium (DMEM) supplemented

with 10 % fetal bovine serum (FBS) and 1 % penicillin and

streptomycin (complete medium). Cells were maintained at

37 �C in a humidified atmosphere of 95 % air and 5 % CO2.

Cell growth assay

Cell growth ability was tested by using cell counting kit-8

(CCK-8) from Dojindo Laboratories (Kumamoto, Japan)

following the manufacturer’s instructions. Briefly, cells

were transplanted into a 96-well plate with density of 5000

cells/well and then treated differently. Cells were cultured

in humidified incubator containing 5 %CO2 and 95 % air.

48 h later, culture medium in each well was discarded, and

100 ll fresh serum-free medium contained 10 ll CCK-8

solution was added into each well. After 2-h incubation, the

optical density value (absorbance) was recorded at 450 nm

using an enzyme-linked immunosorbent assay plate reader

(Bio-Rad Laboratories, Inc., Berkeley, CA, USA).

Electron microscopy

Cells were differently treated and then the electron

microscopy was performed. Briefly, after treatment, cells

were harvested, pelleted and fixed with 2.5 % glutaralde-

hyde and then postfixed with 1 % osmium tetraoxide,

dehydrated in a graded series of ethanol concentrations and

then embedded in Epon-Araldite resin. The ultrathin sec-

tions were mounted, stained with lead citrate and then

examined on a JEOL JEM-1011 transmission electron

microscope. The number of autophagic vacuoles was

determined manually for a minimum of 50 cells for each

sample and the photos were taken.

RNA extraction and quantitative real-time PCR

array analysis

Total RNA was extracted from cells lysated by TRIzol

reagent (Invitrogen, USA) according to the manufacturer’s

instructions. The quality and quantity of the RNA purity

were assessed by spectrophotometer and standard elec-

trophoresis. The RNA samples were tested for the relative

expression of genes involved in autophagy by using RT2

ProfilerTM PCR Array Human Autophagy (Qiagen)

according to the manufacturer’s instructions. Briefly, the

RNA was reverse transcribed to form cDNA by using

SuperScript III Reverse Transcriptase (Invitrogen). Sam-

ples were diluted in SuperArray PCR master mix (RT2

SYBR Green, Qiagen) according to the supplier’s direc-

tions and pipetted into 96-well PCR array plates. Real-time

PCR was performed in technical duplicates (ABI Prism

7900HT Sequence Detection System; Applied Biosys-

tems). For data analysis, the DDCt (comparative threshold

cycle) method was used. Firstly, calculate the DCt for each

pathway-focused gene in each treatment group. DCt

(group1) = average Ct—average of HK genes’ Ct for

group1 array; DCt (group2) = average Ct—average of HK

genes’ Ct for group2 array. Secondly, calculate the DDCt

for each gene across two groups, DDCt = DCt (group2)—

DCt (group1), where group1 is the control and group2 is the

experimental. Then, calculate the fold-change for each

gene from group1 to group2 as 2�DDCt . The average

expression of housekeeping genes (b-actin) was used for

normalization of the data.

RNA interference

Cells were grown in 10-cm culture dish and transiently

transfected with Hsp27 or Atg7 specific small interfering

RNA (siRNA). The siRNA oligos of Hsp27 (sc-29350),

Atg7 (sc-41447) and the negative control siRNAs were

purchased from Santa Cruz Biotechnology (Dallas, TX,

USA). Lipofectamine RNAiMAX Transfection Reagent

(Invitrogen) was used for siRNA transfection according to

the manufacturer’s protocol.

Western blot analysis

Cell protein was lysates in ice-cold RIPA buffer (Beyotime

Institute of Biotechnology, Shanghai, China) containing

with Phenylmethanesulfonyl fluoride (PMSF) and protease

inhibitor cocktail. The whole cell lysates were separated by

SDS–polyacrylamide gel electrophoresis (SDS–PAGE) and

transferred to a polyvinylidene fluoride membrane (Milli-

pore Corporation, Bedford, MA, USA). All membranes

were probed with primary antibodies after 4 �C overnight,
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and followed by incubation with secondary antibody.

Proteins were visualized with chemiluminescence luminol

reagents (Beyotime Institute of Biotechnology, Shanghai,

China). Antibodies against b-actin (#3700), Atg7 (#8558)

and Hsp27 (#2402) were purchased from Cell Signaling

Technology (Beverly, MA, USA). Antibody against LC3

(#AL221) was purchased from Beyotime Institute of

Biotechnology (Shanghai, China). Public software ImageJ

(National Institutes of Health, USA) was used to quantify

the densitometry of the immunoblotting bands.

Statistical analysis

All experiments were replicated in triplicate at least. The

SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA)

was applied for statistical analysis. Comparisons between

treated groups and vehicle control were performed using

independent t test, and expressed as mean ± standard

deviation (SD). P\ 0.05 were considered statistically

significant.

Results

t-AUCB induces autophagy in glioblastoma cells

To investigate whether t-AUCB induce autophagy, U251

and U87 cells were treated with DMSO (vehicle control) or

200 lM t-AUCB for 24 h, and then analyzed by trans-

mission electron microscopy. Membrane-bound vacuoles,

the characteristic of autophagosomes, were observed in the

cytoplasm of t-AUCB treated cells (Fig. 1a). As the com-

putation shown, t-AUCB treatment initiates autophagy in

U251 and U87 cells (Fig. 1b). The LC3 transforming from

LC3-I to LC3-II is known to be important for autophago-

some formation. We detected the LC3-I and LC3-II

expression in U251 and U87 cells by western blotting.

200 lM t-AUCB enhanced the turnover from LC3-I to

LC3-II (Fig. 1c).

To further study the mechanisms, we analyzed the genes

related to autophagy by RT2 ProfilerTM PCR Array. U87

cells were treated with DMSO (vehicle control) or 200 lM

t-AUCB for 24 h, and then the PCR array was performed.

The Supplementary Table listed all analyzed genes and the

alteration of the autophagy related-gene expression profile.

Gene expression level changes that were more than 2-fold

in t-AUCB-treated versus untreated U87 cells were listed

in Table 1.

Atg7 is downstream of Hsp27 and participates

the resistance of glioblastoma cells to t-AUCB

As the PCR results shown, Atg7 expression was upregu-

lated in t-AUCB treated cells. We then tested the protein

expression of Atg7 by western blotting. The results showed

that 200 lM t-AUCB significantly increases Atg7 expres-

sion (Fig. 2a). Atg7 plays a key role in autophagosome

formation [14]. Autophagy is considered to be associated

with cancer resistance [10]. We previously reported that

Hsp27 confers resistance of glioblastoma cells to t-AUCB

[2]. Atg7 has been reported to be downstream of Hsp27 by

others [15]. Thus, we hypothesized that Atg7 may be

regulated by Hsp27 and involved in t-AUCB resistance. To

test the hypothesis, we used Hsp27 inhibitor, quercetin, and

Hsp27 siRNA to treat glioblastoma cells. Our results

showed that, with the pretreatment of quercetin or Hsp27

siRNA, Atg7 expression was markedly decreased in U87 or

U251 cells, even in t-AUCB treated cells (Fig. 2a). Con-

trarily, knockdown of Atg7 expression by siRNA didn’t

reduce Hsp27 expression (Fig. 2b).

To investigate whether Atg7 participates in resistance to

t-AUCB, U87 and U251 cells were respectively treated

Fig. 1 t-AUCB induces

autophagy in glioblastoma cells.

a U251 and U87 cells were

treated with DMSO (vehicle

control) or 200 lM t-AUCB for

24 h, and then analyzed by

transmission electron

microscopy. Black arrows

indicate the autophagic

vacuoles. b The computation of

the autophagic vacuoles per cell

(*P\ 0.05). c The LC3-I and

LC3-II expression in U251 and

U87 cells by western blotting.

200 lM t-AUCB enhanced the

turnover from LC3-I to LC3-II.

b-actin served as loading

control
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with DMSO (vehicle control), Lipofectamine (transfection

reagent), Negative control siRNA, 200 lM t-AUCB,

Hsp27 siRNA, Atg7 siRNA, Hsp27 siRNA plus 200 lM

t-AUCB or Atg7 siRNA plus 200 lM t-AUCB for 48 h.

Cell growth was tested using CCK-8 kit. As the results

shown in Fig. 2c, with the downregulation of Hsp27 or

Atg7 by siRNA, t-AUCB induces more intense cell growth

inhibition (P\ 0.05). Cells with knockdown of Hsp27 are

more sensitive to t-AUCB than those with knockdown of

Atg7 (P\ 0.05). Since Atg7 is downstream of Hsp27 in

t-AUCB treated glioblastoma cells, it suggests that Atg7

may not be the only factor that participates in Hsp27-in-

duced cell resistance to t-AUCB.

Quercetin strengthens t-AUCB-induced cell growth

inhibition by autophagy blockage

Quercetin inhibits Atg7 expression by Hsp27 inhibition. To

investigate whether quercetin strengthens t-AUCB-induced

cell growth inhibition, U87 and U251 cells were treated

with DMSO (vehicle control), 200 lM t-AUCB, 5, 15,

30 lM quercetin or 200 lM t-AUCB plus 15 or 30 lM

quercetin for 48 h. Cell growth was tested using CCK-8 kit.

Our results showed that, quercetin induces cell growth

inhibition in a concentration-depended manner since

15 lM, and strengthens t-AUCB induced cell growth

inhibition (Fig. 3a).

We hypothesized that quercetin may strengthens

t-AUCB-induced cell growth inhibition by blocking

t-AUCB-induced autophagy. To test this hypothesis, U87

cells were treated with DMSO (vehicle control), 200 lM

t-AUCB, 30 lM quercetin or 30 lM quercetin plus

200 lM t-AUCB for 24 h, and then analyzed by

transmission electron microscopy. Membrane-bound

vacuoles were counted as autophagosomes. The results in

Fig. 3b, c showed that quercetin blocks t-AUCB-induced

autophagy.

Discussion

Since autophagy is activated during a time of cell stress and

serves as an escape mechanism for cells exposed to cyto-

toxic agents, more and more studies unveil the roles of

autophagy in chemoresistance during cancer treatment

[16–19]. However, it is complex to enhance the efficacy of

anticancer therapy by modulating autophagy. The role of

anticancer therapy-induced autophagy in cells is tumor-

type or stage dependent. Either suppression of cell-survival

autophagy or enhancement of cytotoxic autophagy may

strengthen anticancer effects [20]. Thus, appropriate mod-

ification of autophagy should be carefully concerned.

Autophagy has also been demonstrated to participate in

chemo- or radioresistance to glioma [12, 21]. Plenty of

findings showed that inhibition of autophagy might be a

potential strategy to strengthen cytotoxic effect of chemo-

or radiotherapy to glioma [11, 12, 22–25]. However, a

recent phase I/II trial of hydroxychloroquine (HCQ) in

conjunction with radiation therapy and concurrent and

adjuvant temozolomide in patients with newly diagnosed

glioblastoma multiforme declared that, autophagy inhibi-

tion was not consistently achieved in patients treated with

HCQ in maximum tolerated dose, and no significant

improvement in overall survival was observed, although

their preclinical studies indicated autophagy inhibition with

HCQ can augment the efficacy of DNA-damaging therapy

[26]. Thus, it is necessary to test or develop lower-toxicity

compounds that can achieve more consistent inhibition of

autophagy.

In the present study, we found autophagy participates in

acquired resistance of glioblastoma cells to t-AUCB as

expected. We previously demonstrated that Hsp27 confers

resistance of glioblastoma cells to t-AUCB, and t-AUCB

induces significant apoptosis after blocking the activation

of Hsp27 [2]. Others reported that Atg7 is downstream of

Hsp27 [15]. Thus, we hypothesized that Atg7 may be

regulated by Hsp27 and involved in autophagy modulation

and t-AUCB resistance. The gene ATG7 (autophagy related

7) encodes an E1-like activating enzyme that is essential

for autophagy and cytoplasmic to vacuole transport [27].

Atg7 functions as an enzyme necessary for Atg12-Atg5

conjugation and regulates the LC3 transforming from LC3-

I to LC3-II, which is essential for autophagosome forma-

tion [14]. In Drosophila, Atg7-null mutants are short-lived

and hypersensitive to starvation and oxidative stress

because of blockage of autophagy [28]. Atg7 knockout

Table 1 Genes related to autophagy that were more than 2-fold

change in t-AUCB-treated versus untreated U87 cells

GeneSymbol Fold change (up-regulation) P value

ATG7 2.11 0.0075

CASP8 2.02 0.0149

CTSD 2.34 0.0323

DRAM1 2.56 0.0341

GAA 2.06 0.0424

GABARAPL1 2.26 0.0224

IGF1 2.24 0.0269

MAP1LC3A 2.91 0.0004

MAP1LC3B 3.78 0.0074

PIK3CG 4.45 0.0410

SQSTM1 2.49 0.0259

TP53 3.59 0.0234

ULK1 2.02 0.0020

ULK2 3.19 0.0040
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mice exhibited neurodegeneration because of suppression

of basal autophagy in the central nervous system [29].

Herein, our data showed autophagy induction and Atg7

overexpression in t-AUCB treated glioblastoma cells, and

demonstrated that RNA interference-mediated knockdown

of Atg7 sensitizes glioblastoma cells to t-AUCB and Atg7

inhibition by quercetin partially recovered t-AUCB-in-

duced autophagy, indicating Atg7 participate t-AUCB

resistance via autophagy modulation.

To investigate whether Hsp27 regulates Atg7 expres-

sion, we treated glioblastoma cells with quercetin, a Hsp27

inhibitor, which significantly inhibits expression of both

Hsp27 and Atg7. Then, we found Hsp27 knockdown by

RNA-interference suppresses Atg7 expression. But Atg7

knockdown do not affect Hsp27 expression. These data

suggested that Atg7 acts downstream of Hsp27 in the

regulation of autophagy and participates in conferring

t-AUCB resistance. Moreover, we found Hsp27 silencing

showed better effect than Atg7, indicating that Atg7 may

only one of the factors that participate in Hsp27-induced

cell resistance to t-AUCB. As a Hsp27 inhibitor, quercetin

suppresses Atg7 expression quite efficiently (Fig. 2a). Atg7

deficiency caused by quercetin recovered t-AUCB-induced

autophagy and augmented the cytotoxic effect of t-AUCB.

Moreover, quercetin strengthened t-AUCB-induced cell

death more efficiently than Atg7 or Hsp27 knockdown did,

suggesting that quercetin may also function by other ways

except Hsp27 and Atg7 inhibition.

Quercetin is a bioflavonoid distributed in plants [30]. Its

antitumor effect has been displayed in several cancer cells

[31]. Quercetin is low-toxicity and has been studied in

clinical trials [32], which make it to be a possible

Fig. 2 Atg7 is downstream of

Hsp27 and participates the

resistance of glioblastoma cells

to t-AUCB. a U87 cells were

treated with DMSO, 200 lM

t-AUCB, 30 lM quercetin or

30 lM quercetin plus 200 lM

t-AUCB; U251 cells were

treated with DMSO, 200 lM

t-AUCB, Hsp27 siRNA or

Hsp27 siRNA plus 200 lM

t-AUCB. Western blotting was

performed to test Hsp27 and

Atg7 expression. b-actin served

as loading control. b U87 cells

were treated with DMSO,

200 lM t-AUCB, Atg7 siRNA

or Atg7 siRNA plus 200 lM

t-AUCB. Western blotting was

performed to test Hsp27 and

Atg7 expression. b-actin served

as loading control. c U87 and

U251 cells were respectively

treated with DMSO (vehicle

control), Lipofectamine

(negative congtrol), Negative

control siRNA, 200 lM

t-AUCB, Hsp27 siRNA, Atg7

siRNA, Hsp27 siRNA plus

200 lM t-AUCB or Atg7

siRNA plus 200 lM t-AUCB.

Cell growth was tested using

CCK-8 kit. Compare with

DMSO, #P[ 0.05; Compare

with DMSO, *P\ 0.05;

Compare with t-AUCB,

**P\ 0.05; Compare with

siRNA, ***P\ 0.05
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replacement to hydroxychloroquine in autophagy inhibition

for glioma treatment. Our data demonstrated for the first

time that quercetin recovers t-AUCB-induced autophagy

and eliminates the resistance to t-AUCB in glioblastoma

cells by Hsp27 and Atg7 inhibition.

In conclusion, our data demonstrated that t-AUCB indu-

ces autophagy in glioblastoma cells and regulates multiple

autophagy related-gene expression. t-AUCB induces over-

expression of Atg7 which is downstream of Hsp27 and

participates the resistance of glioblastoma cells to t-AUCB

treatment. Hsp27 inhibitor quercetin suppresses Atg7

expression and strengthens t-AUCB-induced cell death by

autophagy blockage. Combination of quercetin and t-AUCB

may be a potential strategy for glioblastoma treatment.
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