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Daniela Rodrigues De Melo3 • Iscia Lopes-Cendes2 • Roger Frigério Castilho3 •
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Abstract Temozolomide (TMZ) is an alkylating agent

used to treat glioblastoma. This tumor type synthesizes the

antioxidant glutathione through system Xc
-, which is

inhibited by sulfasalazine (SAS). We exposed A172 and

T98G human glioblastoma cells to a presumably clinically

relevant concentration of TMZ (25 lM) and/or 0.5 mM

SAS for 1, 3, or 5 days and assessed cell viability. For both

cell lines, TMZ alone did not alter viability at any time

point, while the coadministration of TMZ and SAS sig-

nificantly reduced cell viability after 5 days. The drug

combination exerted a synergistic effect on A172 cells after

3 and 5 days. Therefore, this particular lineage was sub-

jected to complementary analyses on the genetic (tran-

scriptome) and functional (glutathione and proliferating

cell nuclear antigen (PCNA) protein) levels. Cellular

pathways containing differentially expressed genes related

to the cell cycle were modified by TMZ alone. On the other

hand, SAS regulated pathways associated with glutathione

metabolism and synthesis, irrespective of TMZ. Moreover,

SAS, but not TMZ, depleted the total glutathione level.

Compared with the vehicle-treated cells, the level of PCNA

protein was lower in cells treated with TMZ alone or in

combination with SAS. In conclusion, our data showed that

the association of TMZ and SAS is cytotoxic to T98G and

A172 cells, thus providing useful insights for improving

TMZ clinical efficacy through testing this novel drug

combination. Moreover, the present study not only reports

original information on differential gene expression in

glioblastoma cells exposed to TMZ and/or SAS but also

describes an antiproliferative effect of TMZ, which has not

yet been observed in A172 cells.
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Introduction

Glioblastoma is a high-grade, diffuse astrocytoma with a

poor prognosis [1]. Temozolomide (TMZ), an alkylating

agent, is the first-line treatment for glioblastoma patients.

Adjuvant and concomitant TMZ administration with post-

operative radiotherapy has been shown to lead to enhanced

median and 5-year survival rates relative to those resulting

from postoperative radiotherapy alone [2, 3]. However,

acquired or intrinsic cellular resistance demonstrated by

tumor cells may hamper TMZ efficacy [4, 5].

Many experimental approaches have been tested to

combat glioblastoma cells. Aside from DNA alkylation by

TMZ, the induction of oxidative stress is another strategy
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Tessália Vieira De Camargo, 126, Campinas, SP 13083-887,

Brazil

2 Department of Medical Genetics, Faculty of Medical

Sciences, State University of Campinas (UNICAMP), Av.
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that has been investigated. Glutathione is part of an

important intracellular antioxidant system that neutralizes

reactive oxygen species through reactions involving such

enzymes as glutathione peroxidase, reductase, and trans-

ferase [6]. Glutathione biosynthesis in astrocytes involves

system Xc
-, which is a cytoplasmic membrane protein

complex that imports cystine and releases glutamate.

Cystine is then converted to cysteine, which is used for

glutathione production [7]. This biosynthetic pathway of

glutathione has also been described in primary cultures and

in cultures of different glioblastoma cell lines [8]. Although

present in normal glia, system Xc
- is overexpressed by and

displays specific functions in gliomas [9]. In this context,

sulfasalazine (SAS), which is currently used to treat

inflammatory bowel disease, was found to inhibit system

Xc
- in gliomas. In fact, SAS has been shown to decrease

cell growth and induce apoptosis in primary cultures

obtained from glioblastoma patients, as well as in other cell

lines [7–11].

To the best of our knowledge, there are no data on the

experimental in vitro exposure of glioma cells to TMZ

associated with SAS. Therefore, we investigated whether

combining TMZ, an alkylating agent, with SAS, an inhi-

bitor of glutathione synthesis, would result in a synergistic

inhibitory effect on A172 and T98G human glioblastoma

cells in comparison with effects from the isolated admin-

istration of each drug. Our aim was to evaluate an approach

for improving TMZ clinical efficacy by testing this

hypothesis using cell lines commonly employed as in vitro

glioblastoma models [4, 12].

Materials and methods

Cell lines and treatments

A172 and T98G human glioblastoma cells (American Type

Culture Collection, Manassas, VA, USA) were cultured in

Dulbecco’s modified Eagle’s medium containing 2 g/L

glucose (DMEM, Vitrocell, cat# D0460, Campinas, SP,

Brazil) supplemented with 10 % fetal bovine serum and

1 % penicillin/streptomycin (Vitrocell, cat# P0403) at

37 �C in a humidified atmosphere with 5 % CO2. One day

after the cells were plated (10,000 cells/cm2), the culture

medium was substituted with an equal volume of solution

containing TMZ (25 lM; Sigma, cat# T2577, St Louis,

MO, USA) and/or SAS (0.5 mM; Sigma, cat# S0883), in

which the cells were cultured for 1, 3, or 5 days. In other to

avoid pH changes due to cellular growth, the solution of

each group of cells treated for 5 days was replaced by a

new identical solution with an equal volume at the third

day. Stock solutions of 50 mM TMZ [dissolved in dime-

thyl sulfoxide (DMSO; Sigma, cat# D2650)] or 20 mM

SAS (solubilized in 0.2 M NaOH and then neutralized to

pH 7.4 by titration with 0.2 M HCl) had been previously

prepared. The cells were exposed to a final concentration of

0.1 % DMSO. The SAS concentration (0.5 mM) was

chosen according to previous studies on glioma cells

[10, 11] and pilot experiments that had been performed in

our laboratory. Although SAS has been used in clinical

practice for treating inflammatory illnesses, such as

Crohn’s disease, no data on the corresponding in vitro

concentrations were found. Regarding TMZ, 25 lM cor-

responds to a clinically relevant dose. In fact, based on

pharmacokinetic studies performed by other researchers,

25 lM corresponds to the plasmatic concentration of an

oral dose of 75 mg/m2, which is concomitantly used with

radiation therapy to treat patients newly diagnosed with

glioblastoma [13, 14].

Cell viability

After the cells were incubated in a 24-well plate, the

medium was substituted with a MTT (Sigma, cat# M5655)

solution (1 mg/mL in DMEM, without phenol (Vitrocell,

cat# D0462); 250 lL/well) for 1.5 h (37 �C; 5 % CO2)

[15]. Then, SDS acid solution was added (10 % SDS,

0.01 M HCl; 250 lL/well; 24 h) to dissolve the resulting

formazan salts. The absorbance of the samples was read at

570 nm subtracting the value measured at 650 nm (Pow-

erWave XS 2, BioTek Instruments, Winooski, VT, USA).

Transcriptome sequencing

Total RNA extraction and purification were performed

with TRIzol (Thermo Fisher Scientific, cat# 15596018,

Waltham, MA, USA). RNA (400 ng) was converted to a

cDNA library using a TruSeq Stranded LT mRNA kit

(Illumina, cat# 122-2103-RS, San Diego, CA, USA); the

cDNA libraries were quantified by qPCR using primers

specific for Illumina universal adapters. One unique iden-

tifier sequence was added for sample separation after each

library was sequenced, thus allowing all samples to be

sequenced during the same run and minimizing technical

variations. Libraries were sequenced using a HiSeq 2500

platform (Illumina) in high-output mode, producing

sequences of 2 9 100 nucleotides for each sequenced

molecule. Sequence alignment was performed with

TopHat2 (http://ccb.jhu.edu/software/tophat/index.shtml)

to the Homo sapiens UCSC hg19 assembly. The average

sequence alignment rate was 80 %.

Total glutathione levels

Total glutathione (GSH plus GSSG) was assessed through

an enzymatic recycling assay (Cayman Chemical, cat#
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703002, Ann Arbor, MI, USA). Cell lysate was prepared

from each sample (60 cm2 dish) according to the manu-

facturer’s instructions, and total protein concentration was

measured by using the Bradford colorimetric method

(Sigma, cat# B6916) [16]. Kinetic absorbance was obtained

at 405 nm (PowerWave XS 2).

Western blotting

Cells were lysed on ice using a sonicator (MISONIX,

Sonicator� 3000, Farmingdale, NY, USA). For each sam-

ple, total protein (10 lg) was separated by electrophoresis

on a 12 % SDS-polyacrylamide gel and electroblotted onto

a 0.45 lm nitrocellulose membrane (Bio-Rad Laboratories,

cat# 162-0115, Hercules, CA, USA) [17, 18]. The mem-

branes were stained with Ponceau S solution (Sigma, cat#

P7170), incubated with primary antibody against prolifer-

ating cell nuclear antigen (PCNA) (1:1000; BD Bio-

sciences, cat# 610665, Franklin Lakes, NJ, USA) and with

peroxidase-conjugated secondary antibody (1:10,000; BD

Biosciences, cat# 554002, Franklin Lakes, NJ, USA).

Immunoreactive bands were detected using a SuperSignal�

West Pico chemiluminescence kit (Thermo Fisher Scien-

tific, cat# 34080) and then quantified (ImageJ software,

version 1.49). The optical density value of all bands stained

with Ponceau S was used as internal control [19–21].

Statistical analyses

For the levels of cell viability, total glutathione, and

PCNA, the data are presented as the mean value ± stan-

dard error of the mean. For multiple comparisons, one-way

ANOVA was used, followed by the Bonferroni test

(GraphPad Prism 5, version 5.00). The significance level

was defined as p\ 0.05.

HTSeqCount and DESeq 2 packages (http://www-huber.

embl.de/users/anders/HTSeq/doc/overview.html and http://

www.bioconductor.org/packages/release/bioc/html/

DESeq2.html) were used for the transcriptome analyses.

HTSeqCount estimates gene expression by counting

sequences aligned to genome elements, such as exons and

genes. DESeq 2 employs a negative-binomial distribution

for data normalization and corrects for the effects of outliers

and the contribution of genes with low expression to the

analysis of variance. In addition, DESeq 2 uses differential

expression statisticalWald test and corrects formultiple tests

employing the Benjamini and Hochberg procedure. A list of

differentially expressed genes was generated, and the

enrichment of pathways for the set of differentially expres-

sed genes was calculated using Metacore� (Thomas Reu-

ters). The significance level was defined as p\ 0.05 (after

correction for multiple tests, i.e., the adjusted p value).

Results

SAS intensified the cytotoxic effect of TMZ

on both T98G and A172 lineages

As regards viability of both T98G and A172 lineages at all time

points, no statistical difference was detected after treatment with

TMZ 25 lM compared to cells cultured in supplemented med-

ium containing TMZ vehicle (DMSO 0.1 %). Moreover, the

viability of cells exposed to 0.1 %DMSOwas not different from

that of cells only exposed to the supplementedDMEM(Figs. 1a,

2a). The observations of cellular density paralleled those of cell

viability from day 1 to 5 (Figs. 1b, 2b).

Regarding A172 cells, treatment with SAS did not sig-

nificantly alter cell viability after 1 day. However, the

combination of TMZ and SAS resulted in lower cell via-

bility than DMEM alone and containing 0.1 % DMSO.

After 3 and 5 days, SAS alone and in combination with

TMZ resulted in significantly lower viability than DMEM

alone and containing 0.1 % DMSO. Moreover, after 3 and

5 days, the viability of the cells cotreated with TMZ and

SAS was lower than that resulting from TMZ administered

alone. Particularly, after 3 days of treatment, the viability

of cells cotreated with TMZ and SAS was statistically

lower than that of cells treated with SAS alone (Fig. 2a).

The effect (i.e., the percent reduction in cell viability

compared to that of the DMSO group) of cotreating A172

cells with TMZ and SAS was found to be synergistic. In

fact, after 3 and 5 days of treatment, the effect of the drug

combination was higher than the arithmetic sum of the

effects observed after the isolated administration of TMZ

or SAS (Day 3: 25 lM TMZ = 9.0 %, 0.5 mM

SAS = 33.2 %, 25 lM TMZ ? 0.5 mM SAS = 64.0 %;

Day 5: 25 lM TMZ = 7.6 %, 0.5 mM SAS = 52.7 %,

25 lM TMZ ? 0.5 mM SAS = 76.3 %). On the other

hand, after 1 day of treatment, although TMZ administered

with SAS also reduced cell viability, the effect was not

synergistic (Day 1: 25 lM TMZ = 19.2 %, 0.5 mM

SAS = 24.0 %, 25 lM TMZ ? 0.5 mM SAS = 41.4 %).

Regarding T98G cells, the coadministration of 25 lM
TMZ with 0.5 mM SAS reduced cell viability; however, the

effect was not synergistic at any time point. Specifically,

compared with the 0.1 % DMSO treatment, there was a

reduction in the viability of cells cotreated with 25 lM TMZ

and 0.5 mM SAS after 1 and 5 days. The effect of the drug

combination was lower than the arithmetic sum of the effects

observed after the isolated administration of TMZ or SAS

(Day 1: 25 lM TMZ = 6.5 %, 0.5 mM SAS = 11.8 %,

25 lM TMZ ? 0.5 mM SAS = 14.6 %; Day 5: 25 lM
TMZ = 13.9 %, 0.5 mM SAS = 26.4 %, 25 lM
TMZ ? 0.5 mM SAS = 39.8 %). No difference in viability

was found among the groups after day 3 (Fig. 1).
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In conclusion, decreases in A172 and T98G cell via-

bility were not detected after treatment with the presum-

ably clinically relevant dose of 25 lM TMZ. Conversely,

reduced viability was noted after cotreatment with 25 lM
TMZ and 0.5 mM SAS. These results indicate that the

combination of these two drugs in vitro exerts a positive

therapeutic effect. As we observed a more intense and

synergistic effect in A172 cells, we proceeded with gene

expression and functional analyses specifically in this cell

line. Particularly, because the most intense viability

reduction was detected after 5 days of treatment, we

investigated alterations in mRNA expression (transcrip-

tome) and total glutathione levels during the process of

cellular demise (i.e., after 3 days of treatment). Prolifera-

tion (PCNA protein expression) was assessed in the

remaining cells after the last time point (i.e., 5 days).

Transcriptome analyses

As mentioned above, we observed a more intense and

synergistic effect of TMZ and SAS in A172 cells and

decided to proceed with whole-transcriptome analysis via

RNA sequencing specifically with this cell line. Indeed,

this technique, which can be defined as the evaluation of all

gene transcripts produced in a given cell line, enables the

simultaneous quantification of the expression of thousands

of genes [22]. Such a large-scale analysis of gene expres-

sion not only allowed us to infer the enriched biological

pathways associated with these genes but also provided

insights into the molecular mechanisms involved in cellular

responses to the treatments. These mechanisms may be

assessed in future studies to develop targeted glioblastoma

therapies.

Based on the MTT data, cells treated with 25 lM TMZ

alone or in conjunction with 0.5 mM SAS (both solutions

containing 0.1 % DMSO) and cells exposed to medium

with 0.1 % DMSO were selected for transcriptome analy-

ses. Sequencing provided a total of 162,248,078 paired-end

100 bp reads (*80 %[Q30; *10 Mi reads/sample). A

list of significantly differentially expressed genes was

generated using the DESeq 2 pipeline (Online Resource 1).

Comparisons between the 0.1 % DMSO and TMZ groups

indicated 1018 differentially expressed genes. Groups

receiving SAS without or with TMZ showed 575 and 2368

differentially expressed genes (vs 0.1 % DMSO), respec-

tively. Among these three sets of differentially expressed

Fig. 1 Viability of T98G

human glioblastoma cells after

1, 3, or 5 days of treatment with

temozolomide (TMZ) and/or

sulfasalazine (SAS). a Values of
cell viability are expressed as a

percentage of MTT reduction

compared to that of cells treated

with supplemented medium

(DMEM group: 100 %); data

are presented as the

mean ± standard error of the

mean of four independent

experiments performed in

triplicate. Data were analyzed

using one-way ANOVA with

the Bonferroni post hoc test;

p\ 0.05 was considered

statistically significant. Letters

indicate significantly different

groups; a versus DMEM;

b versus 0.1 % DMSO.

b Cellular density

demonstrating reduced viability

after cotreatment with SAS and

TMZ for 5 days. Representative

images captured after 5 days.

Scale bar = 100 lm (applies

for all pictures)
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genes, 139 genes were common to all groups, while 233,

173, and 1334 were exclusive to the TMZ, SAS, and

coadministered TMZ and SAS groups, respectively

(Fig. 3).

Considering that the action mechanisms of TMZ and SAS

areDNA alkylation and systemXc
- inhibition, respectively, we

calculated pathway enrichment for the set of differentially

expressed genes. An enriched pathway is defined as a group of

functionally related genes that present a number of differen-

tially expressed components greater than what would be

expected by chance. In such an analysis, a smaller p value

indicates a larger degree of enrichment. For example, ‘‘Cell

cycle_The metaphase checkpoint’’ in the TMZ group has a

-log(adjusted p value) of 14.36 (p value = 4.37 9 10-15) and

50 %differentially expressedgenes (18/36genes).On the other

hand, ‘‘Cell cycle_Sister chromatid cohesion’’ in the TMZ

group has a -log(adjusted p value) of 1.6

(p value = 2.54 9 10-2) and approximately 30 % differen-

tially expressed genes (4/15genes) (Fig. 4;OnlineResource 1).

For analyzing the transcriptome data, we grouped dif-

ferentially expressed genes as up- or downregulated. Thus,

for downregulated genes, TMZ alone significantly enriched

17 pathways, which were mostly involved in cell cycle

regulation, such as ‘‘Cell cycle_The metaphase checkpoint’’

(Fig. 4; Online Resource 1). TMZ coadministered with SAS

significantly enriched 20 pathways, whose majority of

genes and pathways coincided with those modulated by

TMZ alone (Fig. 4; Online Resource 1). SAS alone did not

enrich any pathways (Fig. 4; Online Resource 1).

For upregulated genes, SAS alone significantly enriched

7 pathways, which were mainly related to the antioxidant

defense system and amino acid and glutathione metabo-

lism, e.g., ‘‘Glutathione metabolism/Human version’’

(Fig. 4; Online Resource 1). TMZ and SAS coadministra-

tion significantly enriched 5 pathways, including amino

acid metabolism and the antioxidant defense system.

Despite not enriching the glutathione metabolism pathway,

TMZ and SAS cotreatment significantly upregulated

Fig. 2 Viability of A172

human glioblastoma cells after

1, 3, or 5 days of treatment with

temozolomide (TMZ) and/or

sulfasalazine (SAS). a Values of
cell viability are expressed as a

percentage of MTT reduction

compared to that of cells treated

with supplemented medium

(DMEM group: 100 %); data

are presented as the

mean ± standard error of the

mean of four independent

experiments performed in

triplicate. Data were analyzed

using one-way ANOVA with

the Bonferroni post hoc test;

p\ 0.05 was considered

statistically significant. Letters

indicate significantly different

groups; a versus DMEM;

b versus 0.1 % DMSO; c versus
25 lM TMZ; d versus 0.5 mM

SAS. b Cellular density

reflecting reduced viability

during the assessed period;

lower confluence levels were

observed after cotreatment with

SAS and TMZ for 5 days.

Representative images captured

after 5 days. Scale

bar = 100 lm (applies for all

pictures)
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individual genes in this pathway. TMZ alone did not enrich

any pathways (Fig. 4; Online Resource 1).

SAS decreased total glutathione levels

After 3 days, total glutathione levels were not significantly

different among the DMEM, 0.1 % DMSO, and TMZ

groups. Conversely, SAS alone and in combination with

TMZ significantly decreased the total glutathione levels to

7.3 and 5.4 %, respectively, compared with DMEM

(Fig. 5).

TMZ reduced PCNA expression

After 5 days, the proliferation of the remaining cells was

assessed by Western blotting for PCNA protein. No sig-

nificant differences were found between cells receiving

DMEM only or with 0.1 % DMSO. However, PCNA

expression was significantly lower in the TMZ group than

in the 0.1 % DMSO group (53.5 vs 128.8 %, respectively).

Additionally, TMZ coadministered with SAS significantly

reduced PCNA expression compared with that resulting

from treatment with 0.1 % DMSO (60 vs 128.8 %,

respectively). The combination of drugs also decreased

PCNA levels in comparison with that of cells treated only

with SAS (60 vs 135.8 %, respectively). PCNA levels were

not significantly altered by SAS alone (Fig. 6).

Discussion

In the current study, we found that SAS intensifies the

effect of TMZ on reducing the viability of A172 and T98G

human glioblastoma cells. This effect was detected by

testing a presumably clinically relevant concentration of

TMZ (25 lM) [13]; however, this concentration did not

reduce cell viability when administered alone.

Notably, our findings on treating T98G cells with 25 lM
TMZ are in accordance with previously reported data.

Indeed, Kanzawa et al. [12] tested a higher concentration of

TMZ (100 lM) for three days and found no change in the

number of viable T98G cells. Similarly, Huang et al. [23]

studied the effect of 100 lM TMZ on the same lineage

after one and three days. The authors found that cell via-

bility decreased by only 2 and 13 %, respectively. More-

over, the IC50 values for TMZ were determined to

be[1.000 lM or 441.6 lM after counting T98G cells

exposed to the drug for three days [4, 24]. Such high IC50

values corroborate our observation that 25 lM TMZ does

not significantly affect T98G cell viability. In addition,

Fig. 3 a Venn diagram showing the number of differentially

expressed genes in each experimental group compared with cells

that received supplemented media containing 0.1 % DMSO. Note that

TMZ combined with SAS had the highest number of exclusively

differentially regulated genes (1334), followed by TMZ alone (233),

and SAS alone (173). b Table displaying the number of up- or

downregulated genes of the total number of differentially expressed

genes. c Gene expression data were processed using the PCA

dimensionality reduction method. The results are graphically shown

and demonstrate sample segregation. Each symbol indicates a

treatment (n = 4 for each group)
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when T98G cells were treated with SAS alone, we did not

observe changes in cell viability after 1, 3, or 5 days. On

the other hand, cotreatment with SAS and TMZ resulted in

reduced cell viability after five days of treatment. To the

best of our knowledge, there have been no previous reports

on the effect of coadministered TMZ and SAS on T98G

cells.

Regarding A172 cells, He et al. [25] described that TMZ

concentrations of 0.4, 4, or 40 lM did not influence cell

viability after treatment for two days, which is in agree-

ment with our findings from the same glioblastoma cell

lineage. After treatment with SAS alone, we observed

reduced cell viability after 3 and 5 days; the effect on

viability compared to that of 0.1 % DMSO was particularly

intense after 5 days, reaching a reduction of 52.7 %.

Likewise, Sleire et al. [26] detected an intense cell viability

reduction (of approximately 90 %) after 8 days of incu-

bation with 0.5 mM SAS. In our experiments, SAS coad-

ministered with TMZ resulted in a synergistic cytotoxic

effect after 3 and 5 days compared with the effect of each

drug alone. These are novel findings as there have been no

previous reports of a synergistic effect of SAS and TMZ on

A172 cells.

Fig. 4 a–d Graphs showing enriched pathways containing the

differentially expressed genes represented in the venn diagram in

Fig. 3, after treatment with TMZ and/or SAS for 3 days. The X-axis

presents values corresponding to -log(adjusted p values). Enriched

pathways associated with values higher than -log(0.05) = 1.30 were

considered statistically significant. Further enriched pathways and

details on individual genes are reported in Online Resource 1

Fig. 5 Total glutathione content in A172 human glioblastoma cells

after 3 days of treatment with temozolomide (TMZ) and/or sul-

fasalazine (SAS). The graph represents the mean ± standard error of

the mean of three independent experiments. Data were analyzed using

one-way ANOVA with the Bonferroni post hoc test; p\ 0.05 was

considered statistically significant. Letters indicate p\ 0.001; a ver-

sus DMEM; b versus 0.1 % DMSO; c versus 25 lM TMZ

Mol Cell Biochem (2016) 418:167–178 173
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Furthermore, for the first time, we report gene expres-

sion and function changes in A172 human glioblastoma

cells demonstrating a synergistic cytotoxic effect after the

coadministration of SAS and TMZ. In this context, SAS is

known to inhibit system Xc
-, an antiporter that intakes

cystine and releases glutamate, in glioma cells. Intracel-

lular cystine is converted to cysteine and used for glu-

tathione synthesis [7, 8, 27]. Our results show that

decreased A172 cell viability is associated with reduced

total glutathione levels, thus favoring the inhibition of

system Xc
-. Although reduced glutathione levels via SAS

has been previously described [8, 26], there are no reports

on reduced glutathione levels after the exposure of A172

cells to TMZ in combination with SAS. In this sense, our

data demonstrating that glutathione depletion also occurred

after the cotreatment are original and in agreement with

observations from other investigations of SAS alone.

Our transcriptome analyses revealed the enrichment of

several pathways, which are detailed in the Online

Resource. Regarding the TMZ treatment alone, pathways

related to the cell cycle and DNA repair were enriched

compared with 0.1 % DMSO alone. During the mitotic

spindle checkpoint of the cell cycle, abnormal attachment

between microtubules and chromosomes leads to anaphase

delay or inhibition. Many proteins regulate this checkpoint,

including those encoded by genes of the budding unin-

hibited by benzimidazole (BUB) and mitotic arrest defi-

cient (MAD) families [i.e., BUB1, BUB3, MAD1, MAD2,

and MAD3 (BUBR1 in humans)] [28, 29]. Morales et al.

[29] observed BUB1 and BUBR1 upregulation in

glioblastoma cells from commercial cell lines and tumor

samples compared with nonneoplastic white matter.

Moreover, these authors reported that BUB1 and BUBR1

inhibition decreased the proliferation and increased the

radiosensitization of pediatric glioblastoma cells (SF188).

We verified that TMZ reduced BUB1 and BUBR1 expres-

sion levels alone and after coadministration with SAS

(‘‘Cell cycle: The metaphase checkpoint’’ pathway, sheets

4 and 5 in Online Resource 1). Although TMZ alone did

not significantly reduce cell viability after 3 or 5 days,

TMZ coadministered with SAS led to a significant decrease

in viability. Therefore, the reduced viability of A172 cells

might have at least partially resulted from decreased BUB1

and BUBR1 expression. Taken together, these findings

support focusing on BUB1 and BUBR1 as targets for

therapeutic approaches to glioblastoma.

Fig. 6 Western blotting was performed to detect proliferating cell

nuclear antigen (PCNA) expression in A172 human glioblastoma

cells after 5 days of treatment with temozolomide (TMZ) and/or

sulfasalazine (SAS). a The graph represents PCNA expression after

exposure to TMZ and/or SAS (mean ± standard error of the mean of

six independent experiments). DMEM: cells receiving supplemented

medium (considered 100 %). b Representative PCNA bands of each

group are displayed on the membrane. c The same membrane was

previously stained with Ponceau S to show the total protein content

for each group. The ratio between the optical density (OD) of the

PCNA band and that corresponding to all protein bands (whole lane)

was calculated. Data are shown as OD values relative to that of the

DMEM group, which was considered 100 %. MW: molecular weight.

Data were analyzed using one-way ANOVA with the Bonferroni post

hoc test; p\ 0.05 was considered statistically significant. Symbols

indicate the following: ? versus 0.1 % DMSO; & versus 0.5 mM

SAS. One or two symbols indicate p\ 0.05 or p\ 0.01, respectively
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TMZ alone or in conjunction with SAS enriched the

‘‘Role of Anaphase Promoting Complex (APC) in cell

cycle regulation’’ pathway with downregulated genes. The

APC, which is activated by the cell division cycle 20

(Cdc20) protein, regulates cell cycle progression by the

ubiquitination of proteins. Cdc20, which is necessary for

chromosome separation, plays an oncogenic role in carci-

nomas [30] and is upregulated in glioblastoma [31].

Moreover, the pharmacological inhibition of APC/Cdc20

causes mitotic arrest in metaphase in several cancer cell

lines [32]. We observed that TMZ alone or with SAS

reduced CDC20 gene expression (sheets 4 and 5 in Online

Resource 1). Considering that Cdc20 activates the APC,

CDC20 downregulation after 3 days of both treatments

might have induced mitotic arrest in A172 glioblastoma

cells.

TMZ alone or coadministered with SAS also enriched

the ‘‘Cell cycle: Spindle assembly and chromosome sepa-

ration’’ and ‘‘Cell cycle: Sister chromatid cohesion’’ path-

ways. During the cell cycle, the cohesin protein complex

holds newly replicated sister chromatids together. The

endopeptidase separase cleaves a specific cohesin subunit

and allows accurate chromosomal separation [28, 33].

Considering this context, Mukherjee et al. [34] studied

glioblastoma samples from adults and verified the occur-

rence of separase overexpression, which was negatively

correlated with overall survival. Our results showed

reduced separase gene (ESPL1) expression after the

administration of TMZ alone or with SAS (sheets 4 and 5

in Online Resource 1). This finding supports not only an

antiproliferative action of TMZ but also a potentially

beneficial effect of the current tested combination, as

separase overexpression may correlate with reduced over-

all survival [34].

Because our transcriptome data highlighted the enrich-

ment of pathways related to cell cycle progression, we

searched for TMZ and/or SAS actions on cell proliferation.

We evaluated PCNA expression after 5 days and observed

decreased protein levels in cells receiving either TMZ or

TMZ combined with SAS in comparison with the vehicle

(0.1 % DMSO). Moreover, a similar decrease was

observed in cells receiving TMZ coadministered with SAS

compared with SAS alone. However, the transcriptome

analysis showed no significant PCNA gene expression

alteration after 3 days of any treatment (sheets 1, 2, and 3

in Online Resource 1). Although the TMZ treatment alone

did not result in cell viability significantly different from

that resulting from treatment with vehicle for 5 days, our

data on PCNA protein levels suggest that the cells

remaining after the TMZ treatment exhibited less prolif-

erative activity. Indeed, TMZ arrests the cell cycle in the

G2/M phase and reduces the proliferation of U251 and

U87MG glioblastoma cells [35, 36]. Furthermore, a

reduction in the number of PCNA-immunopositive cells

was detected in the brain of rodents grafted with C6 or

U87MG glioma cells and treated with TMZ [37, 38].

Together with those previous data, our PCNA protein

expression results corroborate the antiproliferative effect of

TMZ in A172 cells, which has not been previously

reported.

Regarding the effect of SAS on gene expression, we

observed the enrichment of glutathione metabolism and

oxidative stress pathways. SAS inhibits system Xc
-, a

protein complex constituted by light (xCT) and heavy

(4F2) chains [7, 8, 27]. In our study, SAS alone or with

TMZ increased the expression of the xCT gene (SLC7A11),

which is present in the ‘‘Oxidative stress: Role of Sirtuin1

and PGC1-alpha in activation of antioxidant defense sys-

tem’’ pathway (sheets 6 and 7 in Online Resource 1). The

same pathway exhibited alterations in the expression of

genes encoding different subunits of glutamate-cysteine

ligase (GCL), an enzyme that is essential for glutathione

synthesis. The subunits of GCL are known as regulatory

(GCL reg) and catalytic (GCL cat) components [39, 40].

SAS-treated cells showed increased expression of the GCL

regulatory subunit gene (GCLM). Cotreatment with SAS

and TMZ induced higher expression levels of both GCL

catalytic (GCLC) and regulatory subunit genes (sheets 6

and 7 in Online Resource 1).

Oxidized glutathione (GSSG) is converted to its reduced

form (GSH) by glutathione reductase (GSHR) [39, 41, 42].

We found an increased expression of the GSHR gene

(GSR) after treatment with SAS only or in conjunction

with TMZ, but not after treatment with TMZ alone.

Additionally, SAS upregulated some genes of the ‘‘Glu-

tathione metabolism/Human version’’ pathway, such as

glutathione S-transferases (GSTM2, GSTM3, GSTK1, and

MGST) (sheet 6 in Online Resource 1). These enzymes

depend on glutathione and participate in the detoxification

of products generated by oxidative stress [43].

Although TMZ coadministered with SAS did not enrich

the ‘‘Glutathione metabolism/Human version’’ pathway,

we verified the individual upregulation of the GSR,

GSTM2, GCLM, and GCLC genes (sheet 7 in Online

Resource 1). In addition, we detected significantly

decreased glutathione after 3 days of treatment with either

SAS alone or combined with TMZ. Therefore, as SAS

alone or with TMZ induced an increased expression of

genes encoding xCT, glutathione reductase, glutathione

S-transferases, or glutamate-cysteine ligase, it is possible

that compensatory intracellular mechanisms can be acti-

vated to restore normal glutathione levels. Altogether, the

alterations we observed in gene expression and glutathione

level could have been involved in the process of cell via-

bility reduction we observed after 3 and 5 days of treating

cells with SAS with or without TMZ.
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Mandal et al. [27] showed that under glutathione

depletion, the thioredoxin/thioredoxin reductase 1 system

reduces the cystine imported by system Xc
-, thus serving as

a substitute for glutathione. We found that thioredoxin

reductase 1 gene (TXNRD1) was induced in groups with

total glutathione depletion (SAS with or without TMZ).

Therefore, this induction could be an additional compen-

satory response to deal with oxidative stress.

Although our study showed reduced A172 and T98G

cell viability after exposure to TMZ with SAS, a clinical

trial phase 1/2 recommended caution with the use of SAS

as a therapy for glioblastoma [44]. Specifically, Robe et al.

[44] recruited patients who had previously undergone

surgery, standard radiation therapy, and a course of

chemotherapy with an alkylating agent. Moreover, the

patients had not been taking the cytotoxic medications for

at least 4 weeks prior to SAS treatment. One tumor was

stabilized after two months of treatment with SAS; how-

ever, glioblastoma progression was not affected in the other

patients. Additionally, all individuals (n = 10) exhibited

grade 1–3 adverse effects. Four patients developed grade 4

toxicity, and two subsequently developed grade 5 (i.e.,

lethal) toxicity. In spite of such negative results, it is

important to note that this study included only patients with

progressive or recurrent high-grade glioma (i.e., those who

were severely ill or had serious neurological impairment).

Thus, the small number of patients and their deteriorated

clinical conditions may have hampered the detection of

tumor progression reduction by SAS. More recently,

another clinical trial was conducted with newly diagnosed

glioblastoma patients (n = 12) who were given TMZ and

SAS with radiation therapy after surgery [45]. This study

detected no changes in overall survival, progression-free

survival, or seizure-free survival compared with patients

who received radiation and TMZ. Grade 3 or 4 adverse

effects occurred during the treatment in nine patients.

Nevertheless, the data suggested that the administration of

an adequate dosage of SAS might improve seizure control.

To the best of our knowledge, these are the only clinical

trials that have been reported to date. As both studied a

limited number of individuals, further investigations are

needed to more accurately assess the toxicity and possible

therapeutic role of glutathione-depleting agents, such as

SAS, in high-grade glioma patients.

In fact, the action of erastin, a potent system Xc
- inhi-

bitor, on GBM-N15 primary human glioblastoma cells was

recently described [46]. Specifically, GBM-N15 cells were

subjected to treatment with increasing concentrations of

TMZ (from 50 to 600 lM) combined with 0.3 mM erastin

for 48 h. Irrespective of TMZ concentration, the cell via-

bility reduction induced by TMZ coadministered with

erastin was higher than that resulting from treatment with

either TMZ or erastin alone. Thus, Chen et al. [46] have

laid a foundation for clinical trials of another system Xc
-

inhibitor for treating glioblastoma patients.

In summary, our data show that both A172 and T98G

human glioblastoma cells exhibited reduced viability after

five days of treatment with a combination of TMZ and

SAS. Furthermore, we present original data on A172

glioblastoma cell exposure to TMZ and/or SAS; we veri-

fied the occurrence of not only a synergistic cytotoxic

effect but also gene expression alteration and cellular

pathway enrichment resulting from these drugs. Indeed, as

TMZ modulated the cell cycle and SAS regulated antiox-

idant mechanisms, their association altered both cell cycle

and antioxidant pathways. The combination of these

mechanisms could explain the more intense cytotoxic

effect observed after coadministering TMZ and SAS

compared with that resulting from each drug alone.

Therefore, our study provides insights into potential ther-

apeutic targets for treating glioblastoma, along with cor-

responding molecular data. These targets could be

considered in future investigations for the improvement of

the clinical efficacy of TMZ against glioblastoma.
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Skaper SD, Negro A, Langone F (2009) Ciliary neurotrophic

factor infused intracerebroventricularly shows reduced catabolic

effects when linked to the TAT protein transduction domain.

J Neurochem 110:1557–1566. doi:10.1111/j.1471-4159.2009.

06259.x

20. IgnarroRS,VieiraAS, SartoriCR,LangoneF,RogérioF,ParadaCA
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