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Abstract

Background Glioblastoma multiforme (GBM) is the most

malignant and invasive human brain tumor, and it is

characterized by a poor prognosis and short survival time.

Current treatment strategies for GBM, using surgery,

chemotherapy and/or radiotherapy, are ineffective. The

PI3K/AKT/PTEN signaling pathway is frequently deregu-

lated in this cancer, and it is connected with regulation of

the cell cycle, apoptosis, and autophagy.

Objectives The current study was undertaken to examine

the effect of small interfering RNA (siRNA) targeting the

AKT3 and PIK3CA genes on the susceptibility of T98G

cells to temozolomide (TMZ) and carmustine (BCNU).

Methods T98G cells were transfected with AKT3 or

PI3KCA siRNA. Transfection efficiency was assessed using

flow cytometry and fluorescence microscopy. The influence

of AKT3 and PI3KCA siRNA in combination with TMZ and

BCNU on T98G cell viability, proliferation, apoptosis, and

autophagy was evaluated as well. Alterations in messenger

RNA (mRNA) expression of apoptosis-related and autop-

hagy-related genes were analyzed using quantitative reverse

transcription polymerase chain reaction (QRT-PCR).

Results Transfection of T98G cells with AKT3 or

PI3KCA siRNA and exposure to TMZ and BCNU led to a

significant reduction in cell viability, accumulation of

subG1-phase cells, and reduction of cells in the S and G2/

M phases, as well as induction of apoptosis or necrosis, and

regulation of autophagy.

Conclusion The siRNA-induced AKT3 and PI3KCA

mRNA knockdown in combination with TMZ and BCNU

inhibited proliferation and induced apoptosis and autop-

hagy in T98G cells. Thus, knockdown of these genes in

combination with TMZ and BCNU may offer a novel

therapeutic strategy to more effectively control the growth

of human GBM cells, but further studies are necessary to

confirm a positive phenomenon for the treatment of GBM.

Key Points

The combination of temozolomide with AKT3 or

PI3KCA-specific small interfering RNA induces

autophagy and apoptosis, as well as inhibiting

proliferation, of T98G glioblastoma multiforme cells

more efficiently than temozolomide alone.

The combination of carmustine with AKT3 or

PI3KCA-specific small interfering RNA induces

senescence, apoptosis, and autophagy more

efficiently than carmustine alone.

1 Introduction

The goal of a cancer treatment strategy is to eliminate or at

least reduce the number of tumor cells while having the

least influence on healthy host tissues and organs. A

desirable reduction of the neoplastic lesion volume can be
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achieved by drugs whose mechanism of action is connected

with the induction of apoptosis, necroptosis, or autophagic

cell death, which represent different types of programmed

cell death. Temozolomide (TMZ) and carmustine (BCNU)

are the two most common drugs used in the glioblastoma

multiforme [GBM; World Health Organization (WHO)

grade IV] treatment regimen. TMZ is an oral alkylating

drug approved by the US Food and Drug Administration

(FDA) for use in the first-line treatment of GBM. This

small molecule with high lipophilicity readily penetrates

the blood–brain barrier. After spontaneous intracellular

conversion into MTIC (monomethyl triazeno imidazole

carboxamide), an active agent gains the ability to methylate

a number of nucleobases, especially the guanine base. This

results in formation of O-6-methylguanine in DNA, which

mispairs with thymine during the following cycle of DNA

replication. Finally, it leads to arrest of the G2/M phase cell

cycle or activation of the apoptotic pathway [1]. TMZ

associated with radiotherapy increases the average survival

rate by 2.5 months. BCNU is also an oral alkylating drug

and penetrates the blood–brain barrier. The mechanism of

BCNU action is binding of reactive alkyl radicals to the

numerous, negatively charged functional groups present in

biologically active molecules (such as DNA, RNA, or

proteins), thus leading to loss of their activity. The pres-

ence of two alkyl radicals allows BCNU to create inter-

strand crosslinks in DNA and determines its strong

antitumor activity. BCNU is known to reduce the DNA

replication and DNA transcription that lead to cell death

[2]. Few original works showing apoptosis and/or autop-

hagic cell death induction in cancer cells in vitro mediated

by TMZ and BCNU are available [3–7]. Since programmed

cell death is mediated by an intracellular program and is

carried out in a regulated process, apoptosis and autophagic

cell death have their own molecular mechanism. In contrast

to the apoptosis process, which is generally well described

[8, 9], autophagy raises a lot of controversy due to its

bidirectional effect on cancer cells [10, 11]. Macroau-

tophagy (here referred to as autophagy) is a physiological

process that eukaryotic cells use to digest their own

macromolecular cytoplasmic material and recover basic

building blocks. In this case, cancer cells can use it to

survive unfavorable microenvironment conditions, includ-

ing those resulting from drug action [12–14]. On the other

hand, excessive cellular digestion can cause cell death, and

this phenomenon has been called autophagic cell death [15,

16]. Regardless of the type of cell death induction, current

treatment strategies for GBM, using chemotherapy and/or

radiotherapy, are ineffective and result in poor patient

survival [17]. The highly invasive and therapy-resistant

character of GBM results in the shortest of all cancer

survival times. The median survival is less than 15 months

for patients with newly diagnosed cancer, regardless of

their treatment methods [17–19]. Signaling through the

PI3K/AKT/mTOR pathway in cancer contributes to a

tumorigenic phenotype through effects on multiple cellular

processes such as apoptosis, proliferation, motility, cell

transformation, metabolism, and DNA repair [20]. The

consequences of increased PI3K/AKT/mTOR pathway

signaling are proposed as a major mechanism of cancer

drug resistance [20–22]. As an example, Jin et al. [23]

found that Ras-mediated drug resistance is well correlated

with resistance to the apoptosis induced by anticancer

agents in MCF7 breast cancer cells. Inhibition of the PI3K/

Akt pathway enhances the cytotoxicity of paclitaxel, dox-

orubicin and 5-fluorouracil by reversing Ras-mediated drug

resistance. The fundamental role of the PI3K/Akt pathway

in conditioning GBM malignancy has been described in

depth [24–30].

Thus, the aim of our study was induction of apoptosis

and autophagy processes and changes in apoptosis-related

and autophagy-related gene expression after knockdown of

AKT3 and PIK3CA genes and BCNU or TMZ exposure.

The current study was also undertaken to examine the

effect of small interfering RNA (siRNA) targeting the

AKT3 and PIK3CA genes on the susceptibility of T98G

cells to TMZ and BCNU.

2 Methods

2.1 Cell Cultures

The T98G cell line [American Type Culture Collection

(ATCC), Manassas, VA, USA] was derived from a

61-year-old male [31]. GBM cells were cultured in a

modified Eagle’s Minimum Essential Medium (ATCC)

supplemented with heat-inactivated 10 % fetal bovine

serum (ATCC) and 10 lg/mL gentamicin (Invitrogen). The

cell line was maintained at 37 �C in a humidified atmo-

sphere of 5 % CO2 in air.

This particular cell line was chosen because it is less

sensitive to the chemotherapeutics that are currently used

in GBM treatment. The T98G cell line shows increased

resistance to TMZ [32, 33] as well as to BCNU and eto-

poside [34], compared with other commercially available

cells lines. Thus, it seems reasonable to search for new

potential therapeutic methods for glioma therapy by using

this particular cell line.

2.2 siRNA Transfection

Transfection of T98G cells with specific siRNA targeting

AKT3 or PI3KCA messenger RNA (mRNA) was performed

using FlexiTube siRNA Premix (Qiagen, Italy) according
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to the manufacturer’s protocol, as we have described pre-

viously [29]. The average transfection efficiency was

99.2 %.

2.3 Temozolomide and Carmustine Uptake

T98G GBM cells transfected with AKT3 and PI3KCA-

specific RNA were treated with TMZ (10 lM) for 48 h or

with BCNU (50 lM) for 1 h (48 h after transfection). The

concentration and time of the cells’ exposure were chosen

based on the literature data [35, 36].

2.4 Cell Cycle Analysis

T98G cells were seeded in six-well plates (at a density of

1.6 9 104 cells per well), cultured overnight (for 24 h),

and, after AKT3 and PI3KCA gene siRNA silencing, the

cells were exposed to TMZ and BCNU, and the cell cycle

was analyzed as described previously [29].

2.5 Apoptosis Assay

T98G cells were seeded in six-well plates (at a density of

1.6 9 104 cells per well), cultured overnight (for 24 h),

and, after AKT3 and PI3KCA gene siRNA silencing, the

cells were treated with TMZ or BCNU. Cells were ana-

lyzed using flow cytometry and a Vybrant� DyeCycleTM

Violet/SYTOX� AADvancedTM Apoptosis Kit as descri-

bed previously [29].

2.6 Evaluation of Autophagy Induction

Measurement of the red fluorescence intensity, using

LysoTracker Red staining (Invitrogen), indicated an

increased number of vesicles with an acidic pH that was

characteristic of autophagy in cells that had been trans-

fected with a specific siRNA as well as untransfected

T98G cells exposed to BCNU or TMZ with or without

addition of an autophagy inductor or inhibitors. (1) N-

hexanoyl-D-sphingosine (NHDS; 10 lM for 24 h),

(2) bafilomycin A1 (BAF; 100 nM for 2 h) and (3)

3-methyladenine (3-MA; 2 mM for 24 h) were used as an

autophagy inductor (1) and inhibitors (2 and 3), respec-

tively. NHDS is known to stimulate autophagy by inter-

fering with class I PI3K signaling pathways. 3-MA

inhibits autophagy by blocking autophagosome formation

via inhibition of class III PI3K signaling. BAF is an

inhibitor of the late phase of autophagy and prevents the

maturation of autophagic vacuoles by inhibiting the fusion

of autophagosomes with lysosomes. The red fluorescence

intensity after LysoTracker Red staining was determined

using flow cytometry.

2.7 RNA Extraction

Total RNA was isolated from cells cultured by a TRIzol

reagent (Life Technologies, Inc., Grand Island, NY, USA)

according to the manufacturer’s protocol. The integrity of

total RNA was checked by electrophoresis in 1 % agarose

gel stained with ethidium bromide. All RNA extracts were

treated with DNAse I to avoid genomic DNA contamina-

tion, and were assessed qualitatively and quantitatively.

2.8 Evaluation of Autophagy-Related and Cell

Invasion-Related Genes by QRT-PCR

We performed quantitative reverse transcription polymerase

chain reaction (QRT-PCR) for selected genes associated with

apoptosis and autophagy: AIFM2, BCL2L1, BID, BNIP3,

CASP3, CASP8, CASP9 (apoptosis), AMBRA1, BECN1,

MAP1LC3A, PIK3C3, RB1CC, SQSTM1, ULK1, UVRAG

(autophagy), DRAM1, GSK3b, HIF1A, and PRKAA1 (both

processes). QRT-PCR assays were performed using a CFX96

Real-Time System (BIO-RAD). Real-time fluorescent RT-

PCR was performed using specific primers (KiCqStartTM

Primers; Sigma Aldrich) and a SensiFASTTM SYBR Hi-ROX

One-Step kit (Bioline) according to the manufacturer’s pro-

tocol. The conditions were as follows: 45 �C for 10 min,

95 �C for 2 min, followed by 40 cycles of 5 s at 95 �C, 10 s at

60 �C, and 5 s at 72 �C. RNA for human TBP (Tata Binding

Protein) was used as an endogenous control. The copy

numbers for each sample were calculated by the CT-based

calibrated standard curve method. Each of 12 replicas’ data

points for the mRNA copy number is the average of dupli-

cates on the same analyzed plate.

2.9 Statistical Analysis

The data are presented as mean ± standard deviation. One-

way analysis of variance (ANOVA) and post hoc Tukey’s

multiple comparison tests were used for comparing the

analyzed groups. The power of all of the tests was not less

than 1 - b = 0.8. The data were analyzed with Statistica

software (StatSoft, Inc. 2008), version 10.0 (https://www.

statsoft.com). All of the tests were two-sided, and p\ 0.05

was considered to be statistically significant. The prolif-

eration and apoptotic indexes were determined according

to Darzynkiewicz et al. and Henry et al. [37, 38]. Hierar-

chical clustering of the results based on the Euclidean

distance was carried out using GenExEnterprise 5.4.3.703.

QRT-PCR analysis was performed in accordance with the

mathematical rules that this program uses. In order to

identify differentially expressed autophagy-related and

apoptosis-related genes, linear regression was performed.

Data on the QRT-PCR analysis were also clustered using

self-organizing maps (SOMs).
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3 Results

3.1 Cell Cycle Changes After siRNA Silencing

and Temozolomide or Carmustine Treatment

In order to examine the possible mechanisms of the

antiproliferative activity of AKT3 and PI3KCA siRNA in

combination with TMZ or BCNU, cell cycle distribution

using flow cytometry was performed. The proliferation

index (PI), i.e. the percentage of proliferating cells in the

S ? G2/M cell cycle phases, was determined. The PI was

quantified in untransfected T98G cells and after knock-

down with adequate 1 nM siRNA and TMZ or BCNU

exposition. We found that AKT3 siRNA in combination

with 50 lM BCNU increased the percentage of the cells in

the S phase (versus siRNA PI3KCA ? BCNU and only

BCNU as well) and simultaneously increased the percent-

age of cells in the PI, but these changes were not statisti-

cally significant. Simultaneously, siRNA specific for

PI3KCA in combination with 50 lM BCNU markedly

increased the percentage of cells in the subG1 phases

compared with AKT3 siRNA–transfected cells as well as

untransfected cells after their exposure to BCNU (Fig. 1a;

p\ 0.05 by one-way ANOVA and post hoc Tukey’s

multiple comparison test). We also found that AKT3 and

PI3KCA siRNA in combination with 10 lM TMZ did not

significantly change the cell cycle distribution and their PI

as compared with cells exposed only to the drug

(Fig. 1a, b, respectively).

3.2 Apoptosis and Necrosis Induction After siRNA

Silencing and Temozolomide or Carmustine

Treatment

Necrotic and apoptotic cells were detected using flow

cytometry and double staining with the above-mentioned

apoptosis kit following siRNA silencing and TMZ or

BCNU exposition. Knockdown of the AKT3 and PI3KCA

genes in combination with BCNU led to induction of

apoptosis in 77 % of the cells (siRNA AKT3 ? BCNU)

and 77.6 % of the cells (siRNA PI3KCA ? BCNU),

respectively, compared with 8.7 % of the untransfected

(control) cells and compared with AKT3 and PI3KCA gene

silencing in combination with TMZ treatment (43.6 and

47.4 %, respectively) (Fig. 2a; p\ 0.05 by one-way

ANOVA and post hoc Tukey’s multiple comparison test).

Moreover, we noticed a general tendency for gene silenc-

ing to increase the apoptotic index in cells combined with

TMZ or BCNU exposure compared with cells with only

drug exposure (Fig. 2b; statistical significance only in the

case of siRNA PI3KCA ? TMZ and siRNA

AKT3 ? TMZ).

In contrast, the necrosis rates of transfected T98G cells

were 35.8 and 30 % after AKT3 and PI3KCA silencing in

combination with TMZ, respectively, compared with the

necrosis rate of the untransfected (control) cells, which was

only 1.8 %, whereas knockdown of AKT3 or PI3KCA genes

in combination with BCNU led to necrosis rates of 13.3 and

12.7 %, respectively (Fig. 3a; p\ 0.05 by one-way ANOVA

and post hoc Tukey’s multiple comparison test). However, it

is noteworthy that combination of gene silencing with TMZ

Fig. 1 Cell cycle distribution (a) and proliferation index (b) in the

T98G cell culture that was transfected with AKT3 and PI3KCA small

interfering RNA (siRNA) and treated with temozolomide (TMZ) or

carmustine (BCNU), respectively. The results are presented as the

percentage contribution of the number of cells located in each cell

cycle phase, including the subG1 population (a) and the number of

cells located in the S ? G2/M cell cycle phases (b). The presented

data were obtained from DNA histograms and represent an average of

six independent repeats. To estimate statistical significance (b), the

data were analyzed by one-way analysis of variance (ANOVA) and

post hoc Tukey’s multiple comparison test, using Statistica software

(StatSoft, Inc., 2008), version 10.0 (http://www.statsoft.com)

(p\ 0.05). Symbols indicate significant differences: asterisk

untransfected cells versus TMZ, siRNA PI3KA ? TMZ, and siRNA

AKT3 ? TMZ; double asterisk siRNA AKT3 versus siRNA

AKT3 ? TMZ; hat symbol siRNA PI3KCA versus siRNA PI3K-

CA ? TMZ; double hat symbol siRNA AKT3 ? BCNU versus

siRNA AKT3 ? TMZ; number sign siRNA PI3KCA ? BCNU versus

siRNA PI3KCA ? TMZ. AKT3 gene encoding isoform 3 of protein

kinase B, PI3KCA gene encoding p110a catalytic subunit of phos-

phoinositide 3-kinase
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or BCNU exposure reduced the percentage of necrotic cells

compared with only drug exposure (Fig. 2a; statistical sig-

nificance only in the case of siRNA PI3KCA ? TMZ).

3.3 Autophagy in T98G GBM Cells

with Downregulated Expression of AKT3

and PI3KCA Genes Exposed to Temozolomide

and Carmustine

We performed QRT-PCR for the selected genes associated

with apoptosis and autophagy: AIFM2, BCL2L1, BID,

BNIP3, CASP3, CASP8, CASP9 (apoptosis), AMBRA1,

BECN1, MAP1LC3A, PIK3C3, RB1CC, SQSTM1, ULK1,

UVRAG (autophagy), DRAM1, GSK3b, HIF1A, and

PRKAA1 (both pathways). The specificity of the reaction

was confirmed by agarose gel electrophoresis and a melting

temperature curve.

Hierarchical clustering of the results based on the

Euclidean distance was carried out using GenExEnterprise

5.4.3.703 (Fig. 3).

The obtained results allowed us to distinguish two

groups of genes. The former contained genes whose

expression is involved in the process of autophagy, and the

latter contained genes whose expression is involved in the

Fig. 2 Influence of knockdown

of the AKT3 and PI3KCA genes

on induction of apoptosis in

T98G cells treated with

temozolomide (TMZ) or

carmustine (BCNU). The results

are presented as a percentage

contribution (Y axis) of the

number of viable cells,

apoptotic cells, and necrotic

cells in the groups that were

analyzed (a) and apoptotic

index was calculated (b). The

data are expressed as the means

of four separate experiments

(p\ 0.05 by one-way analysis

of variance (ANOVA) and

post hoc Tukey’s multiple

comparison test). Symbols

indicate significant differences:

asterisk untransfected cells

versus siRNA AKT3, siRNA

PI3KCA, BCNU, siRNA

AKT3 ? BCNU, siRNA

PI3KCA ? BCNU, siRNA

AKT3 ? TMZ, and siRNA

PI3KA ? TMZ; double asterisk

siRNA AKT3 versus siRNA

AKT3 ? TMZ; hat symbol

BCNU versus TMZ; double hat

symbol siRNA AKT3 ? BCNU

versus siRNA AKT3 ? TMZ;

number sign siRNA

PI3KCA ? BCNU versus

siRNA PI3KCA ? TMZ;

double number sign TMZ versus

siRNA AKT3 ? TMZ and

siRNA PI3KCA ? TMZ.

AKT3 gene encoding isoform 3

of protein kinase B,

PI3KCA gene encoding p110a
catalytic subunit of

phosphoinositide 3-kinase
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processes of autophagy and apoptosis. When we consid-

ered the similar mRNA level of genes as an expression

pattern, untransfected cells were clustered as a separate

group; likewise, cells that had been transfected with AKT3

and PI3KCA siRNA and treated with TMZ were clustered

together (Fig. 3).

We found that changes in the autophagy-related and

apoptosis-related genes after AKT3 knockdown and expo-

sition on TMZ were manifested mainly in (1) increased

BID (*1.5-fold), CASP-8 (*1.3-fold), BNIP3 (*1.2-

fold), PRKAA1 (*1.3-fold), and BECN1 (*1.1-fold) gene

expression, as well as (2) decreased DRAM1 (*1.7-fold),

HIF1A (*1.3-fold), AMBRA1 (*1.34-fold), ULK1 (*1.5-

fold), PIK3C3 (*1.4-fold), SQSTM1 (*1.6-fold), CASP3

(*1.8-fold), and GSK3B (*1.1-fold) gene expression

(Fig. 4).

Silencing of the PI3KCA gene and exposition on TMZ

was connected with changes in the autophagy-related and

apoptosis-related genes, mostly manifested in (1) increased

CASP-8 (*1.4-fold), ULK1 (*1.2-fold), BNIP3 and

PRKAA1 (*1.3-fold), BID (*1.2-fold), and GSK3B

(*1.7-fold) gene expression, as well as (2) decreased

PIK3C3 (*1.4-fold), HIF1A (*1.1-fold), AMBRA1

(*1.3-fold), BECN1 and DRAM1 (*1.1-fold), SQSTM1

(*1.2-fold), and CASP3 (*1.5-fold) gene expression

(Fig. 4).

When we considered a similar mRNA level of genes as

an expression pattern for cells treated with BCNU, cells

with knockdown of the PI3KCA gene treated with BCNU

were clustered separately; likewise, untransfected cells and

cells transfected with AKT3 siRNA and treated with BCNU

were clustered together (Fig. 5).

We found that changes in autophagy-related and apop-

tosis-related genes after AKT3 knockdown and exposition

on BCNU were manifested mainly in (1) increased GSK3B

(*4.6-fold) and CASP-8 (*1.2-fold) gene expression, as

well as (2) decreased PI3K3C3 (*3.2-fold), BNIP3 and

AIFM2 (*2.3-fold), SQSTM1 and DRAM1 (*2.1-fold),

BCL2L1 and RB1CC1 (*1.7-fold), CASP9, PRKAA1,

UVRAG, BID and AMBRA1 (*1.5-fold), ULK1 (*1.4-

fold), MAPLC3IIA, BECN1, and HIF1A (*1.2-fold) gene

expression (Fig. 6).

Silencing of the PI3KCA gene and exposition on BCNU

was connected with changes in the autophagy-related and

apoptosis-related genes, mostly manifested in decreased

ULK1 (*10.9-fold), AMBRA1 (*9-fold), AIFM2 (7.9-

fold), PI3K3C3 (*5.7-fold), SQSTM1 (*4.8-fold), HIF1A

(*4.2-fold), BNIP3 and CASP9 (*4.1-fold), RB1CC1 and

Fig. 3 Hierarchical clustering and heat map of differentially

expressed autophagy-related and apoptosis/autophagy–related genes.

The presented data indicate the expression pattern of 19 genes

(p\ 0.001) after knockdown of the AKT3 or PI3KCA genes and

exposition on temozolomide (TMZ). Data were clustered using the

standard hierarchical method with average linkage and using the

Pearson correlation to determine the distance function. The normal-

ized expression index for each gene (rows) in each sample (columns)

is indicated by a color code (see expression index bar at left of figure).

Colored rectangles represent genes that were upregulated (green) or

downregulated (dark blue) in the sample set. Samples with a similar

pattern of gene expression are clustered together, as is indicated by

the dendrogram. AKT3 gene encoding isoform 3 of protein kinase B,

PI3KCA gene encoding p110a catalytic subunit of phosphoinositide

3-kinase
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BCL2L1 (*3.9-fold), UVRAG (*3.7-fold), DRAM (*2.1-

fold), GSK3B and BECN1 (*2-fold), and PRKAA1 (*1.5-

fold) gene expression (Fig. 6).

To compare the mechanism of action for siRNA specific

for the AKT3 and PI3KCA genes in cells exposed to TMZ

or BCNU, we analyzed changes in the number of mRNA

copies relative to the control (Fig. 7). Our study revealed

that knockdown of the AKT3 gene in cells exposed to

BCNU causes a significant increase in the mRNA copy

number of GSK3B and CASP8, while the PI3KCA gene

silencing in cells exposed to TMZ significantly increased

the number of mRNA copies of RB1CC1, GSK3B, ULK1,

CASP8, BNIP3, BID, PRKAA1, and MAPLC3IIA. In con-

trast, silencing the AKT3 gene in the same cells caused a

significant increase in the number of mRNA copies of BID,

GSK3B, PRKAA1, BNIP3, and CASP8 (Fig. 7).

To test our hypothesis that the knockdown of AKT3 or

PI3KCA genes in cells exposed to TMZ or BCNU causes

the induction of autophagy, we performed LysoTracker

Red staining (a deep red-fluorescent dye for labeling and

tracking acidic organelles in live cells), which preferen-

tially accumulates in vesicles with an acidic pH and may be

used to examine the efficiency of autophagosome/lysosome

fusion in live cells. Our results indicated that AKT3 and

PI3KCA gene silencing in cells exposed to TMZ or BCNU

was associated with an increased intensity of red fluores-

cence, which indicated an increased number of acidic

vesicles characteristic of autophagy (Fig. 8; *p\ 0.05 by

one-way ANOVA and post hoc Tukey’s multiple com-

parison test). These changes were more significant than in

untransfected cells.

SOM analysis was also performed in order to provide a

comprehensive, quantitative, yet lucid picture of the gene

expression changes in cells with knockdown of AKT3 or

PI3KCA genes and exposure to TMZ or BCNU. Variance

in this group was a measure of the degree of dissimilarity

among the gene expressions that were clustered together.

We noticed that the genes that are involved in the processes

of autophagy and apoptosis could be divided into four

categories, which included genes that had similar expres-

sion changes after AKT3 or PI3KCA knockdown in cells

exposed to TMZ or BCNU compared with untransfected

cells (Fig. 9). The SOM is an unsupervised neural network

algorithm that can cluster the data of gene expression

Fig. 4 Comparison of the messenger RNA (mRNA) copy number (Y

axis) of autophagy-related and apoptosis-related genes differentiating

cells transfected with AKT3 and PI3KCA small interfering RNA

(siRNA) and treated with temozolomide (TMZ) from untransfected

cells. AKT3 gene encoding isoform 3 of protein kinase B, PI3KCA -

gene encoding p110a catalytic subunit of phosphoinositide 3-kinase
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analysis into biologically meaningful groups. The first

group consisted of MAPLC3IIA, CASP8, and CASP9 genes

(for cells exposed to BCNU) and RB1CC1, GSK3B,

HIF1A, BECN1, SQSTM1, and BNIP3 genes (for cells

exposed to TMZ); the second consisted of AMBRA1, BID,

ULK1, AIFM2, BCL2L1, and PI3K3C3 genes (for cells

exposed to BCNU) and BCL2L1, ULK1, AMBRA1,

PI3K3C3, CASP8, and CASP9 (for cells exposed to TMZ);

the third consisted of BECN1, DRAM1, UVRAG, GSK3B,

CASP3, and PRKAA1 genes (for cells exposed to BCNU)

and UVRAG, DRAM1, AIFM2, and CASP3 (for cells

exposed to TMZ); and the fourth consisted of SQSTM1,

RB1CC1, BNIP3, and HIF1A genes (for cells exposed to

BCNU) and BID, MAPLC3IIA, and PRKAA1 (for cells

exposed to TMZ). Genes were grouped by a similar mRNA

level of genes that reflected their expression pattern.

4 Discussion

TMZ is the first-line treatment in patients with GBM, but

45 % of patients are resistant to this drug. Even after

complete resection of a tumor, a recurrence is very often

observed. Therefore, more effective therapies with

multimodel strategies based on synergistic effects for

treatment of central nervous system neoplasms are urgently

needed. The present study was focused on the survival as

well as apoptotic and autophagy behaviors of the human

GBM T98G cell line treated with a combination of AKT3

and PI3KCA-specific siRNA with TMZ or BCNU

exposure.

The PI3K/AKT signaling pathway plays a crucial role in

the development, progression, and invasiveness of GBM.

This pathway is responsible for regulation of cell cycle

progression, proliferation, apoptosis, and autophagy. Our

previous study showed that knockdown of AKT3 and/or

PI3KCA genes in T98G cells led to a significant reduction

in cell viability, accumulation of subG1-phase cells, and a

reduction of cells in the S and G2/M phases. Additionally,

significant differences in the BAX/BCL-2 ratio and an

increased percentage of apoptotic cells were found [29].

Thus, the purpose of this study was to evaluate whether

knockdown of the AKT3 and PI3KCA genes interfered with

the mechanism of action of TMZ or BCNU and sensitized

GBM cells to these anticancer drugs.

We found that siRNA that targeted AKT3 and PI3KCA

in combination with TMZ greatly decreased the percentage

of T98G cells in the S phase and the proliferative index—

Fig. 5 Hierarchical clustering and heat map of differentially

expressed autophagy-related and apoptosis/autophagy-related genes.

Data indicating the expression pattern of 19 genes (p\ 0.001) after

knockdown of the AKT3 or PI3KCA genes and exposition on

carmustine (BCNU) are shown. Data were clustered using the

standard hierarchical method with average linkage and using the

Pearson correlation to determine the distance function. The normal-

ized expression index for each gene (rows) in each sample (columns)

is indicated by a color code (see expression index bar at left of figure).

Colored rectangles represent genes that were upregulated (green) or

downregulated (dark blue) in the sample set. Samples with a similar

pattern of gene expression are clustered together, as is indicated by

the dendrogram. AKT3 gene encoding isoform 3 of protein kinase B,

PI3KCA gene encoding p110a catalytic subunit of phosphoinositide

3-kinase
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Fig. 6 Comparison of the messenger RNA (mRNA) copy number (Y

axis) of autophagy-related and apoptosis-related genes differentiating

cells transfected with AKT3 and PI3KCA small interfering RNA

(siRNA) and treated with carmustine (BCNU) from untransfected

cells. AKT3 gene encoding isoform 3 of protein kinase B, PI3KCA -

gene encoding p110a catalytic subunit of phosphoinositide 3-kinase

Fig. 7 Changes with

autophagy-related and

apoptosis-related genes

differentiating cells transfected

with AKT3 and PI3KCA small

interfering RNA (siRNA) and

treated with temozolomide

(TMZ) or carmustine (BCNU)

from untransfected cells. The

data are presented as the change

in the number of messenger

RNA (mRNA) copies relative to

the control (X axis). AKT3 gene

encoding isoform 3 of protein

kinase B, PI3KCA gene

encoding p110a catalytic

subunit of phosphoinositide

3-kinase
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more so than the same siRNA in combination with BCNU.

In contrast to our findings, Hirose et al. and Kanzawa [33,

34] found that malignant glioma cells responded to TMZ

by undergoing G2/M arrest. These differences may result

from the use of other doses of TMZ or exposure times as

well as sensitizing T98G cells to this drug. Kanzawa et al.

tested TMZ in a concentration of 5–1000 lM for 72 h [34].

In our case, we tested 10 lM of TMZ for 48 h. Carmo et al.

described the effect of TMZ on the U-118 glioma cell line

and found, like us, that TMZ reduced U-118 proliferation.

Those authors suggested the need to use a combined

therapy using TMZ and inhibitors of the PI3K/Akt and

ERK1/2 MAP kinase signaling pathways [33, 34]. We also

showed that knockdown of the AKT3 gene in combination

with BCNU triggered an increase in T98G cells in the

S phase. Teicher et al. analyzed exposure of the T98G cells

to BCNU (1, 5, 10, 50, 100, and 250 lM) for 1 h, and this

resulted in a half-maximal inhibitory concentration (IC50)

of about 250 lM [39]. We observed a significant decrease

of T98G viability after a 50 lM dose of BCNU, but only in

cells transfected with siRNA specific for the AKT3 or

PI3KCA genes. We also showed that knockdown of the

AKT3 and PI3KCA genes in combination with BCNU was

associated with a significantly higher apoptotic index in

comparison with transfected cells treated with TMZ. Opel

et al. (2008) reported that inhibition of PI3K was an effi-

cient strategy to sensitize glioblastoma cells to the induc-

tion of apoptosis [40]. We noticed that PI3KCA-specific

siRNA in combination with BCNU increased the percent-

age of T98G cells that underwent apoptosis (subG1 frac-

tion). On the other hand, De Salvo et al. suggested that

TMZ-induced apoptosis occurred through Akt/glycogen-

synthase-kinase-3b (GSK3b) signaling and was mediated

by c-Myc oncoprotein [41]. We found significantly

increased GSK3b mRNA copy numbers in T98G cells after

knockdown of PI3KCA and treatment with TMZ, whereas

Carmo et al. found a significantly higher percentage of

cells in the subG1 phase after incubation of U-118 cells

with TMZ. However, their study demonstrated that TMZ

induced a low level of apoptosis [42]. Our study clearly

showed that knockdown of either AKT3 or PI3KCA genes

sensitized T98G cells to apoptosis induction after TMZ

exposure. It is noteworthy that in our study, the combina-

tion of TMZ with AKT3 and PI3KCA siRNA decreased

necrosis in T98G cells in comparison with cells treated

only with TMZ. The high percentage of necrosis within

cells after AKT3 and PI3KCA knockdown, as well as after

treatment with BCNU or TMZ, is a well-described fact.

Jakubowicz-Gil et al. observed that TMZ applied to T98G

culture for 48 and 72 h at a concentration higher than

100 lM induced necrosis, and the increased number of

necrotic cells was accompanied by a decreased number of

apoptotic ones [4]. Thus, a very important general obser-

vation of our study was that the percentage of apoptotic

cells was increased and the percentage of necrotic cells was

decreased after combination of TMZ and BCNU with

silencing of the analyzed genes.

The above-mentioned observations are also consistent

with our findings concerning changes in the mRNA copy

numbers of genes associated with apoptosis compared

Fig. 8 Comparison of red fluorescence intensity (LysoTracker Red

staining) indicating an increased number of acidic vesicles that are

characteristic for induction of autophagy. The results concern cells

that were transfected with specific small interfering RNA (siRNA) as

well as untransfected T98G cells exposed to carmustine

(BCNU) (a) or temozolomide (TMZ) (b) with or without addition

of an autophagy inductor [N-hexanoyl-D-sphingosine (NHDS)] or

inhibitors [3-methyladenine (3-MA) and bafilomycin A1 (BAF)]. The

red fluorescence intensity after LysoTracker Red staining was

determined using flow cytometry [p\ 0.05 by one-way analysis of

variance (ANOVA) and post hoc Tukey’s multiple comparison test].

Symbols indicate significant differences: asterisk untransfected cells

versus siRNA AKT3, siRNA PI3KCA, BCNU, BCNU ? NHDS,

siRNA AKT3 ? BCNU, siRNA PI3KCA ? BCNU, TMZ ? NHDS,

siRNA AKT3 ? TMZ, and siRNA PI3KCA ? TMZ; double as-

terisk siRNA AKT3 versus siRNA AKT3 ? BCNU; triple as-

terisk siRNA PI3KCA versus siRNA PI3KCA ? BCNU and siRNA

PI3KCA ? TMZ; hat symbol BCNU versus siRNA AKT3 ? BCNU

and siRNA PI3KCA ? BCNU, or TMZ versus siRNA AKT3 ? TMZ

and siRNA PI3KCA ? TMZ. AKT3 gene encoding isoform 3 of

protein kinase B, PI3KCA gene encoding p110a catalytic subunit of

phosphoinositide 3-kinase
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with untransfected (control) cells. We found increased

expression of BNIP3, BID, and CASP8 genes and

decreased expression of BCL2L1, AIFM2, CASP3,

CASP9, and HIF1A genes in PI3KCA siRNA-transfected

cells treated with TMZ. On the other hand, our study also

revealed that knockdown of the AKT3 gene in cells

exposed to BCNU determined a significant increase in the

mRNA copy number of CASP8 and decreases in BNIP3,

AIFM2, BCL2L1, CASP9, and BID. We found decreased

expression of the BNIP3, BCL2L1, AIFM2, and CASP3

genes in PI3KCA siRNA-transfected cells treated with

BCNU.

BNIP3 is known to induce autophagy and plays a central

role in As2O3-induced autophagic cell death in malignant

glioma cells [43]. BNIP3 is localized to the nucleus in the

majority of GBM and fails to induce cell death. It is known

that BNIP3 binds to the promoter of the apoptosis-inducing

factor (AIF) gene and represses its expression. It can

explain the decreased mRNA copy number of the AIFM2

gene in cells transfected with AKT3 and PI3KCA siRNA

and exposed to tested drugs.

We also revealed increased expression of the caspase 8

encoding gene (CASP8), which may suggest activation of

extrinsic apoptosis as in the case of exposition of BCNU.

We also postulated the activation of intrinsic apoptosis,

because we found increased expression of the BID gene.

BID is a mediator of the mitochondrial damage induced by

CASP8. This caspase cleaves the BID protein, and the

COOH-terminal part translocates to the mitochondria and

triggers the release of cytochrome c.

Fig. 9 Kohonen map [self-

organizing map (SOM) analysis

result] illustrating the gene

expression patterns after AKT3

or PI3KCA knockdown in T98G

cells exposed to carmustine

(BCNU) (a) or temozolomide

(TMZ) (b) compared with

untransfected cells. SOM

clusters this gene expression

data set into four groups that

show similar gene expression

profiles and also contain

functionally related genes. The

algorithm places genes with

similar, but not identical,

profiles in neighboring groups,

thus creating a smooth transition

of related profiles over the

whole matrix. SOM uses

Euclidean distance to measure

the similarities between data

items. Map units that are close

on the grid represent more

similar expression profiles, and

units farther away represent

progressively more different

profiles. AKT3 gene encoding

isoform 3 of protein kinase B,

PI3KCA gene encoding p110a
catalytic subunit of

phosphoinositide 3-kinase
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Our results also showed a decreased BCL2L1 mRNA

copy number in T98G cells after knockdown of the AKT3

or PI3KCA gene and exposure to BCNU. The proteins

encoded by this gene are located at the outer mitochondrial

membrane and have been shown to regulate the outer

mitochondrial membrane channel opening. BCL2L1 is a

potent inhibitor of cell death. It inhibits the activation of

caspases. This protein appears to regulate cell death by

blocking the voltage-dependent anion channel (VDAC) by

binding to it and preventing the release of the caspase

activator, CYC1, from the mitochondrial membrane.

BCL2L1 also acts as a regulator of the G2 checkpoint and

progression to cytokinesis during mitosis [44].

We also analyzed how the knockdown of the AKT3 or

PI3KCA gene in combination with TMZ or BCNU affected

autophagy. The role of autophagy in cancer cells is con-

troversial, and some studies have indicated that the specific

function of autophagy depends on certain circumstances,

i.e. cell types, cellular context, and the nature of the

treatment, and this process has been implicated both as a

mechanism of cell death and as a cytoprotective phe-

nomenon [45]. Many anticancer agents (i.e. tamoxifen,

rapamycin, arsenic trioxide, histone deacetylase inhibitors,

ionizing radiation, vitamin D analogs, etoposide, and

TMZ) have been reported to induce autophagy, and this

kind of cell death may be an important mechanism for

killing tumor cells [46–48]. The effect of autophagy inhi-

bition on cell survival is controversial, but blocking

autophagy at a late stage has been shown to cause accel-

erated cell death under autophagy-inducing conditions [38,

49–52]. Some results have indicated that activation of the

PI3K-Akt pathway suppresses autophagy in mammalian

cells [53]. However, other studies have pointed out that the

PI3K-Akt pathway positively regulates autophagy and

suppresses [54] or induces apoptosis [55].

Our study also revealed a significant increase of red

fluorescence intensity after LysoTracker Red staining in

cells with knockdown of the AKT3 or PI3KCA gene and

exposure to TMZ or BCNU compared with cells treated

with these drugs without prior transfection. Bearing in

mind the foregoing differences in the mRNA copy num-

bers of genes connected with the autophagy process, the

last results suggest the induction of autophagy in T98G

cells.

Our previous results showed that the knockdown of

AKT3 and PI3KCA genes induced the autophagy process in

T98G cells [56]. Thus, we were very interested to evaluate

whether the knockdown of the examined genes would also

sensitize GBM cells to TMZ and BCNU by affecting the

autophagy process. Autophagy may be induced by Akt

inhibition, either as a precursor of apoptosis in apoptosis-

sensitive cell lines or as a result of destructive self-diges-

tion. It is known that activators of apoptosis can induce

autophagy, whereas factors that negatively regulate apop-

tosis also inhibit autophagy induction [57]. We used a

specific recommended autophagy inductor and inhibitors,

which would give more accurate results concerning

autophagy as a multistep process. The obtained results

indicated that the combined therapy sensitized T98G to

TMZ and BCNU by also affecting the autophagy process,

but these results need to be confirmed and expanded upon

by other authors.

There is evidence that autophagy and apoptosis can

cooperate, antagonize, or assist each other. Nodes of

crosstalk between apoptosis and autophagy include the

Beclin 1–BCL-2 interaction, caspase-mediated Beclin 1

cleavage and UVRAG–BAX interaction. Thus, we also

analyzed the changes in the mRNA copy numbers of genes

associated with autophagy and genes associated with both

autophagy and apoptosis processes in comparison with

untransfected (control) cells. We found increased expres-

sion of ULK1, MAPLC3IIA, RB1CC1, PRKAA1, UVRAG,

and GSK3B genes and decreased expression of BECN1,

AMBRA1, PI3K3C3, SQSTM1, DRAM1, and HIF1A genes

in PI3KCA siRNA-transfected cells treated with TMZ. On

the other hand, our study also revealed that knockdown of

the AKT3 gene in cells exposed to BCNU determined a

significant increase in the mRNA copy number of GSK3B

and decreases in PI3K3C3, SQSTM1, DRAM1, RB1CC1,

PRKAA1, UVRAG, AMBRA1, ULK1, MAPLC3IIA,

BECN1, and HIF1A. We found decreased expression of the

ULK1, RB1CC1, UVRAG, GSK3B, BECN1, AMBRA1,

PI3K3C3, SQSTM1, and HIF1A genes in PI3KCA siRNA-

transfected cells treated with BCNU.

ULK1/2 induces autophagy in several ways [58–61] and

plays a key role in inducing autophagy in response to

starvation [62]. Klionsky et al. (2008) suggested that

decreased expression of SQSTM1 may constitute evidence

of an active process of autophagy [63]. The autophagy core

complex, comprising BECN1, PIK3C3, PIK3R4, ATG14,

and Ambra1 proteins, plays a crucial role in the autophagy

activation process [64]. Ambra1 binds to Beclin 1 and

stabilizes the Beclin 1/Vps34 complex, finally promoting

autophagosome formation [65]. Fimia et al. suggested that

reduced levels of Ambra1 in a variety of cell lines lead to

increased susceptibility to different apoptotic stimuli.

Researchers have postulated that apoptosis induction cau-

ses Ambra1 degradation, which occurs in a caspase- and

calpain-dependent manner, and that cleavage of this pro-

tein occurs early during the apoptotic process [66]. BECN1

plays a role in two fundamentally important cell biological

pathways—autophagy and apoptosis. It is a major deter-

minant in the initiation of autophagy [67], which is

involved in the formation of preautophagosomal structures,

and its interactions with Bcl-2 and Bcl-xL [68] inhibit

autophagy [69–71].
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We also found increased expression of the PRKAA1

gene in cells with knockdown of the PI3KCA gene and

treatment with TMZ. The protein encoded by this gene

belongs to the ser/thr protein kinase family, and it is a

catalytic subunit of 50-adenosine monophosphate–activated

protein kinase (AMPK). AMPK acts as a key regulator of

cell growth and proliferation by phosphorylating TSC2,

RPTOR, and ATG1/ULK1. AMPK promotes autophagy

[72]. Our study revealed decreased expression of the

DRAM1 gene. It is a lysosomal modulator of autophagy,

which plays a central role in TP53-mediated apoptosis.

TP53 induces autophagy via transcriptional activation of

DRAM1. Downregulation of the DRAM1 gene in T98G

cells may be connected with mutation of the TP53 gene in

this cell line [73, 74]. Downregulation of DRAM1 expres-

sion may be a good phenomenon, because high levels of

DRAM1 have been associated with shorter overall survival

in GBM patients [75].

An increased mRNA copy number of the GSK3B gene

was also observed after knockdown of the AKT3 and

PI3KCA genes in combination with TMZ. GSK3B is

involved in energy metabolism, neuronal cell development,

and body pattern formation through triggering of the

degradation of signaling or functional proteins. PIK3CA

induces phosphorylation of GSK3B at Ser9 and attenuates

the interaction of GSK3B with BCL2, and it is connected

with the ubiquitin-mediated degradation of BCL2. It may

also be connected with the induction of autophagy, because

the increased expression of BCL2 interferes with the acti-

vation of BECN1 and attenuates autophagy in cancer cells

[76, 77].

We also observed decreased expression of the HIF1A

gene in PI3KCA siRNA-transfected cells treated with

TMZ. It is known that HIF-1A is necessary for prolifera-

tion, growth, and angiogenesis [78], and overexpression of

HIF-1A has been observed in many different human cancer

cases, including brain tumors [79].

In our studies, the results interestingly showed that

knockdown of the analyzed genes in combination with

BCNU was connected with downregulation of UVRAG

(UV radiation resistance-associated gene) expression. It is

known that UVRAG or overexpression of a dominant-

negative form of UVRAG decreases the autophagy level

and triggers uncontrolled cell proliferation [80]. Down-

regulated UVRAG expression might be connected with

autophagy induction and decreased GBM cell proliferation,

which we have described previously [56]. Downregulation

of the UVRAG mRNA copy number might be connected

with induction of apoptosis through interactions with Bax.

However, UVRAG forms two different complexes

(UVRAG–Beclin1 and UVRAG–Bax), which regulate the

balance between apoptosis and autophagy, and, in this

complex, UVRAG is proposed to function as a positive

regulator of autophagy and a negative regulator of apop-

tosis [81].

We also analyzed the expression of the RB1CC1 gene,

and we found a decreased mRNA copy number in trans-

fected cells exposed to BCNU. RB1CC1 is involved in the

regulation of cell growth, proliferation, survival, and

spreading/migration, which is essential for autophagosome

formation and also inhibits the kinase activity of Pyk2,

whose overexpression has been shown to induce apoptosis

in a number of cell lines [82]. Thus, a decreased RB1CC1

mRNA copy number might be connected with induction of

apoptosis.

5 Conclusion

In the present study, we demonstrated for the first time that

TMZ in combination with AKT3 or PI3KCA-specific

siRNA-induced autophagy and apoptosis, and reduced

necrosis, as well as inhibiting the proliferation of T98G

GBM cells more efficiently than TMZ alone. We also

revealed that BCNU in combination with AKT3 or PI3KCA-

specific siRNA was suggested to induce apoptosis and

autophagy in T98G cells more efficiently than BCNU alone.

We showed that knockdown of the AKT3 and PI3KCA

genes had some beneficial aspects as a part of combined

therapy with routinely used drugs. Because this is only a

preliminary study, the precise mechanism of the mentioned

combination needs to be clarified in further studies.
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