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Glutamine is a necessary substrate for glioblastoma cells and is important for tumor growth. We studied the
impact of ERN1 knockdown on EGFR, ERBB2, TOB1, and CEBPB gene expressions in U87MG glioblastoma cells
in response to glutamine deficiency. It was shown that the expression level of EGFR and ERBBZ2 genes was re-
sistant to glutamine deprivation in control glioblastoma cells but ERN1 knockdown lead to up-regulation these
gene expressions. Moreover, TOB1 and CEBPB gene expressions are sensitive to glutamine deprivation in both
control and ERN1 knockdown glioblastoma cells but inhibition of ERN1 significantly increases the sensitivity of
these genes to glutamine deprivation, especially CEBPB gene. These results demonstrated that ERN1, a major
signalling pathway of endoplasmic reticulum stress, controls the sensitivity of all studied genes to glutamine
deprivation in glioblastoma cells in a gene-specific manner and that the lower sensitivity of the expression of
the studied genes in control glioblastoma cells to glutamine deficiency is due to endoplasmic reticulum stress,
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Introduction

Glutamine is an essential substrate for tumor cell metabolism as a
substrate for glycolysis, but the requirements for glutamine in cancer
are heterogeneous [1-5]. Glutamine metabolism is vital for all cellu-
lar processes, including cancer development [6,7]. It is interesting to
note that ERN1/IRE1 (endoplasmic reticulum to nucleus signalling 1/
inositol requiring enzyme 1) mediated stress signalling modifies the
effects of glutamine deficiency on the expression of many genes [8-
13]. It has also been shown that the ERN1/XBP1 pathway is essential
for the glutamine response and protection of § cells [14]. Transcrip-
tion factor CEBPB (CCAAT enhancer binding protein) controls nu-
merous metabolic processes including gluconeogenesis and immune
response [15-18]. Epidermal growth factor receptor (EGFR/ErbB1)
is activated after dimerization. The activated ERBB receptors bind to

many signalling proteins and activate cancer-related signalling path-
ways [19-21]. ERBB2/HER?2 is overexpressed in invasive carcinomas
and increases tumour growth via cell cycle signalling [22,23]. It is
important to note that the transducer of ERBB2, 1 (TOB1) function
as a tumour suppressor and shows anti-proliferative properties that
regulate cell growth via reducing the activation of the AKT/mTOR
signalling pathway [24]. Furthermore, a decreased TOB1 expression
and up-regulated phosphorylation of TOB1 in the nucleus supports
stomach cancer and microRNA participates in this process [25,26].

Malignant tumors use endoplasmic reticulum unfolded protein
response and its signalling pathways to increase cell proliferation un-
der stressful environmental conditions including low glutamine [27-
29]. Moreover, the activation of the ERN1 signalling pathway of the
unfolded protein response is tightly linked to cell death, and inhibi-
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tion of ERN1 function leads to significant suppression of glioblastoma
cell proliferation and tumour growth [29-33]. Thus, the endoplasmic
reticulum stress and glutamine supply are important factors of can-
cer progression. Still, the molecular mechanisms of stress-dependent
regulation of the expression of tumour-related genes under glutamine
deficiency are complex and have not yet been sufficiently elucidated.
This study examined the expression of important regulatory genes
in response to glutamine deficiency in control and ERN1 knockdown
glioblastoma cells for evaluation of the possible significance of this
nutrient supply in the controlling ERN1-mediated cell proliferation.

Materials and Methods
Cell Lines and Culture Conditions

In this study, we used two sublines of U87MG glioblastoma cells:
control cells - stably transfected clone with overexpression of vector
pcDNA3.1,and ERN1 knockdown cells - stably transfected clone over-
expressed dnERN1, described previously [34]. Glutamine deprivation
and growing conditions were described previously [13].

RNA Isolation

Total RNA was isolated from cells using the Trizol reagent accord-
ing to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA) as
described previously [34].

Reverse Transcription and Quantitative PCR Analysis

The expression levels of, EGFR, ERBB2, TOB1, CEBPB, and ACTB
mRNAs were measured in glioblastoma cells by quantitative poly-
merase chain reaction as described previously [35]. Thermo Scien-
tific Verso cDNA Synthesis Kit (Germany) was used for reverse tran-
scription as described previously [35]. Polymerase chain reaction was
performed in triplicate. The expression of ACTB mRNA was used for
normalization. The pair of primers specific for EGFR, ERBB2, TOB1,
and CEBPB mRNAs was received from Sigma-Aldrich (St. Louis, MO,
U.S.A.) and used for quantitative polymerase chain reaction: EGFR/
HER1 forward 5’- aggtgaaaacagctgcaagg and reverse 5’- aggtgat-

gttcatggectga (NM_005228.5); ERBB2/HER2 forward 5’- ggtggtctttg-
ggatcctca and reverse 5’- accttcaccttectcagete (NM_004448.4); TOB1
forward 5’- agcccgaacaagatcactca and reverse 5’- cacgtctcctgggaagcet-
ta (NM_005749.4); CEBPB forward 5’- caagaagaccgtggacaagc and re-
verse 5’- agctgctccaccttcttctg (NM_005194.4). Primers ACTB were
described previously [35]. Quantitative PCR analysis was per-
formed as described previously [33]. The values of studied gene ex-
pressions were normalized to the expression of beta-actin mRNA and
represented as percent of control (100%). All values are expressed as
mean = SEM from triplicate measurements performed in 4 indepen-
dent experiments.

Results

To investigate a possible role of endoplasmic reticulum stress re-
sponse in the control of EGFR, ERBB2, TOB1, and CEBPB gene expres-
sions in U87MG glioblastoma cells under low glutamine conditions
we studied the impact of glutamine deprivation on the expression of
these genes in control glioblastoma cells (transfected by empty vec-
tor) and cells with ERN1 knockdown. As shown in Figure 1, the ex-
pression of EGFR mRNA does not significantly change in control glio-
blastoma cells after exposure to glutamine deprivation in comparison
with the cells growing in a complete DMEM medium. However, inhi-
bition of enzymatic activity of ERN1 signalling protein by dnERN1 is
enhanced the sensitivity of EGFR gene expression to this experimen-
tal condition. Thus, the level of this mRNA expression is increased by
27 % (p < 0.05) in cells without the enzymatic activities of the ERN1
signalling protein (Figure 1). Next, we investigated the effect of glu-
tamine deprivation on the expression of gene encoding ERBB2 with
inhibition of ERN1 function. As shown in Figure 2, the expression of
this gene is resistant to glutamine deprivation resulting in control
glioblastoma cells in comparison with no treated cells (control 1).
At the same time, ERN1 knockdown also increases the sensitivity of
ERBB?Z gene expression to glutamine deficiency (+21 %; Figure 2). We
also investigated the effect of glutamine deprivation condition on the
expression of TOB1 (transducer of ERBBZ2, 1) gene in U87MG glioblas-
toma cells with ERN1 knockdown.
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Figure 1: Effect of glutamine deprivation on the expression level of epidermal growth factor receptor (EGFR) mRNA in control U87 glioblastoma
cells (Vector) and cells with a blockade of the ERN1 (dnERN1) measured by qPCR. Values of this mRNA expression were normalized to beta-actin
mRNA level and represented as percent for control 1 (100%); n=4; *- p < 0.05 vs control 1; +- p < 0.05 vs control 2.
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Figure 2: Effect of glutamine deprivation on the expression level of erb-b2 receptor tyrosine kinase 2 (ERBB2) mRNA in control U87 glioblastoma
cells (Vector) and cells with a blockade of the ERN1 (dnERN1) measured by qPCR. Values of this mRNA expression were normalized to beta-actin
mRNA level and represented as percent for control 1 (100%); n=4; ***- p < 0.001 vs control 1; +- p < 0.05 vs control 2.
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As shown in Figure 3, the expression of this mRNA is up-regu-
lated in control glioblastoma cells treated by glutamine deprivation
(+27 %) and inhibition of enzymatic activities of ERN1 signalling pro-
tein significantly increased the sensitivity of TOBI mRNA expression
to glutamine deprivation (+65 %) in comparison with cells growing
with glutamine. We have also studied the effect of glutamine depriva-
tion on the expression of gene encoding transcription factor CEBPB
(CCAAT enhancer binding protein beta) in control and ERN1 knock-
down glioblastoma cells. As shown in Figure 4, exposure of control
glioblastoma cells under glutamine deprivation conditions leads to

150
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TOB1 expression, % of control 1

up-regulation of this mRNA expression (+17 %) in comparison with
control cells growing under conditions with glutamine. Furthermore,
the inhibition of ERN1 strongly induced the sensitivity of this gene
expression (+182 %) to glutamine deprivation in glioblastoma cells
(Figure 4). Thus, exposure of control glioblastoma cells under gluta-
mine deficiency affects the expression of CEBPB and TOB1 genes but
ERN1 knockdown significantly increases the sensitivity of all studied
gene expressions to glutamine deprivation conditions, especially the
CEBPB gene.
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Figure 3: Effect of glutamine deprivation on the expression level of transducer of ERBB2, 1 (TOB1) mRNA in control U87 glioblastoma cells
(Vector) and cells with a blockade of the ERN1 (dnERN1) measured by qPCR. Values of this mRNA expression were normalized to beta-actin
mRNA level and represented as percent for control 1 (100%); n=4; *- p < 0.05 and ***- p < 0.001 vs control 1; +++- p < 0.001 vs control 2.
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Figure 4: Effect of glutamine deprivation on the expression level of CCAAT enhancer binding protein beta (CEBPB) mRNA in control U87
glioblastoma cells (Vector) and cells with a blockade of the ERN1 (dnERN1) measured by qPCR. Values of this mRNA expression were normalized
to beta-actin mRNA level and represented as percent for control 1 (100%); n=4; *- p < 0.05 and ***- p < 0.001 vs control 1; +++- p <0.001 vs control 2.
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Discussion

In this work, we studied the effect of glutamine deprivation on the
expression of EGFR, ERBB2, TOB1, and CEBPB genes encoding import-
ant tumour-related factors in glioblastoma cells with the inhibition of
ERN1, the major signalling pathway of the unfolded protein response.
The results of our study clarify the possible mechanism of changed
sensitivity to glutamine deficiency of the expression of genes encod-
ing important factors associated with tumour growth in ERN1 knock-
down glioblastoma cells [11-13]. Thus, our results indicated that
ERN1, a major signalling pathway of unfolded protein response, con-
trols the sensitivity of all studied genes to glutamine supply in glio-
blastoma cells in a gene-specific manner and that the lower sensitivity
of the expression of EGFR, ERBB2, TOB1, and CEBPB genes in control

NS

Cells

TOB1

CEBPB

glioblastoma cells to glutamine deficiency is due to stress-mediated
polyresistance, in particular its ERN1 signalling pathway [13,29].
Results of this study summarized in Figure 5, clearly demonstrate the
differential effect of decreased glutamine level on the expression of
EGFR, ERBBZ2, TOB1, and CEBPB genes and ERN1-dependent charac-
ter of changes in their expression profile in glioblastoma cells under
glutamine deficiency in a gene-specific manner. These results are con-
sistent with previously obtained data on ERN1-mediated dependence
of many other gene expressions on glutamine deficiency [10-13].
Furthermore, we showed that the expression of tumour suppressor
TOB1 and especially multi-functional transcription factor CEBPB has
increased sensitivity to glutamine deficiency in glioblastoma cells
with inhibited enzymatic activities of ERN1 compared to control cells
(Figure 5).

Control NS ERBB2 +21% dnERN1 -.
UB7TMG UB7TMG \
Glioblastoma +27 % +65%  Glioblastoma

Cells
+182 %

Figure 5: Schematic demonstration of changes in the expression profile of EGFR, ERBB2, TOB1, and CEBPB genes in the control and ERN1
knockdown (dnERNT1) glioblastoma cells treated by glutamine deprivation; NS - no significant changes.

Thus, increased expression of tumour suppressor TOB1 and espe-
cially multi-functional transcription factor CEBPB, which exerts mul-
tiple biological functions and also has anti-proliferative properties,
agrees well with numerous data that inhibition of ERN1 suppresses
the proliferation of cancer cells [17,18,24-26,30-33,36]. This study
provides unique insights into the molecular mechanisms regulating
the expression of genes encoding important proteins related to tu-
mour growth in response to glutamine deprivation and their correla-
tion with inhibition of ERN1 activity and reduced cell proliferation
in cells harbouring dnERN1, attesting to the fact that endoplasmic
reticulum stress, as well as glutamine, is a necessary component of
malignant tumour growth and cell survival. Furthermore, our results
validate the tight interaction of endoplasmic reticulum stress signal-
ling pathway ERN1 with glutamine deprivation in gene expression
regulation of tumour growth-related proteins. However, the detailed
molecular mechanisms of ERN1-mediated dependence of gene ex-
pression on glutamine deficiency are not yet clearly defined and re-
quire further investigation.
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