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Glycolysis and glutaminolysis as well as endoplasmic reticulum stress are required for tumor progression
suggests through regulation of the cell cycle. Inhibition of ERN1/IREI (endoplasmic reticulum to nucleus
signaling 1/inositol requiring enzyme 1), a central mediator of endoplasmic reticulum stress, significantly
suppresses glioma cell proliferation and tumor growth as well as modifies sensitivity gene expressions to
glucose and glutamine deprivation. We have studied the expression of genes encoded transcription factors
such as E2F8 (E2F transcription factor 8), EPASI (endothelial PAS domain protein 1), HOXC6 (homeo-
box C6), TBX3 (T-box 3), TBX2 (T-box 2), GTF2F?2 (general transcription factor IIF), GTF2B (general
transcription factor IIB), MAZ (MYC-associated zinc finger protein, purine-binding transcription factor),
SNAI2 (snail family zinc finger 2), TCF3 (transcription factor 3), and TCF8/ZEBI (zinc finger E-box
binding homeobox 1)in U87 glioma cells upon glucose and glutamine deprivation in relation to inhibition
of IRE1.We demonstrated that glutamine deprivation leads to up-regulation of the expression of EPASI,
TBX3, GTF2B, and MAZ genes and down-regulation of E2F8, GTF2F2, TCF8, and TBX2 genes in control
glioma cells. At the same time, glucose deprivation enhances the expression of EPASI and GTF2B genes
and decreases of E2F8, HOXC6, TCF3, and TBX2 genes in these glioma cells. Inhibition of IREI by
dnIRE]1 significantly modifies the expression most of studied genes with different magnitude. Present study
demonstrates that fine-tuning of the expression of proliferation related transcription factor genes depends
upon glucose and glutamine deprivation in IRE1-dependent manner and possibly contributes to slower
tumor growth after inhibition of IRE1.
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INTRODUCTION

Multiple studies have clarified the link between
endoplasmic reticulum stress and cancer [1-4].
Malignant tumors use endoplasmic reticulum
stress response and its signaling pathways to
adapt and to enhance tumor cells proliferation
under stressful environmental conditions [5-7].
It is well known that activation of ERN1/IRE1
(endoplasmic reticulum to nucleus signaling 1/
inositol requiring enzyme 1) branch of the en-
doplasmic reticulum stress response is tightly
linked to apoptosis and to cell death, and sup-
pression of its function has been demonstrated

to result in significant anti-proliferative effect
in glioma growth [8-11]. Glucose and glutamine
are substrates for glycolysis and glutaminoly-
sis, which are important for tumor progression
through regulation of the cell cycle at distinct
stages [12, 13]. The activation of glycolysis
and glutaminolysis in cancer cells is tightly
regulated by the action of two ubiquitin ligases,
which control the transient appearance and
metabolic activity of the glycolysis-promoting
enzyme 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-3 (PFKFB3) and glutaminase 1
(GLS1), the first enzyme in glutaminolysis [12].
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Malignant gliomas are highly aggressive
tumors and to date there is no effective treatment
available. As solid tumors expand, oxygen and
nutrients become limiting owing to inadequate
vascularization. Glucose shortage associated
with malignant progression triggers apoptosis
through the endoplasmic reticulum unfolded
protein response [14]. Moreover, endoplasmic
reticulum stress is in part caused by reduced
glucose flux [14]. Thus, a better understanding
of tumor responses to glucose and glutamine
deprivations as well as to endoplasmic reticulum
stress is required to elaborate therapeutical
strategies of cell sensibilization, based on the
blockade of survival mechanisms [4, 14-18].

The endoplasmic reticulum is a key subcel-
lular structure in the response to different fac-
tors, which activate a complex set of signaling
pathways, named the unfolded protein response
and plays an important role in metabolic in-
tegration [5, 6, 19]. This adaptive response is
mediated by three interconnected endoplasmic
reticulum-resident sensors, but IRE1 is the most
evolutionary conversed and an important sensor
of the unfolded protein response to the accumu-
lation of misfolded proteins and represents a key
regulator of the life and death processes [1, 6, 7,
11]. The IRE1 enzyme contains protein kinase
and endoribonuclease activities. The protein
kinase of IRE1 responsible for autophosphoryla-
tion and controls some gene expressions [7, 20].
The IRE1 endoribonuclease activity is involved
in the degradation of a specific subset of mRNA
and also initiates the cytosolic splicing of the
pre-XBP1 (X-box binding protein 1) mRNA
whose mature transcript encodes a transcription
factor that stimulates the expression of numer-
ous unfolded protein response specific genes
[11,21-24].

Transcription factors are responded to di-
verse cellular stresses to regulate expression
of its target genes, thereby inducing cell cycle
control, proliferation, apoptosis, and senescen-
ce, especially in cancer [25-30]. E2F family of
transcription factors regulates various cellular
functions related to cell cycle and apoptosis and
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is strongly up-regulated in human hepatocellular
carcinoma, thus possibly contributing to hepato-
carcinogenesis [25, 26]. Moreover, there is data
that transcription factors E2F7 and E2F8 pro-
mote angiogenesis through transcriptional acti-
vation of VEGFA in cooperation with HIF1 [27].
The T-box transcription factors TBX3 and TBX2
play multiple roles in normal development and
disease by either repressing or activating tran-
scription of target genes in a context-dependent
manner and control the rate of cell proliferation
as well as mediate cellular signaling pathways
[28]. It was shown that TBX3 is a transcriptional
repressor and its overexpression is associated
with several cancers, but this transcription factor
may mediate the antiproliferative and promigra-
tory role of TGF-B1 in breast epithelial and skin
keratinocytes [29].

Transcription factor HOXC6 is a member
of a highly conserved homeobox family of
transcription factors that play an important role
in proliferation as well as in morphogenesis
and metastasis and regulates genes with both
oncogenic and tumor suppressor activities and
may contribute to the progression of gastric
carcinogenesis [30]. Recently was shown that
knockdown of endothelial PAS domain protein
1 (EPAS1), which also known as hypoxia-
inducible transcription factor-2alpha (HIF-2a),
as well as HIF-1a decreased cell proliferation
under normoxic as well as hypoxic conditions
in pulmonary vascular endothelial cells and
that EPAS1/HIF-2a and SOX9 regulate TUBB3
gene expression and affect ovarian cancer ag-
gressiveness [31]. Moreover, the expression of
EPASI] gene was significantly correlated with
tumor size, invasion, and necrosis as well as
with VEGF gene expression, which supported
the correlation of EPAS1 up-regulation with
tumor angiogenesis [32].

Recently was shown that genes encoded
transcription factors E2F8, HOXC6, EPASI,
and TBX3 are strongly depended from the
endoplasmic reticulum stress particularly its
IRE1 signaling pathway, because inhibition of
IREL1, especially its endoribonuclease activity,
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significantly affects all these gene expressions
and this deregulation of proliferation related
genes (suppression of pro-proliferative genes
E2F8, HOXC6, and EPASI and up-regulation of
transcription repressor gene 7BX3) correlates to
slower tumor growth [33].

The general transcription factor IIb (GTF2B)
is also overexpression in human hepatocel-
lular carcinoma and has a potential link to cell
proliferation [34]. There is data that the MYC-
associated zinc-finger protein MAZ is a purine-
binding transcription factor, which modulates
cell proliferation and metastasis through re-
ciprocal regulation of androgen receptor [35].
The transcriptional repressor SNAI2 (snail
family zinc finger 2), also known as SLUG, is
controlled invasion of colorectal cancer cells
[36]. Recently was shown that CUL4A induces
epithelial-mesenchymal transition and promotes
cancer metastasis by regulating the expression
of transcriptional repressor TCF8/ZEBI1 (zinc
finger E-box binding homeobox 1) [37].

The aim of this study was to investigate the
effects of glucose and glutamine deprivation on
the expression of genes encoded transcription
factors E2F8, EPAS1/HIF2A, HOXC6, TBX3,
TBX2, GTF2B, GTF2F2, MAZ, SNAI2, TCF3,
and TCF8/ZEB1, which participate in the regu-
lation of cell proliferation and invasion in U87
glioma cell line and its subline with IRE1 loss
of function for evaluation of possible signifi-
cance these genes in the control of tumor growth
through IRE1-mediated endoplasmic reticulum
stress signaling.

METHODS

The glioma cell line U87 (HTB-14) was obtained
from ATCC (USA) and grown in high glucose
(4.5 g/1) Dulbecco’s modified Eagle’s minimum
essential medium (DMEM; Gibco, Invitrogen,
USA) supplemented with glutamine (2 mM),
10% fetal bovine serum (Equitech-Bio, Inc.,
USA), penicillin (100 units/ml; Gibco, USA)
and streptomycin (0.1 mg/ml; Gibco) at 37°C
in a 5% CO, incubator. Glucose and glutamine
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deprivation conditions were created by changing
the complete DMEM medium into culture
plates on DMEM medium without glucose or
glutamine and plates were exposed to these
conditions for 16 h.

In this work we used two sublines of U87
glioma cells. One subline was obtained by
selection of stable transfected clones with
overexpression of vector (pcDNA3.1), which
was used for creation of dominant-negative
construct (dnIRE1). This untreated subline
of glioma cells was used as control (control
glioma cells) in the study of the effects of
glutamine and glucose deprivations on the
expression level of transcription factor E2FS,
EPASI, HOXC6,TBX3, TBX2, GTF2F2, GTF2B,
MAZ, SNAI2, TCF3, and TCF8/ZEBI genes.
Second subline was obtained by selection of
stable transfected clones with overexpression
of dnIRE1 and has suppressed both protein
kinase and endoribonuclease activities of this
bifunctional signaling enzyme of endoplasmic
reticulum stress. This cell subline is a gift from
prof. M. Moenner (France) [4]. Previously was
shown that these cells have low proliferation
rate and does not express XBP1 alternative
splice variant, a key transcription factor in
IRE1 signaling, after induction endoplasmic
reticulum stress by tunicamycin [6].The expre-
ssion level of the studied genes in these cells
upon glutamine and glucose deprivations was
compared with cells, transfected by vector
(control glioma cells).

Total RNA was extracted from glioma cells
using Trizol reagent according to manufacturer
protocols (Invitrogen, USA). The RNA pellets
were washed with 75 % ethanol and dissolved in
nuclease-free water. For additional purification
RNA samples were re-precipitated with 95 %
ethanol and re-dissolved again in nuclease-free
water.

QuaniTect Reverse Transcription Kit
(QIAGEN, Germany) was used for cDNA
synthesis according to manufacturer proto-
col. The expression level of E2FS8, EPASI,
HOXC6, TBX3, TBX2, GTF2F2, GTF2B, MAZ,
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SNAI2, TCF3, TCF8, and ACTB mRNA were
measured in U87 glioma cells by real-time
quantitative polymerase chain reaction (qPCR)
using Mx 3000P QPCR (Stratagene, USA) and
Absolute qPCR SYBRGreen Mix (Thermo
Fisher Scientific, ABgene House, UK) or semi-
quantitative reverse-transcription polymerase
chain reaction (RT-PCR) using“MasterCycler
Personal” (“Eppendorf”, Germany). Polymerase
chain reaction was performed in triplicate using
specific primers, which were received from
Sigma-Aldrich (USA).

For amplification of HOXC6 (homeobox
C6 transcription factor) cDNA we used next
forward and reverse primers: 5’- AAAAG
AGGAAAAGCGGGAAG-3’and (5-GGTCC
ACGTTTGACTCCCTA -3°, correspondingly.
The nucleotide sequences of these primers
correspond to sequences 772 — 791 and 963 — 944
of human HOXC6 ¢cDNA (GenBank accession
number NM _004503). The size of amplified
fragment is 192 bp. The amplification of EPASI
(endothelial PAS domain protein 1), also known
as hypoxia-inducible factor 2alpha (HIF-2a),
cDNA for real time RCR analysis was performed
using two oligonucleotides primers: forward —
5'- AAGCCTTGGAGGGTTTCATT-3" and
reverse — 5’ - TCATGAAGAAGTCCCGCTCT
—3’. The nucleotide sequences of these primers
correspond to sequences 788 — 807 and 1021
— 1002 of human EPAS1 ¢cDNA (GenBank
accession number NM_001430). The size of
amplified fragment is 234 bp. For amplification
of E2F8 (E2F transcription factor 8)cDNA
we used next forward and reverse primers:
5’— CCACCACAGCAAATATCGTF-3’ and
5’—= CTTTGGCCTCAGGTAATCCA -3°,
correspondingly. The nucleotide sequences
of these primers correspond to sequences 596
— 615 and 805 — 786 of human E2F8 cDNA
(GenBank accession number NM_024680).
The size of amplified fragment is 210 bp. For
amplification of TBX3 (T-box 3 transcriptional
repressor) cDNA we used forward (5-ACTGGG
GAACAGTFGATGTC-3" and reverse (5°—
TTCGGGGAACA AGTATGTCC-3") pri-
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mers. The nucleotide sequences of these
primers correspond to sequences 1551 — 1570
and 1729 — 1710 of human TBX3 cDNA
(GenBank accession number NM_005996).
The size of amplified fragment is 179 bp. For
amplification of TBX2 (T-box 2 transcriptional
factor) cDNA we used forward (5’— GGGAC
CAGTTCCACAAGCTA-3" and reverse (5’—
AAGCCGTFCTTGTCAGAGAT-3") primers.
The nucleotide sequences of these primers
correspond to sequences 625 — 644 and 943 —
924 of human TBX2 cDNA (GenBank accession
number NM_005994). The size of amplified
fragment is 319 bp. The amplification of GTF2F2
(general transcription factor IIF, polypeptide 2),
also known as ATP-dependent helicase GTF2F2
and transcription initiation factor RAP30, cDNA
for real time RCR analysis was performed
using two oligonucleotides primers: forward
- 5- GGAGTFTGGCTAGTCAAGGT-3’
and reverse — 5°- GCACTGACTGAAGCTG
GTTT-3". The nucleotide sequences of these
primers correspond to sequences 209 — 228 and
390 — 371 of human GTF2F2 cDNA (GenBank
accession number NM _004128). The size of
amplified fragment is 182 bp. For amplification
of GTF2B (general transcription factor 1IB), also
known as RNA polymerase II transcription factor
1IB, ¢cDNA we used forward (5’- TCTGTTG
TFTCTTGTTGCGG-3" and reverse (5°—
GTTCGCCATTCAGATCCCAC-3’) primers.
The nucleotide sequences of these primers
correspond to sequences 80 — 99 and 280 — 261
of human GTF2B c¢cDNA (GenBank accession
number NM_001514). The size of amplified
fragment is 201 bp. The amplification of MAZ
(MY C-associated zinc finger protein, purine-
binding transcription factor), also known as
serum amyloid A activating factor 1 (SAF-
1), cDNA for real time RCR analysis was
performed using two oligonucleotides primers:
forward — 5’- TCTACCACCTGAACCGAC
AC -3’ and reverse — 5’- TTTGAAGGGC
CGTTCTGTTG-3". The nucleotide sequences
of these primers correspond to sequences
1037 — 1056 and 1266 — 1247 of human
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MAZ c¢cDNA (GenBank accession number
NM _002383). The size of amplified fragment
is 230 bp. For amplification of transcription
factor SNAI2 (snail family zinc finger 2),
also known as neural crest transcription factor
SLUG, cDNA we used forward (5’— CCT
GGTTGCTTCAAGGACAC-3’ and reverse
(5’-AGCAGCCAGATTCCTCATGT-3’) pri-
mers. The nucleotide sequences of these pri-
mers correspond to sequences 765 — 784 and
968 — 949 of human SNAI2 cDNA (GenBank
accession number NM_003068). The size of
amplified fragment is 204 bp. The amplification
of transcriptional regulator TCF3 (transcription
factor 3), also known as E2A immunoglobulin
enhancer binding factors E12E47, ¢cDNA
was performed using forward primer (5°—
ACAAGGAGCTCAGTFACCTC-3’) and
reverse primer (5°—- CTGTFCGACTCAGTFA
AGTF-3"). These oligonucleotides correspond
to sequences 107 — 126 and 326 — 307 of human
TCF3 cDNA (GenBank accession number
NM_003200).The size of amplified fragment
is 220 bp. The amplification of transcription
repressor TCF8 (factor 8), also known as ZEB1
(zinc finger E-box binding homeobox 1), cDNA
for real time RCR analysis was performed using
two oligonucleotides primers: forward — 5°—
CAGGGAGGAGCAGTFAAAGA -3’ and
reverse — 5~ CTCTTCAGGTFCCTCAGGAA
—3°.The nucleotide sequences of these primers
correspond to sequences 209 — 228 and 438
— 419 of human TCF8/ZEB1 c¢cDNA (Gen-
Bank accession number NM_030751). The
size of amplified fragment is 230 bp. The
amplification of beta-actin (ACTB) cDNA was
performed using forward - 5’- GGACTTC
GAGCAAGAGATGG -3’ and reverse - 5’—
AGCACTGTFTTGGCGTACAG -3’ primers.
These primer nucleotide sequences correspond
to 747 —766 and 980 — 961 of human ACTB cDNA
(GenBank accession number NM_001101).
The size of amplified fragment is 234 bp. The
expression of beta-actin mRNA was used as
control of analyzed RNA quantity.

An analysis of quantitative PCR was perfor-
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med using special computer program Differen-
tial Expression Calculator. The values of the
expression of transcription factors E2F8, EPASI,
HOXC6, TBX3, TBX2, GTF2F2, GTF2B,
MAZ, SNAI2, TCF3, and TCF8 mRNA were
normalized to beta-actin mRNA expressions
and represent as percent of control (100 %).
Statistical analysis was performed according
to Student’s test using Excel program and
OriginPro 7.5 software. All values are expressed
as mean + SEM from triplicate measurements
performed in 4 independent experiments.

RESULTS

To test the effect of glutamine and glucose
deprivations on expression levels of different
transcription factor genes, strongly related
to both positive and negative control of cell
proliferation in relation to IRE1 signaling
enzyme function, we used the U87 glioma cell
sublines, which constitutively expresses vector
pcDNA3.1 (control cells) or dnIRE1 [10, 21].
Figure 1 demonstrates that glutamine depriva-
tion affects the expression of studied genes at
mRNA level: up-regulates the expression of
EPAS1 (+28 %), TBX3 (+26 %), MAZ (+22 %),
and GTF2B (+51 %) genes and down-regulates
of E2F8 (-50 %), TBX2 (-47 %), TCF8/ZEBI
(-16 %), and GTF2F2 (-27 %) gene expressions
as compared to control glioma cells growing
with glutamine. It is interesting to note that more
significant changes in the expression level were
shown for E2F8, TBX2, and GTF2B genes as
compared to other studied genes. At the same
time, the expression of HOXC6, SNAI2, and
TCF3 genes at mRNA level was resistant to
glutamine deprivation in control glioma cells.
We also analyzed the expression level of
genes encoded different transcription factors in
glioma cells upon glucose deprivation condition.
As shown in Figure 2, glucose deprivation up-
regulates the expression level of EPAST (+45 %) and
GTF2B (+16 %) genes only and down-regulates
of E2F8 (2.9 fold), TBX2 (-34 %), TCF3 (-22 %),
and HOXC6 (-15 %) gene expressions in control
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Figure 1. Effect of glutamine deprivation on the expression of transcription factor genes E2F8 (E2F transcription factor 8), EPAS1
(endothelial PAS domain protein 1), HOXC6 (homeobox C6), TBX3 (T-box 3), TBX2 (T-box 2), GTF2F2 (general transcription
factor IIF), GTF2B (general transcription factor I1IB), MAZ (MY C-associated zinc finger protein, purine-binding transcription
factor), SNAI2 (snail family zinc finger 2), TCF3 (transcription factor 3), and TCF§ in glioma cell line U87 measured by quantita-
tive PCR. Values of these gene expressions were normalized to beta-actin expression and represent as percent of control (vector,

100 %); mean + SEM; n =4; * — P < 0.05 as compared to control

glioma cells as compared to cells growing
with glucose. It is interesting to note that more
significant changes in the expression level were
shown for E2F8 and EPASI genes as compared
to other studied genes. At the same time, the
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expression of GTF2F2, TBX3, MAZ, SNAI2,
and TCF$§ genes at mRNA level was resistant
to glucose deprivation in control glioma cells.

We next studied how inhibition of IREI
modulates the effect of glutamine and glucose

T
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Figures 2. Effect of glucose deprivation on the expression of transcription factor genes E2F8, EPASI, HOXC6, TBX3, TBX2,
GTF2F2, GTF2B, MAZ, SNAI2, TCF3, and TCF8 in glioma cell line U87 measured by quantitative PCR. Values of these gene
expressions were normalized to beta-actin expression and represent as percent of control (vector, 100 %); mean = SEM; n = 4;

* — P < (.05 as compared to control
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deprivation on the expression of these genes
on mRNA level. As shown in Figure 3, the
expression of HOXC6 gene is resistant to
glutamine deprivation condition in both control
glioma cells and cells with knockdown IRE1.
However, the changes in the expression of genes
encoded transcription factor EPAS1, E2F8, and
TBX2 upon glutamine deprivation condition
is significantly different in control glioma and
cells with knockdown IRE1: for EPAS] in 8.6
fold, for E2F8 in 1.3 fold, and for TBX2 in 2.6
fold. Moreover, inhibition of IRE1 completely
abolishes the effect of glutamine deprivation on
the expression 7BX2 gene.

The results of comparative investigation
of the expression of GTF2F2, GTF2B, MAZ,
SNAI2, TCF3, and TCF8/ZEBI1 genes upon
glutamine deprivation in two types of glioma
cells are shown in Figure 4. Thus, the expression
of TCF3 gene is resistant to glutamine depriva-
tion condition in both control glioma cells
and cells with knockdown IRE1. At the same
time, glutamine deprivation down-regulates
the expression level of GTF2F2 gene in both
control glioma cells and in cells without IRE1
enzyme function, but these changes are similar

4001 P<0.001

350 ~

300 1

250 1

200 1

150 1

100 1

Relative mMRNA expression, % of control

50 1

(Figure 4). Moreover, inhibition of IRE1
creates sensitivity of SNAI2 gene to glutamine
deprivation and abolishes the effect of this
deprivation on the expression of MAZ gene
as well as enhances the effect of glutamine
deprivation on the expression of GTF2B (1.5
fold) and TCF8/ZEB1 (1.9 fold) genes.

We also studied the effect of inhibition of
IRE1 signaling enzyme on sensitivity of the
expression of transcription factor genes at mRNA
level to glucose deprivation in glioma cells. As
shown in Figure 5, the expression of TBX3 gene is
resistant to glucose deprivation condition in both
control glioma cells and cells with knockdown
IRE1. At the same time, glucose deprivation
down-regulates the expression level of TBX2
gene only in control glioma cells and inhibition
of IRE1 enzyme function abolishes the sensitivity
of this gene expression to glucose deprivation
(Figure 5). Moreover, the changes in the ex-
pression level of genes encoded transcription
factor E2F8, EPASI, and HOXC6 upon glucose
deprivation condition is significantly different in
control glioma and cells with knockdown IRE1:
for E2F8 in 2.1 fold, for EPASI in 5.9 fold, and
for HOXC6 in 2.5 fold.

NS

O.

Vector  dnIRE1 J Vector
Control E2F8 EPAS1

T — I - T
dnIRE1 ' Vector  dnIRE1

Vector ~ dnlRE1! Vector  dnIRE1
HOXC6 TBX3 TBX2

Glutamine deprivation
Figures 3. Comparative effect of glutamine deprivation on the expression of transcription factor genes E2F8, EPASI, HOXCG,
TBX3, and TBX2 in two types of glioma cells: control cells transfected by vector (Vector) and cells with a deficiency of the sig-
naling enzyme IRE1 (dnIRE1) measured by quantitative PCR. Values of these gene expressions were normalized to beta-actin
expression and represent as percent of corresponding control (both controls is accepted as 100 %); NS — no significant changes;

mean + SEM; n =4
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Figure 4. Comparative effect of glutamine deprivation on the expression of transcription factor genes GTF2F2, GTF2B, MAZ,
SNAI2, TCF3, and TCF8 in two types of glioma cells: control cells transfected by vector (Vector) and cells with a deficiency
of the signaling enzyme IRE1 (dnIRE1) measured by quantitative PCR. Values of these gene expressions were normalized to
beta-actin expression and represent as percent of corresponding control (both controls is accepted as 100 %); NS —no significant

changes; mean + SEM; n =4

Figure 6 contains the results of comparative
study the sensitivity of GTF2F2, GTF2B, MAZ,
SNAI2,TCF3, and TCF8/ZEBI gene expressions
to glucose deprivation in control glioma cells
and cells without IRE1 signaling enzyme
function. We have shown that the expression of
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condition in both control glioma cells and
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the expression of MAZ gene is also resistant
to glucose deprivation in both types of cells;
however, between these two groups there is
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Figures 5. Comparative effect of glucose deprivation on the expression of transcription factor genes E2F'8, EPAS1,HOXC6, TBX3,
and 7BX2 in two types of glioma cells: control cells transfected by vector (Vector) and cells with a deficiency of the signaling
enzyme IRE1 (dnIRE1) measured by quantitative PCR. Values of these gene expressions were normalized to beta-actin expres-
sion and represent as percent of corresponding control (both controls is accepted as 100 %); NS — no significant changes; mean

+SEM; n=4
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small but statistically significant differences
(Figure 6). We have also shown that inhibition of
IRE1 creates sensitivity of GTF2F2 and SNAI2
genes to glucose deprivation and enhances the
effect of this deprivation on the expression of
GTF2B gene (4.4 fold). Furthermore, inhibition
of IRE1 signaling enzyme does not change the
effect of glucose deprivation on the expression
TCF3 gene: -22 % in control glioma cells and
-20 % in IRE1 knockdown cells (Figure 6).

Thus, the expression almost all studied genes
encoded proliferation-related transcription
factors is affected by glutamine and glucose
deprivations and inhibition of IRE1 preferential-
ly modified sensitivity of these gene expressions
to glutamine and glucose deprivations.

DISCUSSION

Results of this study clearly demonstrated
that the expression levels of almost all tested
genes (E2FS8, EPASI, HOXC6,TBX3, TBX2,
GTF2F2, GTF2B, MAZ, SNAI2,TCF3, and
TCF8/ZEBI) encoding key proliferation-
related transcription factors, which are stress
responsible and participate in malignant tumor

200 1

P<0.01

180 A
160 A

140 -
120 - P<0.001

—

100 1
80 -
60 1
40 -

Relative mRNA expression, % of control

20 1

Control GTG2F2 GTF2B

P<0.05

growth, are affected by glucose and glutamine
deprivations through IRE1 signaling branch
of endoplasmic reticulum stress. Our results
are confirmed to data that glycolysis and
glutaminolysis are related to the control of
cell proliferation through regulation of cell
cycle and tumor suppressor genes [12, 38-40].
Recently we have shown that genes encoded
transcription factorsE2F8, HOXC6, EPASI,
and TBX3are strongly depended from the
endoplasmic reticulum stress particularly its
IRE1 signaling pathway, because inhibition of
IRE1, especially its endoribonuclease activity,
significantly affects all these gene expressions.
Furthermore, this deregulation of proliferation
related transcription factorgenes (suppression
of pro-proliferative genes E2F8, HOXC6,
and EPASI and up-regulation of transcription
repressor gene 7TBX3) strongly correlates to
down-regulation of glioma cell proliferation and
slower tumor growth [33].

In this study we have shown that both gluco-
se and glutamine deprivation gown-regulates
the expression level of E2F§ gene and that
inhibition of IRE1 signaling enzyme function
in U87 glioma cells more strongly decreases

P<0.01

g i i . 3 =
IVe(:tor dnlRE1" Vector dnIRE1" Vector anRE1IVector dnIRE1" Vector dnIRE1" Vector dnIRE1

MAZ SNAI2 TCF3 TCF8

Glutamine deprivation
Figure 6. Comparative effect of glucose deprivation on the expression of transcription factor genes GTF2F2, GTF2B, MAZ,
SNAI2, TCF3, and TCF$ in two types of glioma cells: control cells transfected by vector (Vector) and cells with a deficiency
of the signaling enzyme IRE1 (dnIRE1) measured by quantitative PCR. Values of these gene expressions were normalized to
beta-actin expression and represent as percent of corresponding control (both controls is accepted as 100 %); NS —no significant

changes; mean + SEM; n = 4
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E2F8 gene expression and observed down-
regulation correlate with suppression of this
gene expression and cell proliferation by IRE1
inhibition [33]. Thus, our results completely
argue to data Colombo et al. [12], which shown
that glucose and glutamine are required for
tumor progression through cell cycle control and
that deprivation of these substrates of glycolysis
and glutaminolysis have opposite effect. There is
also data that E2F8 creates complexes with other
members of E2F family of transcription factors
and coordinates various cellular functions
through the regulation of the expression of target
genes, thereby regulating cell cycle, apoptosis,
and angiogenesis, including transcriptional
activation of VEGFA in cooperation with HIF1
[25-27].

At the same time, both glutamine and
glucose deprivations lead to up-regulation of the
expression level of transcription factor EPAS1/
HIF-2a and inhibition of IRE1 enhances effect
of glutamine and glucose deprivation conditions
on this gene expression. The expression of
EPASI gene mediates numerous hypoxia-
induced processes including proliferation in
cell-specific manner is significantly correlated
with tumor size, invasion, and necrosis as well
as with VEGF gene expression, which supported
the correlation of EPAS1 up-regulation with
tumor angiogenesis [31, 32]. Moreover, EPASI
gene expression level is strongly down-regulated
in glioma cells harboring dnIRE1 [33]. Thus,
biological significance of increased expression
of EPASI gene upon glutamine and glucose
deprivation is not clear yet and warrants further
study.

We have also demonstrated that the expres-
sion of T-box transcription factor TBX3 is
elevated in glioma cells exposure to glutamine
deprivation condition, but is resistant to glucose
deprivation. Moreover, up-regulation of 7BX3
gene expression was observed in glioma cells
growing in regular medium (with glucose and
glutamine) when IRE1 function is inhibited [33\.
This increase of 7TBX3 gene expression by IRE1
inhibition as well as by glutamine deprivation

12

may contribute to the suppression of cell prolife-
ration and glioma growth of these cells, because
TBX3 is a transcriptional repressor, which
controls the rate of cell proliferation as well as
mediate cellular signaling pathways and high ex-
pression level of this gene was found in normal
human astrocytes [28, 30, 33]. At the same time,
transcription factor TBX3 plays multiple roles
in normal development and disease by either
repressing or activating transcription of target
genes in a context-dependent manner and it may
mediate the antiproliferative and pro-migratory
role of TGF-B1 in breast epithelial and skin
keratinocytes, but its overexpression is associ-
ated with several cancers [29]. Thus, increased
expression of TBX3 can mediate inhibition of
cell growth and could also contribute to the
suppression of glioma cells proliferation, since
it has pleiotropic functions. Transcription factor
TBX2 has preferentially opposite functions to
TBX3 and its expression is down-regulated upon
both glutamine and glucose deprivation pos-
sibly through IRE1 signaling pathway, because
inhibition of IRE1 abolishes sensitivity of this
gene expression to glutamine as well as glucose
deprivation condition. Thus, decreased expres-
sion of transcription factor TBX2 can mediate
inhibition of cell growth upon glutamine and
glucose deprivation.

CONCLUSIONS

Results of this study demonstrated that the
expression of almost all studied genes encoded
key proliferation-related transcription factors
is affected by glutamine and glucose depriva-
tion conditions in gene-specific manner and
that inhibition of IRE1, a central mediator
of endoplasmic reticulum stress response,
preferentially modified sensitivity of these
gene expressions to glutamine and glucose
deprivations and possibly contributes to
slower glioma growth. However, molecular
mechanisms of the regulation of proliferation-
related transcription factor genes by glutamine
and glucose deprivation through the endoplas-
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mic reticulum stress response pathways warrant
further investigation for clarification the role
of glycolysis and glutaminolysis in cancer pro-
gression as well as development new strategies
of anti-tumor therapy.

J.0. Humoéan, 1.0. Minuenko, I.B. Kpusaiok,
0.0. PsiooBoJ, O.B. I'aakin, O.0. Parymna,
O.I'. MinueHnko

EKCIPECISI TEHIB TPAHCKPUTILIITHAX
®AKTOPIB, 11O MAIOTH BITHOIIIEHHSI
JIO TIPOJII®EPAIIT, Y KJIITHHAX IJTIOMHA
JITHIT U87 3 MPUTHIYEHHUM IRE1 3A YMOB
JNE®IINUTY LIIOKO3U TA NTYTAMIHY

I'moko3a Ta riyTamiH, sIK 1 CTpec eHAOIUIa3MaTHYHOTO
pETHKYJIyMa, € HEOOXIAHUMHU Ul POCTY IYXJIMH, OCKIIBKH
OpUYETHI 10 perymsanii kiiTHHHOTO nukiy. [IpuraideHns
ERN1/IRE! (curnamioBaHHs BiJ €HIOMIa3MaTHIHOTO pe-
THKYJIyMa JI0 siApa 1/3aexxHuil Bi IHO3UTOITY €H3UM 1), 10
€ LIEHTPAJIbHUM MEiaTOPOM CTPECY €HJOIIa3MaTHYHOTO
peTHKyJIyMa, iICTOTHO HpPHUTHIYYy€e Ipoitidepariio KIITHH
[JIIOMH 1 PICT MyXJIMH, a TAaKOK MOAH(DIKye YyTIUBICThH
eKkcrpecii TeHIB 10 AediuuTy ITIOKO3U Ta IIyTaMiHy. Mun
BUBYAJIM EKCIIPECIIO TeHIB, 110 KOAYIOTh TaKi TPAaHCKPHIIIiiHI
(axropu, sixk E2F8 (E2F transcription factor 8), EPAS1 (endo-
thelial PAS domain protein 1), HOXC6 (homeobox C6), TBX3
(T-box 3), TBX2 (T-box 2), GTF2F2 (general transcription
factor 1IF), GTF2B (general transcription factor 1IB), MAZ
(MYC-associated zinc finger protein, purine-binding tran-
scription factor), SNAI2 (snail family zinc finger 2), TCF3
(transcription factor 3) Ta TCF8/ZEB1 (zinc finger E-box
binding homeobox 1) y kmitiaax raiomu ninii U87 3a ymoB
nediluTy TII0K03H Ta INIyTaMiHy 3aJIeXKHO Bijl NPUTHIYCHHS
IRE1. Hamu BcTaHOBIEHO, IO 32 YMOB Ie(IIUTY TIIyTaMiHy
CIIOCTEPIraEThCs MOCHIICHHS ekctipecii reniB EPASI, TBX3,
GTF2B ta MAZi 3amxeHHs excrpecii reHiB E2F8, GTF2F?2,
TCF$8 ta TBX2 y KOHTPOJIBbHHX KITITHHAX IJTioMH. BomHouac 3a
YMOB e(iIUTY ITIOKO3H 30LIBIIYEThCS PIBEHB EKCIIpecii T'eHiB
EPASI ta GTF2B i 3meniuyetscest - E2F8, HOXC6, TCF3 ta
TBX2 y nux xiituHax raiomu. [Ipuraidenss IRE1 3a momomo-
roto dnIRE1 cyTTeBO 3MiHIOE €KCIIPECi0 OLBIIOCTI AOCITiIKE-
HUX TEHIB, aJie o-pi3HoMy. Ll pobora nmpoxeMoHCTpyBana,
[0 eKCIIPECist TeHiB TPAHCKPHUIMIIHHUX (HaKTOpiB, [0 MAIOThH
BITHOIIIEHH 10 TIpotidepartii, 3MiHIOIOTBCS 32 YMOB JehinuTy
[JIFOKO3H Ta TyTaMiny 3anexHo Bix ¢pyHkuii IRE1 i mosxiu-
BO 3a/lisIHI Y 3HVDKCHHI IHTEHCHBHOCTI POCTY ITyXJIMH IiCIIs
npurHivenus IRE1.

Kirouosi cnosa: excnpeciss MPHK; Tpanckpumnmiiini dak-
TOPH; CTPEC E€HJOINIa3MaTHYHOI'0 PETHKYIyMa; MpUr-
nivenns IRE1; nedinut riroxos3n; nedinut rioyraMminy;
KIIITHHHU TJIIOMH.
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3KCIIPECCUS TEHOB
TPAHCKPUIIIIMOHHBIX ®AKTOPOB,
KOTOPBIE UMEIOT OTHOIIEHHME K
HHPOJIUPEPALIMH, B KIIETKAX I''IMOMbI
JINHUU U87 C YTHETEHHBIM IRE1 ITPHU
JAEOUINUTE ITTIOKO3bI U ITTYTAMWHA

['110K03a M TJTyTaMHH, KaKk ¥ CTPECC 9HIOIIIA3MaTHYECKOTrO
peTukyiayMa — HeoOXonumele (akTOpPhl POCTa OIyXOJeii,
HOCKOJIBKY OHH IIPUYACTHBI K PETYJISLUH KJIETOYHOTO LUKIIA.
Vruerenne ERN1/IRE] (CHrHAAuHT OT HIOIIA3MATH-
YECKOIr0 PEeTHKYJIyMa K siipy 1/3aBUCHMBIIl OT HHO3UTOJNA
9H3UM 1), 4TO SIBIISIETCS LEHTPAIBHBIM MEIUaTOPOMCTpecca
9H0ILIA3MaTHYECKOTO PETHKYIIyMa, CYILIECTBEHHO YTHETAeT
nponudeparuo KIETOK MIHOMBI U POCT OILyXOJIH, a TAKKe
MOJIU(UIHPYET 4yBCTBUTEIBHOCTh 3KCIIPECCHH TCHOB K
JeULKTY TII0KO3bI M IIyTaMHUHA. MBI H3y4alii 9KCIPECCUIO
[EHOB, YTO KOAMPYIOT TPAHCKPUMIHOHHBIE (akTopbl E2F8
(E2F transcription factor 8), EPAS1 (endothelial PAS domain
protein 1), HOXC6 (homeoboxC6), TBX3 (T-box 3), TBX2
(T-box 2), GTF2F2 (general transcription factor ITF), GTF2B
(general transcription factor I[IB), MAZ(MY C-associated zinc
finger protein, purine-binding transcription factor), SNAI2
(snail family zinc finger 2), TCF3 (transcription factor 3) u
TCF8/ZEBI (zinc finger E-box binding homeobox 1) B kiieTkax
rarombl inHuK U87 npu e ULuTe TIII0KO3bI U TITyTAMHHA B
3aBucumoctu ot yraerenus IRE1. Hamu ycranosneno, uto
1pH AeQUIUTE ITyTaMIHA OTMEYASTCs yCHIICHHUE 3KCIIPECCHH
reHoB EPASI, TBX3, GTF2B u MAZ w cawxenune — E2FS,
GTF2F2, TCF8 u TBX2 B KOHTPONBHBIX KJIETKaX IIIHOMBL B
TO XK€ BpeMsi, TP A(HIMTE IITFOKO3bI OTMEYACTCS YBEITHUCHHE
ypoBHs dkcnpeccun TeHOB EPASI m GTF2B u cHWXEHHE
— E2F8, HOXC6, TCF3 u TBX2 B 3TUX KJIETKaX TJIMOMBIL.
Vruerenne IRE1 ¢ nomortupio dnIRE| cymiecTBeHHO H3MEHsIET
9KCIIPECCHIO OOJIBIIMHCTBA MCCIEAOBAHHBIX I'€HOB, HO IO-
pazHOMy. DTa paboTa NPOAEMOHCTPUPOBAIIA, YTO IKCIPECCUS
I'€HOB TPAHCKPHUIIIIMOHHBIX (JAKTOPOB, YTO UMEIOT OTHOLLICHUE
K nponudeparuu, u3MeHseTcs Npu AePULUTE INIIOKO3bI U
riyTaMuHa B 3aBUCHMOCTH OoT ¢yHkuuu IRE1 n Bo3MOXHO
3a/1eiiCTBOBAHbI B CHIKCHIUH HHTEHCUBHOCTH POCTA OITyXO0JIeH
nocie yraerenus IREL.

Kirouessie cioBa: sxcnpeccuss MPHK; Tpanckpunmmonssie
(bakToOphI; CTpEecC IHAOMIA3BMATHYECKOTO PETUKYIYMa; yI-
Herenue IRE1; nedumuT rmoxo3sl; AeUIUT MTyTaMUHA;
KJICTKHU IJIHOMBI.
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