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We have studied the glucose and glutamine deprivation effect on the expression of nuclear genes
encoding mitochondrial proteins in U87 glioma cells in relation to inhibition of inositol requiring
enzyme-1 (IRE1 ). It was shown that glutamine deprivation down-regulated the expression of mitochon-
drial (NADP")-dependent isocitrate dehydrogenase 2 (IDHZ2), malic enzyme 2 (MEZ2), mitochondrial
aspartate aminotransferase (GOT2), and subunit B of succinate dehydrogenase (SDHB) genes in control
glioma cells in gene specific manner. At the same time, the expression level of malate dehydrogenase 2
(MDHZ2) and subunit D of succinate dehydrogenase (SDHD) genes in these cells was not changed upon
glutamine deprivation. It was also shown that inhibition of IRE1 signaling enzyme function in U87 glio-
ma cells modified the glutamine deprivation effect on the expression of all studied genes. Furthermore,
the expression of the majority of studied genes was resistant to glucose deprivation, except IDH2 and
SDHB genes, which expression levels were slightly down-regulated. Inhibition of IRE1 modified the
effect of glucose deprivation on ME2, SDHB, SDHD, and GOT2 genes expression. Therefore, glucose and
glutamine deprivation affected the expression level of the majority of nuclear genes encoding mitochon-
drial proteins in relation to the functional activity of IRE1 enzyme, which is a central mediator of endo-
plasmic reticulum stress and controls cell proliferation and tumor growth.

Key words: glucose and glutamine deprivation, mitochondrial proteins, IRE1 inhibition,
U87 glioma cells.

Mitochondria are key organelles in
mammary cells in responsible for a number

factors and enzymes is responsible to glucose
and glutamine deprivation as well as to hypoxia

of cellular functions including cell survival
and energy metabolism and play an important
role in the regulation of tumor growth and
apoptosis through numerous metabolic
pathways [1-3]. The functional activity of
mitochondria is controlled through numerous
nuclear-encoded mitochondrial proteins
and most of these factors and enzymes are
responsible for metabolic reprogramming of
mitochondria in various diseases including
cancer [4—7]. Thus, the level in of mitochondria
associated apoptosis inducing factor 1 (AIFM1)
is significantly higher in carcinomas than in
normal tissues [1]. Moreover, the expression
of some nuclear genes encoded mitochondrial

[6, 8=10]. Therefore, expression of ENDOG
(endonuclease G), POLG (DNA directed
polymerase gamma), T'SFM (Ts mitochondrial
translational elongation factor), and MTIF2
(mitochondrial translational initiation factor
2) genes encode mitochondrial proteins, which
are related to the control of mitochondrial
genome function as well as to cell proliferation,
is affected by glucose or glutamine deprivation
and hypoxia preferentially in diverse ways [6,
9, 10]. Furthermore, ENDOG regulates an
integral network of apoptotic endonucleases,
which appear to act simultaneously before
cell death by destroying the host cell DNA
[11, 12]. It is well known that endoplasmic
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reticulum stress is a necessary component of
malignant tumors growth including malignant
gliomas, which are highly aggressive tumors,
and inhibition of IRE1 (inositol requiring
enzyme 1), which represents a dominant
signaling pathway of the unfolded protein
response, significantly decreases the glioma
growth [13—-16]. Previously was shown that
inhibition of IRE1 (inositol requiring enzyme 1),
which represents a dominant signaling
pathway of the unfolded protein response,
modifies regulation of ENDOG, POLG, TSFM,
and MTIF2 genes expression by glucose or
glutamine deprivations [10].

Mitochondrial NAD-dependent malic
enzyme (ME2) that catalyzes the oxidative
decarboxylation of malate to pyruvate is
a target of TP53 depletion of this enzyme
induces erythroid differentiation in
human erythroleukemia cells [17, 18].
Furthermore, malic enzyme 2 is highly
expressed in many solid tumors and its
knockdown inhibits cell proliferation and
induces cell death as well as suppresses
lung tumor growth in vivo [19]. Recently
was shown that embonic acid, a natural
compound, can specifically inhibit the
enzymatic activity of mitochondrial NADP"-
dependent malic enzyme and induce cellular
senescence [20]. The malate-aspartate
shuttle is indispensable for the net transfer
of cytosolic NADH into mitochondria to
maintain a high rate of glycolysis and to
support rapid tumor cell growth [21]. It
is operated by two pairs of enzymes that
localize to the mitochondria and cytoplasm,
glutamate oxaloacetate transaminases
(GOT), and malate dehydrogenases (M DH).
Acetylation of mitochondrial GOT2 enhances
the association between GOT2 and MDH?2
and promotes the net transfer of cytosolic
NADH into mitochondria and changes the
mitochondrial NADH/NAD" redox state
to support ATP production. Moreover,
GOT2 acetylation promotes pancreatic cell
proliferation and tumor growth in vivo [21].
Recently was shown that LW6, inhibitor
of MDH2, reduces cell proliferation and
apoptosis [22].

Succinate dehydrogenase (SDH) complex
is specifically involved in the oxidation of
succinate, carries electrons from FADH
to CoQ and is composed of four subunits.
The iron-sulfur subunit (SDHB) is highly
conserved and contains three cysteine-rich
clusters which may comprise the iron-sulfur
centers of the enzyme [23]. The oncogenic
role of this enzyme complex has only recently
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been recognized and the complex is currently
considered an important oncogenic signaling
pathway with tumor suppressor properties
[24, 25]. SDHB, as a central core subunit,
responsible for the integrity of the SDH
complex, the expression of SDHB is lost in all
SDH-deficient neoplasms irrespective of the
specific SDH subunit affected by a genetic
mutation in addition to concurrent loss of
the subunit specifically affected by genetic
alteration [23, 26].

The mitochondrial NADP*-dependent
isocitrate dehydrogenase (IDH?2)
catalyzes the conversion of isocitrate to
o-ketoglutarate and concomitantly produce
reduced NADPH from NADP". Mutations
in the genes encoding IDH1 and IDHZ2 have
recently been found in a variety of human
cancers, most commonly glioma, and acute
myeloid leukemia [27]. Expression of mutant
IDH impairs cellular differentiation in
various cell lineages and promotes tumor
development in cooperation with other
cancer genes, including the TET family
of 5’-methylcytosine hydroxylases, which
catalyze a key step in the removal of DNA
methylation, cohesin and CCCTC-binding
factor [27, 28]. Moreover, IDH2 mutations
promote glioma-genesis by disrupting
chromosomal topology and allowing aberrant
regulatory interactions that induce oncogene
expression [28]. Recently was shown that
IDH?2 plays an essential role protecting cells
against oxidative stress-induced damages
and that a deficiency in this enzyme leads
to mitochondrial dysfunction and the
production of reactive oxygen species in
cancer cells [29].

Malignant gliomas are highly aggressive
tumors with very poor prognosis and to date
there is no efficient treatment available. The
moderate efficacy of conventional clinical
approaches therefore underlines the need
for new therapeutic strategies. Glutamine
and glucose are important substrates for
glutaminolysis and glycolysis, which are
important to glioma development and a
more agressive behaviour [30—-32]. Recently
was shown that glioblastoma proliferation
under glutamine deprivation depends on
glutamate-derived glutamine synthesis
through glutamine synthetase activity,
which fuels nucleotide biosynthesis and
supports growth of glutamine-restricted
glioblastoma [33, 34]. A better knowledge
of tumor responses to glucose or glutamine
deprivation conditions is required to
elaborate therapeutical strategies of cell
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sensibilization, based on the blockade of
survival mechanisms [10, 35, 36].

The aim of this study was investigation
the effect of glucose or glutamine deprivation
conditions on the expression of nuclear genes
encoding mitochondrial enzymes ME2, MDH2,
GOT2, SDHB, SDHD, and IDHZ2, which
related to cell proliferation and apoptosis,
in glioma cells in relation to inhibition of
signaling enzyme IRE1.

Materials and Methods

Cell Lines and Culture Conditions. In this
study we used two sublines of U87 glioma
cells, which are growing in high glucose
(4.5 g/l) 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), streptomycin
(0.1 mg/ml; Gibco) and penicillin (100
units/ml; Gibco) at 37 °C in a 5% CO,
incubator. One subline was obtained by
selection of stable transfected clones with
overexpression of vector (pcDNAS3.1), which
was used for creation of dominant-negative
constructs (dnIRE1). This untreated subline
of glioma cells (control glioma cells) was
used as control 1 in the study of effects of
glucose or glutamine deprivations on the
expression level of MDH2, ME2, GOT2,
SDHB, SDHD, and IDH2 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 sensing and signaling
enzyme of endoplasmic reticulum stress. The
expression level of studied nuclear genes
encoded mitochondrial proteins in these
cells was compared with cells, transfected
by vector (control 1). The subline, which
overexpress dnlRE1, was also used as control
2 for investigation the effect of glucose or
glutamine deprivation conditions on the
expression level of studied in cells with
inhibited signaling enzyme IRE1 function.
Clones were received by selection at
0.8 mg/ml geneticin (G418) and grown
in the presence of this antibiotic at lower
concentration (0.4 mg/ml). Glucose and
glutamine deprivation conditions were
created by changing the complete DMEM
medium into culture plates on medium
without glucose or glutamine (from Gibco)
and plates were exposed to these conditions
for 16 h.

The suppression level of IRE1l both
enzymatic activity in glioma cells that
overexpress a dominant-negative construct
of inositol requiring enzyme-1 was estimated
previously [37] by determining the expression
level of XBP1 alternative splice variant
(XBP1s), a key transcription factor in IRE1
signaling, using cells treated by tunicamycin
(0.01 mg/ml during 2 hrs). Efficiency of
XBP1s inhibition was 95% . Moreover, the
proliferation rate of glioma cells with mutated
IRE1 is decreased in 2 fold [38]. Thus, the
blockade of both kinase and endoribonuclease
activity of signaling enzyme IRE1l has
significant effect on proliferation rate of
glioma cells.

RNA isolation. Total RNA was extracted
from glioma cells as previously described
[39]. 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. RNA concentration and spectral
characteristics were measured using
NanoDrop Spectrophotometer.

Reverse transcription and quantitative
PCR analysis. QuaniTect Reverse
Transcription Kit (QIAGEN, Hilden,
Germany) was used for cDNA synthesis as
described previously [37]. The expression
level of MDH2, ME2, GOT2, SDHB, SDHD,
and IDH2 mRNA were measured in glioma
cell line U87 and its subline (clone 1C5) by
real-time quantitative polymerase chain
reaction using “7900 HT Fast Real-Time PCR
System” (Applied Biosystems) or “Mx 3000P
QPCR” (Stratagene, USA) and Absolute qPCR
SYBRGreen Mix (Thermo Fisher Scientific,
ABgene House, Epsom, Surrey, UK).
Polymerase chain reaction was performed in
triplicate.

The amplification of c¢cDNA of the
mitochondrial malate dehydrogenase 2
(MDH2; EC _number=“1.1.1.37"”) was
performed wusing forward primer (5—
CCTGTTCAACACCAATGCCA —-3’) and reverse
primer (5'- GCCGAAGATTTTGTTGGGGT
—3’). These oligonucleotides correspond to
sequences 478 — 497 and 646 — 627 of human
MDH2 cDNA (GenBank accession number
NM_005918). The size of amplified fragment
is 169 bp.

For amplification of the mitochondrial
NAD"-dependent malic enzyme 2 (MEZ2; EC_
number=“1.1.1.38), also known as pyruvic-
malic carboxylase, cDNA we used next primers:
forward 5'— TTCTCTGTAACACCCGGCAT -3’
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and reverse 5~ TGGCCTTGTCTTCAGGTTCT
—3’. The nucleotide sequences of these primers
correspond to sequences 1695—-1714 and 1910—-
1891 of human ME2 ¢cDNA (GenBank accession
number NM_002396). The size of amplified
fragment is 216 bp.

The amplification of the succinate
dehydrogenase [ubiquinone] iron-sulfur
subunit, mitochondrial (SDHB; EC_
number=“1.3.5.1"), also known as succinate
dehydrogenase complex iron sulfur subunit
B, ¢cDNA for real time RCR analysis was
performed using two oligonucleotides
primers: forward — 55— AGAAAC-
TGGACGGGCTCTAC -3’ and reverse —
5~ TGTGGCAGCGGTATAGAGAG -3’.
The nucleotide sequences of these primers
correspond to sequences 684—703 and 884—-865
of human SDHB cDNA (GenBank accession
number NM 001161). The size of amplified
fragment is 201 bp.

For amplification of the succinate
dehydrogenase [ubiquinone] cytochrome b
small subunit, mitochondrial SDHD, also
known as succinate-ubiquinone reductase
membrane anchor subunit, cDNA we used
forward 5'- ATACACTTGTCACCGAGCCA -3’
and reverse 5'— CCCCAGTGACCATGAAGAGT
—3’ primers. The nucleotide sequences of these
primers correspond to sequences 229-248 and
401-382 of human SDHD c¢cDNA (GenBank
accession number NM_003002). The size of
amplified fragment is 173 bp.

The amplification of the glutamic-
oxaloacetictransaminase 2, mitochondrial
(GOT2; EC number=%“2.6.1.1"), also
known as kynurenine aminotransferase IV
(KAT4) and aspartate aminotransferase,
mitochondrial (mitAAT), cDNA into real
time RCR analysis was performed using
two oligonucleotides primers: forward —
5~ AACTAGCCCTGGGTGAGAAC -3’ and
reverse — 5'— CCTGTGAAGTCAAAACCGCA
—3’. The nucleotide sequences of these primers
correspond to sequences 461-480 and 707-688
of human GOT2 cDNA (GenBank accession
number NM_002080). The size of amplified
fragment is 247 bp.

For amplification of the isocitrate
dehydrogenase 2 (NADP"), mitochondrial
(IDH2; EC number=%“1.1.1.42"),
also known as oxalosuccinate
decarboxylase, ¢cDNA we used forward
5~ TGCTTCCAGTATGCCATCCA -3 and
reverse 5— TCATAGTTCTTGCAGGCCCA -3’
primers. The nucleotide sequences of these
primers correspond to sequences 867886 and
1099-1080 of human IDH2 cDNA (GenBank
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accession number NM_002168). The size of
amplified fragment is 233 bp.

The amplification of the beta-actin (ACTB)
¢DNA was performed using forward — 5'—
GGACTTCGAGCAAGAGATGG -3" and
reverse — 5 — AGCACTGTGTTGGCGTACAG
-3’ primers. These primers 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.

The primers were received from Sigma-
Aldrich (St. Louis, MO, USA). The quality
of amplification products was analyzed by
melting curves and by electrophoresis using
2% agarose gel. An analysis of quantitative
PCR was performed using special computer
program “Differential Expression Calculator”.
The values of ME2, MDH2, IDH2, SDHB,
SDHD, and GOT2 mRNA expressions were
normalized to the expression of beta-actin
mRNA and represented as percent of control 1
(100%).

Statistical analysis. All values are
expressed as mean * SEM from triplicate
measurements performed in 4 independent
experiments. Statistical analysis was
performed according to Student’s ¢-test using
Excel program as described previously [40].

Results and Discussion

We have studied the effect of glucose
or glutamine deprivation conditions on
the expression of nuclear genes encoded
mitochondrial proteins ME2, MDH2, GOT2,
SDHB, SDHD, and IDH2 in two sublines
of U87 glioma cells in relation to inhibition
of TIRE1 signaling enzyme, which is a major
component of the unfolded protein response.
It was shown that in control glioma cells
(transfected by empty vector) glutamine
deprivation condition significantly down-
regulates (—24%) the expression of nuclear
gene for mitochondrial malic enzyme 2, that
catalyzes the oxidative decarboxylation of
malate to pyruvate (Fiig. 1). Moreover, in cells
without functional activity of IRE1 signaling
enzyme the expression of this gene is down-
regulated (-60% ) upon complete DMEM and
is resistant to glutamine deprivation. At the
same time, glucose deprivation condition does
not change significantly the expression of ME2
gene in control glioma cells, but inhibition
of IRE1 signaling enzyme function leads to
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Fig. 1. Effect of glutamine and glucose depriva-
tions on the expression level of mitochondrial
malic enzyme 2 (ME2) mRNA in control U87 glio-
ma cells stable transfected with vector (Vector)
and cells with inhibited function of signaling
enzyme IRE1 (dnIRE1) measured by qPCR
Hereinafter values of ME2 mRNA expressions
were normalized to beta-actin mRNA
and represented as percent of control 1 (100%)
mean = SEM; NS — no significant changes
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Fig. 2. Effect of glutamine and glucose
deprivations on the expression level of
mitochondrial malate dehydrogenase 2 (MDH2)
mRNA in control U87 glioma cells stable
transfected with vector (Vector) and cells with
inhibited function of signaling enzyme IRE1
(dnIRE1) measured by qPCR

strong up-regulation of ME2 gene expression
upon glucose deprivation (+60%). Thus,
inhibition of IRE1 signaling enzyme function
in U87 glioma cells by dnIRE1 removes the
sensitivity of the expression of ME2 gene
to glutamine deprivation condition and
introduces sensitivity of this gene expression
to glucose deprivation condition (Fig. 1).

As shown in Fig. 2, the expression level
of malate dehydrogenase 2 (MDHZ2) gene
is resistant to in control glioma cells, but
inhibition of IRE1 signaling enzyme introduces
up-regulation of this gene expression (+27%)
upon glutamine deprivation. Moreover,
glucose deprivation condition does not change
significantly MDH2 gene expression in
both control and IRE1 knockout glioma cells
(Fig. 1). Thus, the IRE1 signaling enzyme
suppresses the sensitivity of MDH2 gene
expression to glutamine deprivation condition
only.

We have also studied the expression of
GOT2 gene, which encoded mitochondrial
glutamic-oxaloacetic transaminase 2. As
shown in Fig. 3, exposure the control glioma
cells upon glutamine deprivation condition
is strongly down-regulated the expression
of GOT2 gene in control glioma cells (—45%)
as compared to control cells, but glucose
deprivation does not significantly change
this gene expression in these glioma cells. At
the same time, inhibition of IRE1 signaling
enzyme in glioma cells removes the sensitivity
of this gene expression to glutamine
deprivation condition and introduces up-
regulation of this gene expression (+26%)
upon glucose deprivation. The expression
level of this gene in cells with inhibited IRE1
signaling enzyme function is significantly
down-regulated in the medium with glucose
and glutamine (—38% ; Fig. 3). Thus, inhibition
of IRE1 signaling enzyme modifies the effect
of glucose and glutamine deprivation on the
expression of GOT2 gene in U87 glioma cells.

We next investigated the effect of glucose
and glutamine deprivation conditions on
the expression of succinate dehydrogenase
[ubiquinone] iron-sulfur subunit (SDHB)
gene in control U87 glioma cells and cells
with inhibited function of signaling enzyme
IRE1L. As shown in Fig. 4, the expression level
of SDHB mRNA is down-regulated (-27%)
in control glioma cells treated by glutamine
deprivation condition; however, effect of
glucose deprivation condition on this gene
expression was slightly lesser (—=18%). In cells
with suppressed function of IRE1 signaling
enzyme the expression level of SDHB gene
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Fig. 3. Effect of glutamine and glucose deprivation
on the expression level of mitochondrial aspartate
aminotransferase (GOT2) mRNA in control U87
glioma cells stable transfected with vector
(Vector) and cells with inhibited function of
signaling enzyme IRE1 (dnIRE1) measured by
qPCR
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Fig. 4. Effect of glutamine and glucose deprivation
on the expression level of subunit B of succinate
dehydrogenase (SDHB) mRNA
in control U87 glioma cells stable transfected
with vector (Vector) and cells with inhibited
function of signaling enzyme IRE1 (dnIRE1)
measured by qPCR
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was resistant to both glucose and glutamine
deprivation conditions. Furthermore, the
inhibition of IRE1 signaling enzyme function
down-regulated the expression of this gene
in glioma cells growing with complete (with
glucose and glutamine) medium.

At the same time, the expression of
gene encoding other subunit of succinate
dehydrogenase, subunit D (succinate
dehydrogenase [ubiquinone] cytochrome b
small subunit) is resistant to both glucose and
glutamine deprivation conditions in control
U87 glioma cells as compared to control 1
(Fig. 5). However, inhibition of IRE1l
signaling enzyme function by drnIRE1l
introduces sensitivity of SDHD gene
expression to both glucose and glutamine
deprivation conditions in comparison with
the control 2 glioma cells: —31% upon glucose
deprivation condition and -15% upon
glutamine deprivation condition. As shown in
Fig. 5, the expression of this gene in glioma
cells growing in complete medium IRE1
knockdown down-regulates the expression of
SDHD gene (—38%).

Investigation of the expression of
IDH2 gene, which encodes mitochondrial
isocitrate dehydrogenase 2 (NADPY)
enzyme, shown that glutamine deprivation
condition significantly down-regulates
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Fig. 5. Effect of glutamine and glucose deprivation
on the expression level of subunit D of succinate
dehydrogenase (SDHD) mRNA
in control U87 glioma cells stable ttransfected
with vector (Vector) and cells with inhibited
function of signaling enzyme IRE1 (dnIRE1)
measured by qPCR
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this gene expression in control and IRE1
knockdown glioma cells: +44% and +56%,
correspondingly (Fig. 6). The expression of
IDH?2 gene is also down-regulated by glucose
deprivation condition in both types of used
glioma cells, but effect was significantly
lesser: +16% and +15%, correspondingly
(Fig. 6). Thus, inhibition of IRE1 signaling
enzyme function in U87 glioma cells by
dnIRE1 enhances effect of glutamine
deprivation condition and does not affected
the sensitivity of this gene expression to
glucose deprivation (Fig. 7). Next we studied
the effect of inhibition of IRE1 signaling
enzyme on the expression of IDH2 gene in
complete DMEM. As shown in Fig. 6, the
level of IDH2 mRNA expression is strongly
up-regulated (+262%) in glioma cells
without IRE1 signaling enzyme function
in comparison with the control glioma cells
(control 1).

Therefore, glutamine deprivation
suppresses the expression level of most
studied nuclear genes encoding important
mitochondrial enzymes (ME2, SDHB, IDH2,
and GOT?2) in control glioma cells. This data
agrees to the hypothesis that glutamine as
an important substrate for glutaminolysis
is necessary to glioma development and a
more agressive behaviour [31, 33, 34]. At
the same trime, we have shown that glucose
deprivation condition does not affect the
expression of ME2, MDH2, SDHD, and
GOT2 genes in control glioma cells. These
results support idea for the differential use
of glucose and glutamine in cell proliferation
[32]. Furthermore, the effect of glucose or
glutamine deprivation conditions on the
expression level of nuclear genes encoded all
studied mitochondrial proteins is depended
of IRE1 signaling enzyme function, except
MDH2 and IDHZ2 genes upon glucose
deprivation.

Moreover, inhibition of IRE1 signaling
enzyme function modifies the effect of
glucose and glutamine deprivations on the
expression level of these genes in gene specific
manner like many other previously studied
genes [41-43].

We have also shown that inhibition of
IRE1 signaling enzyme function down-
regulates the expression level of all studied
nuclear genes for mitochondrial proteins
except IDH2 gene and this data correlated
well with suppression of these glioma cell
proliferation [15, 16], because almost all of
these genes are highly expressed or mutated
in many solid tumors and their knockdown

400 P <0.001 L0001, 05
— 1

350

300

250

200 |

Relative mRNA expression, % of control 1

150

100

50 -

[ | #1."% § £
Control1 ' Glutamine | Glucose @ Control2 | Glutamine | Glucose
deprivation | deprivation deprivation | deprivation |

Vector dniIRE1
IDH2

Fig. 6. Effect of glutamine and glucose
deprivations on the expression level of
mitochondrial (NADP+)-dependent isocitrate
dehydrogenase 2 (IDH2) mRNA in control U87
glioma cells stable transfected with vector
(Vector) and cells with inhibited function of
signaling enzyme IRE1 (dnIRE1) measured by
qPCR
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Fig. 7. Comparative effect of glutamine and
glucose deprivations on the expression level
of IDH2 gene 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
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inhibits cell proliferation and induces cell
death [18-25]. Induction of IDH2 gene
expression in glioma cells with inhibited
IRE1 signaling enzyme argues with data
that IDH2 plays an essential role protecting
cells against oxidative stress-induced
damage and that a deficiency in this enzyme
leads to mitochondrial dysfunction and the
production of reactive oxygen species in
cancer cells [29]. It is possible that inhibition
of IRE1l signaling enzyme suppresses
oxidative phosphorylation in mitochondria
through down-regulation of ME2, MDH2,
SDHB, SDHD, and GOT2 genes expression
in glioma cells with native IRE1 signaling
enzyme. Thus, our results agree with data
[16-22, 24] that the suppression of IRE1
signaling enzyme function significantly
decreases the glioma cell proliferation
and that reduced level of ME2, MDH?2,
GOT2, SDHB, and SDHD genes expression
can contribute to regulation of cell death
processes and to suppression of glioma
cell proliferation upon inhibition of IRE1-
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IIPUTHIYEHHS IRE1 MOJU®PIKYE
BILJIUB JEDIIIATY [JIYTAMIHY
TA IT'JIFOKO3H1 HA EKCIIPECIIO ITEPHUX
TEHIB, III0 KOVIOTH
MITOXOH/IPIAJILHI [IPOTEIHH,
¥ KJITHHAX TJIIOMH JIHII U87
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MeTor po6oTHu 0yJI0 BUBUUTHU BILIUB He@iliu-
Ty TJIIOKO3U Ta IVIyTaMiHy Ha eKCIIPeciio A1epHUX
TeHiB, 1110 KOAYIOTh MiTOXOHApiaJlbHI IpoTeinu, y
KJiiTrHax ruiomu JiHii U87 3a ymMoB npurziueH-
HsHAa inositol requiring enzyme-1 — IRE1. IToka-
3aHO, IO Ae(illuT rayTaMiHy 3HUIKYE eKCIPeciio
rexie NADP"-3ane:xH0i MiToxouzapianbHoI igo0-
murparaerigporerasu 2 — IDH2, Majik eHsumy
2 — ME2, mitoxoHApianbHOI acmaprarami-
Hotpauchepasu GOT2 ra cybogunuiii B cyxkiuHa-
Taerigporenasu — SDHB y KOHTPOJbHUX TPaHC-
¢ikoBaHUX BEKTOPOM 0€3 BCTaBKU KJITHUH IJIioMu
renocrenudiuno. BogHouac piBeHb ekcipecii re-
HiB Masatgerigporenasu 2 —MDH2 ta cy6oquHI-
i D cyKnumHaTIeriiporeHa3m y mux KJIiTHHAX 3a
yMOB medinuTy riayTamMiHy iCTOTHO He 3MiHIOETH-
cA. BcTaHOBIIEHO TAKOMXK, IO IPUTHIYEHHA PYHK-
ii curmansuoro easumy IRE1 y kiaitTuaax ririomu
aiuii U887 mopudikye edperT gedinury riayraMminy
Ha eKCIIpeciio Bcix mociigskenux reHiB. Excrope-
cia GinmbIToCTi HOCHiAKeHUX TeHiB € Pe3UCTEeHT-
HOIO 0 YMOB He(iliuTy TJII0K031, 3a BUHATKOM
reHiB IDH2 i SDHB, piBeHb AKUX [eINI0 3HU-
sKyerbed. [Ipuraivenns IRE1 mogudikye edext
medinmuTy TIOKO3UW Ha eKcipeciio remis ME2,
SDHB, SDHD ta GOT2. Takum unHOM, Ae(imuTt
TJIIOKO3U Ta IJIyTaMiHy 3MiHIOE PiBeHb eKcIpecii
6inbIIOCTI AmepHUX TeHiB, N0 KOAYIOTH MiTo-
XOHIpiaJnbHI IpOTEiHM, 3aJeXKHO Bixg (GyHK-
mioHaapHOI akTuBHOCTI emsumy IRE1l, akwuii e
IEeHTPAJIbHUM MeAiaTOPOM CTPecy eHIOoIIIasMa-
TUYHOTO PETUKYJIyMa i KOHTPOJIIOE TPOIEeCU IIPO-
Jideparrii Ta pocTy IyXJauH.

Knwuosi crosa: nedinut riyramMiny Ta TJIIOKO-
31, MIiTOXOHJpiaJbHI HpPOTEIHM, NMPUTHIUEHHIA
IRE1, xaitunu raiomu Jrinii U8T.

YTHETEHHE IRE1 MOTHU®HUITIPYET
BJINSTHUE TE®HUITUTA TJIIOTAMAHA 1
TJIFOKO3BI HA DKCIIPECCHIO SITEPHBIX
TEHOB, KOTUPYIOIIAX
MHUTOXOHJIPHAJILHBIE IPOTENHBI, B
KJIETKAX TJINOMBI JINHUH U87

0. 0. Pacosort, ]T. O. I[umban’,
11. 0. Munuenxo!, O. 0. Pamywna®,
O.T. Munuenko!
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HanunoHa IbHbINA MEeIUIIUHCK U YHUBEPCUTET
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ITennio paboThI OBLIO UBYUUTE BAUAHUE Aedu-
IIUTAa TJII0OKO3bI U TIIOTAMUHA Ha 9KCIIPECCUIO ANep-
HBIX T€HOB, KOAUPYIOIUX MHUTOXOHAPUAILHBIE
MIPOTEWHBI, B KJIETKAX TJIMOMBI JuHuu U87T mpu
yraerenuu inositol requiring enzyme-1 — IRE1.
ITokaszaHo, UTO Ae(UIIUT IIOTAMHUHA CHUMKAET
9KCIIPECCHUIO TeHOB MUTOXOHApHaIbHOiI NADP™ -
3aBHUCUMOM U30IUTPaTIernAporeHassl 2 — IDH2,
MaJuK sH3uUMa 2 — ME2, MUTOXOHIPUATBHO
acmaprataMuHoTpaHchepassl GOT2 u cydonenu-
Huibl B cykmuuargerugporenassl — SDHB B
KOHTPOJBbHBIX TpaHCHEINPOBAHHBIX BEKTOPOM
0e3 BCTaBKHU KJETKAaX IJIMOMBI TeHOocHenupuue-
cKu. B TO Ke BpeMsA ypPOBEHb SKCIIPECCUU T'€HOB
Majgataeruaporetassl 2 —MDH2 u cy0Obe ITUHUIIBI
D cyxknuHaTIeruaporeHasbl B 9TUX KJIETKAX IPU
IeduInTe TIIOTAMUHA CYIIIeCTBEHHO He U3MEeHeT-
csi. YCTAaHOBJIEHO TaKJKe, UTO yrHeTeHre QYHKITNN
curHajbHoro susuMa IRE1 B Ki1eTKax riimoMsl Ji-
unu U87 moauduiiupyet apderT neduiiura riko-
TaMUHA Ha 9KCIPECCHUI0 BCeX M3YUEHHBIX T'€HOB.
JKcmpeccus GOIBITMHCTBA UCCIeTOBAHHBIX T€HOB
ABJISAETCSA PE3UCTEHTHON K Te(UITUTY TJII0KO3bI, 3a
uckarouenueM refos IDH2 u SDHB, njs KOTO-
PBIX OHA HECKOJILKO cHHU:KaeTcs. Yruerernue IRE1
B KJeTKax rinombl Juuauu U887 Mmomuduiupyer
a(deKT neduiuTa raroK03bI Ha 9KCIIPECCUI0 TeHOB
ME2, SDHB, SDHD u GOT2. Takum o6pasom,
Ie@UuIuT rII0KO03bI U IJII0TaMUHA U3MEHAET YPOo-
Be€Hb 9KCIpeccruy OOJIbIINHCTBA AJEePHBIX I'€HOB,
KOAUPYOITNX MUTOXOHIPHUAJIbHBIE IPOTENHEI, B
3aBUCUMOCTHU OT (QYHKIIMOHAJIbHON aKTUBHOCTH
susuma IRE1, KOTOpPBI# ABIsSETCS IeHTPATbLHBIM
MeInaTOPOM CTPecca SHIOILIa3MaTUYEeCKOTO PeTH-
KyJyMa 1 KOHTPOJUPYET MPOIlecChl Ipoudepa-
MU U POCTA OITyXOJIEH.

Knrwouesvie cnosa: nedunut riaoyraMuHa 1 TIIIOKO-

3bI, MUTOXOHJPHAJbHLIE IIPOTENHBI, YIHETEHNE
IRE1, xaerxu riimomsbl guuanu U8T.
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