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We have studied the effect of hypoxia on the expression of nuclear genes encoding mitochondrial
proteins in US7 glioma cells under the inhibition of IREI (inositol requiring enzyme-1), which controls cell
proliferation and tumor growth as a central mediator of endoplasmic reticulum stress. It was shown that hypoxia
down-regulated gene expression of malate dehydrogenase 2 (MDH?2), malic enzyme 2 (ME2), mitochondrial
aspartate aminotransferase (GOT2), and subunit B of succinate dehydrogenase (SDHB) in control (transfected
by empty vector) glioma cells in a gene specific manner. At the same time, the expression level of mitochondrial
NADP-dependent isocitrate dehydrogenase 2 (IDH2) and subunit D of succinate dehydrogenase (SDHD)
genes in these cells does not significantly change in hypoxic conditions. It was also shown that the inhibition of
IREI signaling enzyme function in U87 glioma cells decreases the effect of hypoxia on the expression of ME2,
GOT2, and SDHB genes and introduces the sensitivity of IDH2 gene to hypoxia. Furthermore, the expression
of all studied genes depends on IREI-mediated endoplasmic reticulum stress signaling in gene specific
manner, because IRE] knockdown significantly decreases their expression in normoxic conditions, except
for IDH?2 gene, which expression level is strongly up-regulated. Therefore, changes in the expression level
of nuclear genes encoding ME2, MDH?2, IDH2, SDHB, SDHD, and GOT? proteins possibly reflect metabolic
reprogramming of mitochondria by hypoxia and IREI-mediated endoplasmic reticulum stress signaling and

correlate with suppression of glioma cell proliferation under inhibition of the IREI enzyme function.
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itochondria play an important role in the
M regulation of tumor growth and apoptosis

through numerous metabolic pathways
[1-3]. The functional activity of mitochondria is
controlled through numerous nuclear-encoded mi-
tochondrial proteins, and most of these factors and
enzymes are responsible for metabolic reprogram-
ming of mitochondria in cancer as well as in other
diseases [4-7]. Therefore, the level of mitochondria
associated apoptosis inducing factor 1 (AIFM1) is
significantly higher in carcinomas than in normal
tissues [2]. Hypoxia as an obligate factor of tumor
growth affects the expression of some nuclear genes
encoding mitochondrial factors and enzymes [5, 8,
9]. Thus, expression of ENDOG (endonuclease G),
POLG (DNA directed polymerase gamma), 7SFM
(Ts mitochondrial translational elongation factor),
and MTIF2 (mitochondrial translational initiation
factor 2) genes encoding mitochondrial proteins,
which are related to the control of mitochondrial
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genome function as well as to cell proliferation, is
affected by hypoxia in different ways [3, 5, 6]. Fur-
thermore, ENDOG regulates an integral network of
apoptotic endonucleases, which appear to act simul-
taneously before cell death by destroying the host
cell DNA [3, 10]. Endoplasmic reticulum stress is a
necessary growth component of malignant tumors,
including malignant gliomas, which are highly ag-
gressive 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 [11-15].
Previously it was shown that inhibition of IREI
(inositol requiring enzyme 1) which represents a
dominant signaling pathway of the unfolded protein
response, modifies hypoxic regulation of ENDOG,
POLG, TSFM, and MTIF?2 genes expression [5].
Mitochondrial NAD-dependent malic enzyme
(ME2) that catalyzes the oxidative decarboxylation
of malate to pyruvate is a target of TP53 depletion



O. H. Minchenko, O. O. Riabovol, D. O. Tsymbal et al.

of this enzyme, induces erythroid differentiation in
human erythroleukemia cells [16, 17]. Moreover,
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 [18]. Recently it was shown
that embonic acid, a natural compound, can specifi-
cally inhibit the enzymatic activity of mitochondrial
NADP*-dependent malic enzyme and induce cel-
lular senescence [19]. The malate-aspartate shut-
tle 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
[20]. It is done by two pairs of enzymes that locali-
ze to the mitochondria and cytoplasm, glutamate
oxaloacetate transaminases (GOT), and malate de-
hydrogenases (MDH). Acetylation of mitochondrial
GOT?2 enhances the association between GOT2 and
MDH2 and promotes the net transfer of cytosolic
NADH into mitochondria and changes the mito-
chondrial NADH/NAD" redox state to support ATP
production. Moreover, GOT2 acetylation promotes
proliferation of the pancreatic cell and tumor growth
in vivo [20]. It was recently shown that LW6, the in-
hibitor of MDH?2, reduces cell proliferation and apo-
ptosis [21].

The mitochondrial NADP*-dependent isoci-
trate dehydrogenase (IDH2) catalyzes the conversion
of isocitrate to a-ketoglutarate and concomitantly
produces reduced NADPH from NADP*. Muta-
tions in the genes encoding IDH1 and IDH2 have
recently been found in a variety of human cancers,
most commonly in glioma, acute myeloid leukemia
[22]. The expression of mutant IDH impairs cellular
differentiation in various cell lineages and promotes
tumor development jointly with other cancer genes
[22, 23]. Moreover, IDH2 mutations promote glioma
genesis by disrupting chromosomal topology and al-
lowing aberrant regulatory interactions that induce
oncogene expression [23]. Recently it was shown
that IDH2 plays an essential role in protecting cells
against oxidative stress-induced damage and this en-
zyme deficiency leads to mitochondrial dysfunction
and production of reactive oxygen species in cancer
cells [24].

Succinate dehydrogenase (SDH) complex
is specifically involved in the oxidation of succi-
nate, carries electrons from FADH to CoQ and is
composed of four subunits. The iron-sulfur subu-
nit (SDHB) is highly conserved and contains three
cysteine-rich clusters which may comprise the iron-

sulfur centers of the enzyme [25]. The oncogenic
role of this enzyme complex has only recently been
recognized and the complex is currently considered
an important oncogenic signaling pathway with tu-
mor suppressor properties [26, 27]. SDHB, as a cen-
tral core subunit, is responsible for the integrity of
the SDH complex, the expression of SDHB is lost in
all SDH-deficient neoplasms irrespective of the spe-
cific SDH subunit affected by a genetic mutation in
addition to concurrent loss of the subunit specifically
affected by genetic alteration [25, 28].

Malignant gliomas are highly aggressive tu-
mors with very poor prognosis, and to date there is
no efficient treatment available. The moderate effi-
cacy of conventional clinical approaches therefore
underlines the need for new therapeutic strategies.
Hypoxia is associated to glioma development and
locally induces an adaptive response which con-
fers to tumor cells an enhanced survival and a more
agressive behaviour. A better knowledge of tumor
responses to hypoxia is required to elaborate thera-
peutical strategies of cell sensibilization based on the
blockade of survival mechanisms [9, 29].

The aim of this study was investigation of the
effect of hypoxia on the expression of ME2, MDH?2,
IDH2, SDHB, SDHD, and GOT2 genes, which
related to cell proliferation and apoptosis, in glioma
cells in relation to inhibition of signaling enzyme
IREL

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 modi-
fied Eagle’s minimum essential medium (DMEM;
Gibco, Invitrogen, USA) supplemented with glu-
tamine (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 selec-
tion of stable transfected clones with overexpression
of vector (pcDNA3.1), which was used for creation
of dominant-negative constructs (dnIRE1). This un-
treated subline of glioma cells (control glioma cells)
was used as control 1 in the study of hypoxia ef-
fects on the expression level of MDH?2, IDH2, SDHB,
SDHD, ME2, and GOT2 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
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endoplasmic reticulum stress. The expression level
of the studied nuclear genes which encoded mito-
chondrial proteins in these cells was compared with
cells transfected by vector (control 1). The subline,
which overexpressed dnIRE1, was also used as con-
trol 2 for investigation of the effect of hypoxia con-
dition on the expression level of that studied in cells
with inhibited signaling enzyme IRE1 function.
Clones were obtained by selection with 0.8 mg/ml
geneticin (G418) and grown in the presence of this
antibiotic at lower concentration (0.4 mg/ml).

In experiments with hypoxia culture plates with
complete DMEM were exposed in a special chamber
with 3% oxygen, 92% nitrogen, and 5% carbon dio-
xide for 16 h.

The suppression level of IRE1 and enzy-
matic activity in glioma cells that overexpress a
dominant-negative construct of inositol requiring
enzyme-1 was estimated previously [30] by deter-
mining the expression level of XBP1 alternative
splice variant (XBP1s), a key transcription factor in
IREL1 signaling, using cells treated by tunicamycin
(0.01 mg/ml during 2 h). Moreover, the proliferation
rate of glioma cells with mutated IRE1 is 2-fold de-
creased [30]. Thus, the blockade of both kinase and
endoribonuclease activity of signaling enzyme IREI
has a significant effect on proliferation rate of glioma
cells.

RNA isolation. Total RNA was extracted from
glioma cells as described in [31]. The RNA pellets
were washed with 75% ethanol and dissolved in nu-
clease-free water. For additional purification RNA
samples were re-precipitated with 95% ethanol and
re-dissolved again in nuclease-free water. RNA con-
centration and spectral characteristics were measu-
red using NanoDrop Spectrophotometer.

Reverse transcription and quantitative PCR
analysis. QuaniTect Reverse Transcription Kit (QIA-
GEN, Hilden, Germany) was used for cDNA synthe-
sis as described previously [30]. The expression level
of ME2, MDH2, IDH2, SDHB, SDHD, and GOT?2
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
gPCR SYBRGreen Mix (Thermo Fisher Scientific,
ABgene House, Epsom, Surrey, UK). Polymerase
chain reaction was performed in triplicate.

For amplification of the mitochondrial NAD*-
dependent malic enzyme 2(ME2; EC 1.1.1.38), also
known as pyruvic-malic carboxylase, cDNA we used
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next primers: forward S-TTCTCTGTAACACCCG-
GCAT-3' and reverse 5S-TGGCCTTGTCTTCAG-
GTTCT-3". The nucleotide sequences of these
primers correspond to sequences 1695-1714 and
1910-1891 of human ME2 ¢cDNA (GenBank acces-
sion number NM_002396). The size of amplified
fragment is 216 bp.

The amplification of cDNA of the mitochon-
drial malate dehydrogenase 2 (MDH2; EC 1.1.1.37)
was performed using forward primer (5'-CCT-
GTTCAACACCAATGCCA-3') and reverse primer
(5'-GCCGAAGATTTTGTTGGGGT-3'). These
oligonucleotides correspond to sequences 478—497
and 646—627 of human MDH2 ¢cDNA (GenBank ac-
cession number NM_005918). The size of amplified
fragment is 169 bp.

For amplification of the isocitrate dehydroge-
nase 2 (NADP"), mitochondrial (IDH2; EC 1.1.1.42),
also known as oxalosuccinate decarboxylase, cDNA
we used forward 5-TGCTTCCAGTATGCCATC-
CA-3' and reverse 5~-TCATAGTTCTTGCAGGC-
CCA-3' primers. The nucleotide sequences of these
primers correspond to sequences 867-886 and 1099—
1080 of human IDH2 ¢DNA (GenBank accession
number NM_002168). The size of amplified frag-
ment is 233 bp.

The amplification of the succinate dehydroge-
nase [ubiquinone] iron-sulfur subunit, mitochondrial
(SDHB; EC 1.3.5.1), also known as succinate dehy-
drogenase complex iron sulfur subunit B, cDNA for
real time RCR analysis was performed using two oli-
gonucleotides primers: forward — 5-AGAAACTG-
GACGGGCTCTAC-3" and reverse — 5-TGTG-
GCAGCGGTATAGAGAG-3". The nucleotide
sequences of these primers correspond to sequences
684—703 and 884—865 of human SDHB cDNA (Gen-
Bank accession number NM_001161). The size of
amplified fragment is 201 bp.

For amplification of the succinate dehydroge-
nase [ubiquinone] cytochrome b small subunit, mito-
chondrial (SDHD), also known as succinate-ubiqui-
none reductase membrane anchor subunit, cDNA we
used forward S-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 cDNA (GenBank accession number
NM_003002). The size of amplified fragment is
173 bp.

The amplification of the glutamic-oxaloacetic
transaminase 2, mitochondrial (GOT2; EC 2.6.1.1),
also known as kynurenine aminotransferase 1V
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(KAT4) and aspartate aminotransferase, mitochon-
drial (mitAAT) cDNA into real time RCR analysis
was performed using two oligonucleotides primers:
forward — 5~AACTAGCCCTGGGTGAGAAC-3'
and reverse — 5—-CCTGTGAAGTCAAAACCG-
CA-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 B-actin (ACTB) cDNA
was used forward — 5-GGACTTCGAGCAAGA-
GATGG-3' and reverse — 5-AGCACTGTGTTG-
GCGTACAG-3' primers. These primers nucleotide
sequences correspond to 747-766 and 980-961 of
human ACTB cDNA (GenBank accession num-
ber NM_001101). The size of amplified fragment is
234 bp. The expression of B-actin mRNA was used
as control of analyzed RNA quantity. The primers
were received from Sigma-Aldrich (St. Louis, MO,
USA).

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 “Dif-
ferential expression calculator”. The values of ME2,
MDH?2, IDH2, SDHB, SDHD, and GOT2 mRNA
expressions were normalized to the expression of
B-actin mRNA and represented as percent of con-
trol 1 (100%).

Statistical analysis. All values are expressed
as mean + SEM from triplicate measurements per-
formed in 4 independent experiments. Statistical
analysis was performed according to Student’s #-test
using Excel program as described previously [32].

Results and Discussion

We have studied the effect of hypoxia on the
expression of nuclear genes encoding mitochondrial
proteins ME2, MDH2, IDH2, SDHB, SDHD, and
GOT2 in two sublines of U87 glioma cells in relation
to inhibition of IRE1 signaling enzyme, which is a
major component of the unfolded protein response.
It was shown that in control glioma cells (transfected
by empty vector) hypoxia significantly down-regu-
lates (-40%) the expression of nuclear gene for mito-
chondrial malic enzyme 2, that catalyzes the oxida-
tive decarboxylation of malate to pyruvate (Fig. 1).
Moreover, in cells without functional activity of
IREI1 signaling enzyme the expression of this gene
is also decreased by hypoxia (-23%). Furthermore,

the inhibition of IREI signaling enzyme function
in U87 glioma cells by dnIREI leads to significant
down-regulation of ME2 gene expression (-60%) in
normoxic conditions in comparison with the control
glioma cells (Fig. 1).

As shown in Fig. 2, the expression level of
malate dehydrogenase 2 (MDH?2) gene is also de-
creased in control glioma cells treated by hypoxia
(-17%), but in glioma cells with suppressed activity
of IRE1 signaling the enzyme hypoxia does not sig-
nificantly change the expression level of this gene.
We also studied the effect of IRE1 inhibition on the
expression of this gene in normoxic conditions. It
was also shown that inhibition of IRE1 signaling en-
zyme has strongly decreased (-48%) the expression
level of MDH2 mRNA in glioma cells in normo-
xic conditions as compared to control glioma cells
(Fig. 2).

Investigation of the expression of /DH2 gene,
which encodes mitochondrial isocitrate dehydroge-
nase 2 (NADP") enzyme, has shown that hypoxia
does not affect this gene expression in control glio-
ma cells, but inhibition of IRE1 signaling enzyme
function in U87 glioma cells by dnIREl leads to
significant down-regulation of /DH2 gene expres-
sion (-50%) by hypoxia (Fig. 3). Thus, the inhibition
of IRE1 introduces sensitivity of this gene expres-
sion to hypoxia in U87 glioma cells. Next we studied
the effect of inhibition of IREI signaling enzyme on
the expression of /DH2 gene in normoxic conditions.
As shown in Fig. 3, the level of IDH2 mRNA ex-
pression is strongly up-regulated (+262%) in glioma
cells without IREI signaling enzyme function in
comparison with the control glioma cells.

We next investigated the effect of hypoxia on
the expression of succinate dehydrogenase [ubiqui-
none] iron-sulfur subunit (SDHB) gene in control
U87 glioma cells and cells with inhibited function
of signaling enzyme IREIl. As shown in Fig. 4, the
expression level of SDHB mRNA is down-regulated
(-37%) in control glioma cells treated by hypoxia.
In cells with suppressed function of IRE1 signaling
enzyme hypoxia the level of SDHB gene expres-
sion also decreases in comparison with the control 2
glioma cells, but the effect of hypoxia in these cells
was significantly reduced (-16%). Furthermore, the
expression of this gene is also down-regulated in
normoxic conditions by inhibition of signaling en-
zyme IRE1 function (-32%) as compared to control
glioma cells.

It was also shown that hypoxia introduces small
but statistically significant decreases of the expres-
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Fig. 1. Effect of hypoxia (3% oxygen — 16 h) on the
expression level of mitochondrial malate dehydro-
genase 2 (ME2)mRNA in control U87 glioma cells
stably transfected with vector (Vector) and cells
with inhibited function of signaling enzyme IREI
(dnIREI1) measured by qPCR. Values of ME2 mRNA
expressions were normalized to f-actin mRNA and
represented as percent of control 1 (100%); mean +
SEM; n =4

sion of succinate dehydrogenase [ubiquinone] cyto-
chrome b small subunit gene (-14%) in control U87
glioma cells as compared to control 1 (Fig. 5). At the
same time, the inhibition of IRE1 signaling enzyme
function by dnIRE1 eliminates hypoxic regulation
of this gene expression in comparison with the con-
trol 2 glioma cells. As shown in Fig. 5, the expres-
sion of SDHD gene in normoxic conditions is down-
regulated (-32%) in cells with IRE1 knockdown as
compared to control glioma cells.

Investigation of GOT2 gene, which encoded
mitochondrial glutamic-oxaloacetic transaminase 2,
has shown significant down-regulation by hypoxia
in control glioma cells as compared to control cells
(-46%; Fig. 6). Furthermore, hypoxia also decreases
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the expression level of this gene (-36%) in cells with
inhibited IRE1 signaling enzyme function. There-
fore, the inhibition of IRE1 slightly decreases the
effect of hypoxia on the expression of GOT2 gene
in U87 glioma cells. Moreover, the inhibition of
IRE1 signaling enzyme function in glioma cells by
dnIRE]1 leads to significant down-regulation (-38%)
of this gene expression in normoxic conditions
(Fig. 6). Thus, hypoxia and inhibition of IRE1 have
unidirectional and approximately similar effects on
the expression of GOT2 gene in U87 glioma cells in
the normoxic and hypoxic conditions.

Therefore, the effect of hypoxia on the expres-
sion level of nuclear genes encoding all studied
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Fig. 2. Effect of hypoxia (3% oxygen — 16 h) on the
expression level of malate dehydrogenase 2 (MDH?2)
mRNA in control US7 glioma cells stably transfec-
ted with vector (Vector) and cells without signaling
enzyme IREI function (dnIREI) measured by gPCR.
Values of MDH2 mRNA expressions were normali-
zed to f-actin mRNA expression and represented as
percent of control 1 (100%); mean + SEM; n = 4
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Fig. 3. Effect of hypoxia (3% oxygen — 16 h) on the
expression level of mitochondrial isocitrate dehy-
drogenase 2 (NADP*; IDH2) mRNA in control US7
glioma cells stably transfected with vector (Vector)
and cells without function of signaling enzyme IRE]
(dnIREI1) measured by gPCR. Values of IDH2 mRNA
expressions were normalized to p-actin mRNA ex-
pression and represented as percent of control 1
(100%); mean £ SEM; n = 4

mitochondrial proteins depends on IRE1 signaling
enzyme function, because the inhibition of IRE1 sig-
nificantly modifies hypoxic regulation of these gene
expressions: eliminates effect of hypoxia on the ex-
pression of MDH?2 and SDHD genes (Fig. 2 and 5)
and introduces sensitivity to hypoxia of /[DH2 gene
(Fig. 3). Moreover, as shown in Fig. 7, the effect of
hypoxia on the expression level of ME2, SDHB, and
GOT2 mRNA in glioma cells is significantly sup-
pressed by the inhibition of IREI signaling enzyme
function.

In this study we have shown that hypoxia sig-
nificantly suppresses the expression of most studied
nuclear genes encoding mitochondrial proteins, key

mitochondrial enzymes in U87 glioma cells, and
that the inhibition of IREI signaling enzyme func-
tion modifies the effect of hypoxia on the expres-
sion level of these genes in gene specific manner like
many other previously studied genes, including nu-
clear genes for mitochondrial proteins [5, 8, 33-35].
It is possible that hypoxia suppresses oxidative phos-
phorylation in mitochondria and as a consequence —
down-regulation of ME2, MDH2, SDHB, SDHD, and
GOT?2 genes expression in glioma cells with native
IRE1 signaling enzyme.

We have also shown that inhibition of IRE1
signaling enzyme function down-regulates the ex-
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Fig. 4. Effect of hypoxia (3% oxygen — 16 h) on
the expression level of succinate dehydrogenase
[ubiquinone] iron-sulfur subunit (SDHB) mRNA in
control US7 glioma cells stably transfected with vec-
tor (Vector) and cells without function of signaling
enzyme IREIl (dnlREI) measured by qPCR. Values
of SDHB mRNA expressions were normalized to
[-actin mRNA expression and represented as per-
cent of control 1 (100%); mean = SEM; n = 4
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Fig. 5. Effect of hypoxia (3% oxygen — 16 h) on the ex-
pression level of succinate dehydrogenase [ubiqui-
none| cytochrome b small subunit (SDHD) mRNA in
control US7 glioma cells stably transfected with vec-
tor (Vector) and cells without function of signaling
enzyme IREI (dnIREI) measured by gPCR. Values
of SDHD mRNA expressions were normalized to
[-actin mRNA expression and represented as per-
cent of control 1 (100%); mean + SEM; n = 4

pression level of all studied nuclear genes for mi-
tochondrial proteins except for /DH?2 gene and this
data correlated well with suppression of prolifera-
tion of these glioma cells [14, 15], because almost
all of these genes are highly expressed or mutated in
many solid tumors and their knockdown inhibits cell
proliferation and induces cell death [18-22, 26, 27].
Induction of IDH2 gene expression in glioma cells
with inhibited IREI signaling enzyme argues with
the data that IDH2 plays an essential role protecting
cells against oxidative stress-induced damage and
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that this enzyme deficiency leads to mitochondrial
dysfunction and production of reactive oxygen spe-
cies in cancer cells [24].

Moreover, we have also shown that the inhi-
bition of IREI signaling enzyme function modifies
the hypoxic regulation of these gene expressions in
glioma cells except for GOT2 gene. Thus, the effect
of hypoxia on the expression level of ME2 and SDHB
genes was significantly lesser in glioma cells with-
out IRE1 signaling enzyme function as compared to
control glioma cells. At the same time the inhibition
of the function activity of IREI signaling enzyme
completely eliminates the hypoxic regulation of ex-
pression of MDH2 and SDHD genes in glioma cells,
but introduces sensitivity to hypoxia of the expres-
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Fig. 6. Effect of hypoxia (3% oxygen — 16 h) on the
expression level of mitochondrial glutamic-oxalo-
acetic transaminase 2 (GOT2) mRNA in control
US87 glioma cells stably transfected with empty vec-
tor (Vector) and cells without function of signaling
enzyme IREIl (dnIREI) measured by qPCR. Values
of GOT2 mRNA expressions were normalized to
[-actin mRNA expression and represented as per-
cent of control 1 (100%); mean = SEM; n = 4
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Fig. 7. Effect of hypoxia (3% oxygen — 16 h) on the expression level of ME2, SDHB, and GOT2 mRNA in control
US87 glioma cells stably transfected with empty vector (Vector) and in cells without function of signaling enzyme
IREI (dnIREI) measured by gPCR. Values of ME2, SDHB, and GOT2 mRNA expressions were normalized to
p-actin mRNA expression and represented as percent of corresponding control (100%); mean = SEM; n = 4

sion of /DH?2 gene. It is possible that hypoxic regu-
lation of ME2, MDH2, GOT2, SDHD, SDHB, and
IDH?2 genes is realized through multiple signaling
pathways, and IREI plays an ancillary role. Thus,
our results agree with data of [16-21, 26] that the
suppression of IRE1 signaling enzyme function sig-
nificantly decreases the glioma cell proliferation and
that reduced level of ME2, MDH2, GOT2, SDHB,

and SDHD genes expression can contribute to regu-
lation of cell death processes and to suppression of
glioma cell proliferation upon inhibition of IREI-
mediated endoplasmic reticulum stress signaling.
However, the functional significance of changes in
ME2, MDH?2, GOT2, SDHD, SDHB, and IDH2 gene
expressions and prospective studies are still to be
confirmed.
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Hamu  jgocnijpkyBaBCsi — BIUIMB — TIMOKCIi
Ha eKCIPECil0 SJAEPHUX TEHiB, L0 KOAYIOThH
MITOXOH/IpiaibHI TPOTEIHHW, y KIITHHAX TIIIOMHU
ninii U87 3a ymoB npurnidenHs IRE1 (inositol-
requiring-enzyme-1), AKMH €  LEHTPAJIbHUM
MEIIaTopoOM CTPECy eHJOIUIa3MaTHIHOTO pPEeTH-
KyJyMa 1 KOHTPOJIIOE IpolecH mpodideparii Ta
pocty nyxuuH. [lokazaHo, IO TiMOKCis 3HUXKY-
BaJla eKCIPECil0 TeHIB MaJaTAeriaporeHasu 2
(MDH?2), manikenzumy 2 (ME2), MiTOXOHIpiaIbHOT
acnaprataminoTpanchepasu (GOT2) Tta cybomu-
muni B cykmunataerinporenasu (SDHB) y KoH-
TPOJIBHUX (TpaHc(]iKOBaHMX BEKTOPOM 0€3 BCTaB-
KH) KIITHH TIiOMH TeHocnenudivHo. Y Toi
camuii yac piBeHb ekcrpecii reHiB NADP*-3anex-
HOI MITOXOHJPiaJIbHOI 130LUTpATACTiApOreHasu 2
(IDH2) ta cybonunuiii D cyKiuHaTAEriAporeHasu
(SDHD) y uux KJIITHHaXx B YyMOBax TiloOKcii
ICTOTHO HE 3MIHIOBaBCsa. BCTaHOBIEHO TaKOX, IO
npurHideHHs QyHkuii curnansHoro en3umy IREL y
kmituHax rmomu diHii U87 mocmabmioBano edext
rimokcii Ha ekcrpecito reHiB ME2, GOT2 i SDHB,
a TakoXX POOMIIO UYTIMBHUM JI0 Timokcii redH /DH?2.
binbmie Toro, ekcrpecis BCiX JOCTIIKEHHUX TE€HIB
Oyna reHocTenu(pIuHO 3aJICKHOIO BiJ omocepen-
koBa"oro IREIl curnamioBaHHS CcTpecy €HAOIIA3-
MaTUYHOTO PETHKYJIYMa, OCKIJIBKH IPUTHIYEHHS
IRE1 icToTHO 3HMIKYBajio iX EKCIpPECii0 B yMO-
Bax HOPMOKCIi, 3a BHHITKOM rena [DH2, piBeHb
eKCIpecii SKOro pi3Ko MiIBHINYyBaBci. TakuMm 4u-
HOM, 3MIHHM DIBHS eKcmpecii sSiJIepHUX TEHiB, IO
koayioth mpoteinu ME2, MDH2, IDH2, SDHB,
SDHD Ta GOT2, MOXINBO BiII3epKaTIOIOThH
MeTaboIiuHe pernporpaMmyBaHHsI MITOXOHApIA 3a
riNOKCii Ta CTpecy eHAOMIa3MaTHYHOTO PETUKYITY-
Ma, onocepeakoBaHoro IREl curHaabHUM HIISXOM,
1 KOpENOITh 31 3HIKEHHSIM Tpouidepanii KIiTHH
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TTIOMH 3a YMOB TpPWUTHIYEHHS (YHKIN €H3UMY
IREL.

KnmouoBi cnoBa: TiNOKCis, eKkcmpecis
MPHK, wmiToxoHApiaidbHI NPOTEIHH, MPHUTHIYCHHS
IRE1, kmituau rmiomu minii U7

BJIMAHUE I'HIIOKCUHN

HA DKCIHIPECCHUIO AAEPHBIX
I'EHOB, KOAUPY IO NX
MHUTOXOHAPUAJIBHBIE ITPOTENHBI
B KIIETKAX I'NIMOMBI JINHUUA U87
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Hamu n3yuanock BIWSTHHE TUIIOKCHH Ha JKC-
MIPECCHIO SI/IEPHBIX TEHOB, KOAMPYIOIIUX MHUTO-
XOHJ[PUAJIBHBIC MTPOTEHHBI, B KJIIETKAX TJIMOMbI JIH-
Huu U87 mpu yraerenun IRE] (inositol requiring
enzyme-1), KOTOpBII SBIISIETCS LEHTPATBHBIM Me-
JMATOPOM CTpecca HHAOTIIa3MATHIECKOTO PETHKY-
JyMa ¥ KOHTPOIUPYET MPOILECCHl Mpoiudeparnu
u pocta omyxoneit. [lokazaHo, 4TO TUMOKCUS CHU-
JKajla AKCIIPECCHUI0 TeHOB MaJlaTIerHAPOTeHas3bl 2
(MDH?2), mamuxom3uma 2 (MEZ2), MHATOXOHIpH-
aJbHOM acmapraT amuHOTpaHcdepassl (GOT2) u
cyobenuuubl B cyknunaraeruaporenasst (SDHB)
B KOHTPOJIbHBIX (TpaHC(EUPOBAHHBIX BEKTOPOM
0e3 BCTaBKHM) KJIETKaX TIHOMBI TeHOCIeIH(Ie-
cki. B TO ke Bpemsi, YPOBEHb IKCIIPECCHU TE€HOB
MuUToxoHapuaibHoi NADP"-3aBucumMoil uzouu-
Tpatneruaporenassl 2 (IDH2) u cyOwenuauIBl D
CyKIIMHATAeTuaAporenassl (SDHD) B 3TUX KJIETKaxX
CYIIECTBEHHO HE M3MEHSICS MPU TUMIOKCHHU. YCTa-
HOBJICHO TaK’Ke, YTO yTHETeHNE (PYHKIINY CUTHAIb-
Horo 3H3uMa IREl B knetkax rnuomsl nuauu U87
cHUXano 3(PQPEKT T'HIIOKCHH HA IKCIPECCUIO TCHOB
ME2, GOT2 u SDHB, a Tax>xe iejaeT 4YyBCTBUTEIb-
HBIM K TUTIOKCUH T'eH /DH?2. bonee Toro, sKcrpeccus
BCEX WCCIIECJIOBAHHBIX TE€HOB TI'E€HOCIEIU(PUISCKU
3aBucuia ot omocpenoBannoro IREl curnanus-
ra cTpecca 3HJOIUIa3MaTHYHOTO PETUKYIyMa, TO-
ckonbky yraerenne IRE1 cymectBenHO cHIDKAIO
WX 9KCIIPECCHIO MPU HOPMOKCHH, 33 HCKITIOYEHUEM
reHa IDH2, ypoBeHb SKCHPECCUU KOTOPOro pe3-
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KO yBenu4uBaics. Takum oOpazoM, H3MEHEHUS
YPOBHSI 3KCIIPECCUH SIAEPHBIX T€HOB, KOJUPYIOLIINX
nporenusl ME2, MDH2, IDH2, SDHB, SDHD u
GOT2, BO3MOXXHO OTOOpPaKalOT METa0OIIMIEeCKOe
penporpaMMHpOBaHNE MHUTOXOHJAPUN TPU THIOK-
CHU U CTpPEcCe 3HJOMIA3MATHYECKOTO PETHKYIY-
Ma, onocpenoBanHoro IREl curnanbHbIM myTeMm,
1 KOPPEJIHUPYIOT CO CHUKEHUEM pOCTa TIIHOMBI IIPU
yraetennn pynkiuu su3uma [REL.

KnmodueBbie cI10Ba: TMIOKCHS, DKCIIPEC-
cusg MPHK, MUTOXOHIpHalIbHBIE IPOTEUHBI, YTHE-
tenue IRE], kieTku ranomsr muaun U7
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