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We have studied the effect of hypoxia on the expression level of mRNA of the basic enzymes of pentose-
phosphate cycle (G6PD, TKT, TALDOI, PGLS and RPIA) and glucose-6-phosphate isomerase (GPI) in U87
glioma cells in relation to inhibition of IREI (inositol requiring enzyme 1). It was shown that hypoxia leads
to up-regulation of the expression of GPI and PGLS genes and to down-regulation of TALDOI and RPIA
genes in control glioma cells. Changes for GPI gene were more significant than for other genes. At the same
time, inhibition of IRE1 modified the effect of hypoxia on the expression of all studied genes. In particular,
it increased sensitivity to hypoxia of G6PD and TKT genes expression and suppressed the effect of hypoxia
on the expression of GPI and RPIA genes. Additionally, inhibition of IREI eliminated hypoxic regulation of
PGLS gene and did not change significantly effect of hypoxia on the expression of TALDOI gene in glioma
cells. Present study demonstrated that hypoxia, which often contributes to tumor growth, affects the expres-
sion of most studied genes and inhibition of IRE1 modified the hypoxic regulation of pentose-phosphate cycle
gene expressions in a gene specific manner and thus possibly contributes to slower glioma growth, but several
aspects of this regulation warrant further investigation.
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lism plays an important role in the regula-

tion of various processes both in normal and
pathological conditions, especially in glioma growth,
and depends on endoplasmic reticulum stress, which
is obligate component of cancer growth [1-4]. Malig-
nant gliomas are highly aggressive tumors and are
characterized by marked angiogenesis and extensive
tumor cell invasion into the normal brain parenchy-
ma. It was previously shown that blockade of IRE1-
mediated signaling pathway of endoplasmic reticu-
lum stress leads to suppression of cell proliferation
and tumor growth through changing the expression
level of genes, which are responsible for control of
glycolysis, cell cycle, apoptosis, angiogenesis and
many other processes [4-9]. Hypoxic condition is
also an important factor of cancer growth and par-

P entose phosphate pathway of glucose metabo-

ticipates in the induction of endoplasmic reticulum
stress [10, 11].

Recently, interest in the role of the pentose
phosphate pathway in cancer has been renewed
[3, 4]. This metabolic pathway is advantageous for
rapidly growing cells because it provides nucleotide
precursors, which are needed for nucleic acids syn-
thesis and intensification of cell proliferation, and
helps regenerate the reducing agent NADPH, which
can contribute to reactive oxygen species scaven-
ging. Pentose phosphate pathway genes such as
G6PD (glucose-6-phosphate dehydrogenase), TKT
(transketolase), TALDOI (transaldolase 1), PGLS
(6-phosphoglucolactonase) Ta RPIA (ribose-5-phos-
phate isomerase) as well as GPI (glucose phosphate
isomerase) gene play an important role in malignant
tumor growth [2-4]. G6PD is the rate-limiting en-
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zyme of the pentose phosphate pathway and is also
involved in apoptosis as well as angiogenesis [4, 12,
13]. Moreover, G6PD may regulate apoptosis and
expression of cell cycle-related proteins through
phosphorylation of transcription factors STAT3 and
STATS, thus mediating formation and growth of ma-
lignant cells [14]. It is interesting to note that TAp73,
a structural homologue of the pre-eminent tumor
suppressor TP53, as well as SIRT2 enhances the pen-
tose phosphate pathway and NADPH production and
promotes cell proliferation through glucose-6-phos-
phate dehydrogenase [15, 16]. Recent data indicates
that the transcription factor NRF2 is responsible for
regulating G6PD and TKT gene expressions, and
oncogenes can realize its effect via stabilization or
degradation of the transcription factor [17].

Transaldolase is a key enzyme of the nonoxi-
dative pentose phosphate pathway providing ribose-
S5-phosphate for nucleic acid synthesis and NADPH
for lipid biosynthesis [18]. This enzyme as well as
TKT are important for the balance of metabolites
in the pentose-phosphate pathway and involved in
mitochondrial homoeostasis, oxidative stress, apop-
tosis, multiple sclerosis, and cancer [2, 18-20]. PGLS
ta RPIA enzymes of pentose phosphate pathway also
participated in malignant tumor growth [1, 21, 22].
Therefore, there is data that microRNA-124 reduces
the pentose phosphate pathway, inhibits DNA syn-
thesis and proliferation by targeting RPIA mRNA
in human colorectal cancer cells and that RPIA
regulates hepatocarcinogenesis via PP2A and ERK
signaling [22, 23].

Phosphoglucose isomerase (PGI) is a multi-
functional enzyme that functions in glucose me-
tabolism as a glycolytic enzyme catalyzing an in-
terconversion between glucose and fructose inside
the cell, while it acts as cytokine outside the cell,
with properties that include autocrine motility fac-
tor (AMF)-regulating tumor cell motility [24]. It
was shown that AMF/PGI mediates epithelial and
mesenchymal phenotype conversions in breast
cancer and its overexpression induces epithelial-
to-mesenchymal transition with enhanced malig-
nancy and that silencing of AMF/PGI resulted in
mesenchymal-to-epithelial transition of human lung
fibrosarcoma cells and breast cancer cells with re-
duced malignancy [24, 25]. It was also shown that
overexpression of AMF/PGI significantly contribu-
tes to the aggressive phenotype of human cancer,
but downregulation of its expression and subsequent
abrogation of AMF/PGI secretion is resulted in mor-

phologic change with reduced growth, motility, and
invasion [25, 26]. PGI/AFM also regulates endoplas-
mic reticulum stress and cell death through control
of endoplasmic reticulum calcium release as well as
promotes cell survival by the pAKT survival path-
way [27]. Its receptor, AMFR, is an E3 ubiquitin li-
gase implicated in endoplasmic reticulum-associated
protein degradation. Furthermore, AMF/PGI also
protects against tunicamycin-induced endoplasmic
reticulum stress and apoptosis [27]. It is interesting
to note that HER2 expression and AMF/PGI secre-
tion were inversely related in breast carcinoma cells.
Thus, AMF/PGI may contribute to HER2-mediated
breast cancer progression [28].

The endoplasmic reticulum is a key organelle in
the cellular response to hypoxia and some chemicals,
which activate a complex set of signaling pathways
named the unfolded protein response/endoplasmic
reticulum stress, which controls numerous processes
including proliferation [6, 29]. The signaling enzyme
IREI has two distinct catalytic domains: serine/thre-
onine kinase and endoribonuclease. Both domains
contributed to ERNI signaling [30]. The IREl-as-
sociated protein kinase autophosphorylates and di-
merizes this enzyme in the endoplasmic reticulum
membrane, leading to the activation of its endoribo-
nuclease domain, and has some additional functions
[7]. Endoribonuclease activity is responsible for deg-
radation of a specific subset of mRNA and initiation
of the pre-XBP1 (X-box binding protein 1) mRNA
splicing that stimulates the expression of more than
five hundreds of unfolded protein response-specific
genes [6, 30, 31]. It is possible that this activation of
the ERN1 endoribonuclease is a result of its interac-
tion with other sensor-signalling systems of endo-
plasmic reticulum stress.

Tumor growth is tightly associated with the
endoplasmic reticulum stress response-signaling
pathway and hypoxia, which are linked to the neo-
vascularization and cell death processes [32-34].
Multiple studies have clarified the link between can-
cer and endoplasmic reticulum stress, which con-
trols different processes including cell proliferation
and surviving as well as circadian rhythms [32, 35].
Furthermore, the inhibition of IRE1 as a central me-
diator of the unfolded protein response leads to sup-
pression of tumor growth through down-regulation
of key pro-angiogenic and pro-proliferative factors
and up-regulation of tumor suppressor genes as well
as through modification of hypoxic regulation of
these genes [4, 6]. However, the executive mecha-
nisms of the exhibited anti-proliferative effects of

39



ISSN 2409-4943. Ukr. Biochem. J., 2017, Vol. 89, N 1

IREI inhibition are not yet known. It is possible
that this anti-proliferative effect is also mediated by
altered expression of pentose phosphate pathway
genes, which are integrated into the unfolded pro-
tein response signaling pathways and regulate cell
proliferation [1, 2, 32, 34, 36].

The main goal of this study was to investigate
the pentose phosphate pathway genes (G6PD, TKT,
TALDOI, PGLS, and RPIA) as well as glycolytic
enzyme gene (GPI) expression in glioma U87 cells
upon hypoxia for evaluation of their possible sig-
nificance for the control of glioma cell proliferation
through IRE1 mediated signaling.

Materials and Methods

Cell Lines and Culture Conditions. The glioma
cell line U87 (HTB-14) was obtained from ATCC
(USA) and grown in high glucose (4.5 g/l) Dulbec-
co’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 °Cin a 5% CO, incubator. To model hypoxia cul-
ture plates were incubated in special chamber with
3% oxygen, 92% nitrogen, and 5% carbon dioxide
for 16 h.

In this study we used sublines of U87 glioma
cells, which were described previously [5, 9]. One
subline was obtained by selection of stable transfec-
ted clones with overexpression of vector pcDNA3.1,
which was used for creation of dnIRE1 (dominant/
negative IRE1). This untreated subline of glioma
cells (control glioma cells) was used in the study
of the effect of hypoxia on the expression level of
GO6PD, TKT, TALDOI, PGLS, RPIA, and GPI genes.
The second subline was obtained by selection of sta-
ble transfected clone with overexpression of IREI
dominant/negative construct (dnIRE1) and conse-
quent inhibition of both protein kinase and endori-
bonuclease activities of this signaling enzyme of en-
doplasmic reticulum stress [6]. Effect of hypoxia on
the expression levels of studied genes in these two
sublines of glioma cells were compared with corre-
sponding levels in cells, transfected by vector or by
dnIREl. The efficiency of IREI suppression in this
glioma cell subline was estimated previously [6, 7]
by determining the expression level of spliced XBP1,
a key transcription factor in the IREI signaling, and
the level of the phosphorylated IRE1 isoform in cells
treated by tunicamycin (0.01 mg/ml during 2 h).
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Both sublines of glioma cells used in this study were
grown with addition of geneticin (G418), while these
cells carry an empty pcDNA3.1 vector or dnIREI
construct.

RNA isolation. Total RNA was extracted from
glioma cells using Trizol reagent according to man-
ufacturer protocol (Invitrogen, USA) as described
previously [7, 9]. The RNA pellets were washed
with 75% ethanol and dissolved in nuclease-free wa-
ter. 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 ND1000 (PEQLAB,
Biotechnologie GmbH).

Reverse transcription and quantitative PCR
analysis. QuaniTect Reverse Transcription Kit
(QIAGEN, Germany) was used for cDNA synthesis
according to manufacturer protocol. The expres-
sion levels of GPI, G6PD, TKT, TALDOI1, PGLS,
and RPIA mRNAs as well as ACTB mRNA were
measured in U87 glioma cells by real-time quanti-
tative polymerase chain reaction using Mx 3000P
QPCR (Stratagene, USA) or RotorGene RG-3000
gPCR (Corbett Research, Germany) and Absolute
gPCR SYBRGreen Mix (Thermo Fisher Scientific,
ABgene House, UK). Polymerase chain reaction was
performed in triplicate using specific pair of primers,
which were received from Sigma-Aldrich, USA.

For amplification of GPI (glucose-6-phosphate
isomerase) cDNA we used forward (5'-CGCC-
CAACCAACTCTATTGT-3' and reverse (5-GG-
TAGAAGCGTCGTGAGAGG-3') primers. The nu-
cleotide sequences of these primers correspond to
sequences 1554—1573 and 1766—1747 of human GPI
cDNA (GenBank accession number NM_000175).
The size of amplified fragment is 213 bp.

For amplification of G6PD (glucose-6-phos-
phate dehydrogenase) we used forward (5'-GAG-
GCCGTGTACACCAAGAT-3' and reverse (5'—
TACCCAAGGCCGTACTTGTC-3") primers. The
nucleotide sequences of these primers correspond
to sequences 1430-1439 and 1644-1625 of hu-
man G6PD cDNA (GenBank accession number
NM_000402). The size of amplified fragment is
215 bp.

The amplification of TALDOI (transaldolase 1)
cDNA for real time RCR analysis was performed
using two oligonucleotides primers: forward — 5'—
GGCTGTGACTTCCTCACCAT-3' and reverse — 5'—
CTCAGGGATGCGCTACTTTC-3". The nucleotide
sequences of these primers correspond to sequences
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795-814 and 1076-1057 of human TALDOI cDNA
(GenBank accession number NM_006755). The size
of amplified fragment is 282 bp.

For amplification of TKT (transketolase)
cDNA we used forward (5—~GACAACCTTGTGGC-
CATTCT=-3' and reverse (5-TCTGCTCAGCCAT-
GTTTTTG-3") primers. The nucleotide sequences
of these primers correspond to sequences 698—717
and 980-961 of human TKT c¢cDNA (GenBank ac-
cession number NM_012088). The size of amplified
fragment is 283 bp.

The amplification of PGLS (6-phosphogluco-
nolactonase) cDNA for real time RCR analysis was
performed using two oligonucleotides primers: for-
ward — 5-CTGCTCACTCTTCCCAGACC-3' and
reverse (5-TCCAGTTGCCACAAAGATGA-3').
The nucleotide sequences of these primers corre-
spond to sequences 515534 and 665-646 cDNA
of human PGLS (GenBank accession number
NM_012088). The size of amplified fragment is
151 bp.

For amplification of RPIA (5-phosphate
isomerase A) cDNA we used forward (5'-AGT-
GCTGGGAATTGGAAGTG-3' and reverse (5'—
CGATCACGATGAAGCGACTA-3') primers. The
nucleotide sequences of these primers correspond
to sequences 335-354 and 627-608 of human RPIA
cDNA (GenBank accession number NM _144563).
The size of amplified fragment is 293 bp.

The amplification of beta-actin (ACTB) cDNA
was performed using forward — 5~GGACTTCGAG-
CAAGAGATGG-3" and reverse — 5-AGCACT-
GTGTTGGCGTACAG-3' primers. These primer
nucleotide sequences correspond to 747-766 and
980-961 of human ACTB cDNA (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 Sig-
ma-Aldrich (St. Louis, MO, USA).

Quantitative PCR analysis was performed
using “Differential expression calculator” software.
The values of G6PD, TKT, TALDOI, PGLS, RPIA
and GPI gene expressions were normalized to the
expression of beta-actin mRNA and represented as
percent of control (100%). All values are expressed
as mean + SEM from triplicate measurements per-
formed in 4 independent experiments. The amplified
DNA fragments were also analyzed on a 2% agarose
gel and visualized by SYBR* Safe DNA Gel Stain
(Life Technologies, Carlsbad, CA, USA).

Statistical analysis. Statistical analysis was
performed according to Student’s ¢-test using Excel

program as described previously [37]. All values are
expressed as mean = SEM from triplicate measure-
ments performed in 4 independent experiments.

Results and Discussion

To determine if hypoxia affects the expression
of a subset of genes encoding pentose phosphate
pathway enzymes, such as G6PD (glucose-6-phos-
phate dehydrogenase), TKT (transketolase), TAL-
DOl (transaldolase 1), PGLS (6-phosphoglucolacto-
nase), and RPIA (ribose-5-phosphate isomerase), as
well as GPI (glucose phosphate isomerase) through
the IRE1 branch of endoplasmic reticulum stress
response, we investigated the effect of hypoxia on
the expression level of these genes in control glioma
cells (transfected by vector) and cells without both
enzymatic activities of this signaling enzyme.

As shown in Fig. 1, hypoxia strongly up-regu-
lated the expression level of GPI mRNA (+124%) in
control glioma cells as compared to control 1. To in-
vestigate a possible role of endoplasmic reticulum
stress signaling mediated by IREI enzyme in regu-
lation of the expression of GPI gene by hypoxia, we
investigated the effect of hypoxic condition on this
gene expression in glioma cells without enzymatic
activities of this signaling enzyme. It was shown that
inhibition of the signaling enzyme IRE1 by dnIRE1
significantly modifies the effect of hypoxia on the
expression level of GPI gene as compared to control
glioma cells (Fig. 1). Thus, the effect of hypoxia on
the expression level of GPI gene in glioma cells with
knockdown of IRE1 signaling enzyme is significant-
ly lesser (+58% versus control 2) in comparison to
control glioma cells.

As shown in Fig. 2, hypoxia does not change
significantly the expression level of GO6PD mRNA
in control glioma cells (as compared to control 1);
however, inhibition of IRE1 signaling enzyme leads
to significant down-regulation of this gene expres-
sion (-55% as compared to control 2). Therefore, in-
hibition of IRE1 introduces the hypoxic regulation of
GOPD gene expression in glioma cells.

Investigation of the expression of transaldola-
se 1 gene in control U87 glioma cells and cells with
IRE1 knockdown has shown that hypoxia signifi-
cantly decreases the expression levels of TALDOI1
mRNA in control U87 glioma cells (-31% as com-
pared to control 1) and that inhibition of the signa-
ling enzyme IRE1 by dnIRE1 does not significantly
modify this effect of hypoxia (-40% as compared to
control 2; Fig. 3).
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Fig. 1. Effect of hypoxia (3% oxygen — 16 h) on the
expression level of GPI (glucose phosphate isomera-
se) gene in control US7 glioma cells (Vector) and
cells with IREIl knockdown (dnIREIl) measured by
qPCR. The values of GPI mRNA expression were
normalized to f-actin mRNA level and presented as
percent of control (100%); n = 4

As shown in Fig. 4, hypoxia meaningfully
down-regulates the expression level of ribose-
5-phosphate isomerase mRNA in control glioma
cells (-39% as compared to control 1) and inhibition
of IREI signaling enzyme also leads to induction
of this gene expression but this effect of hypoxia is
slightly smaller (-27% as compared to control 2).
Therefore, inhibition of IRE1 slightly decreases the
hypoxic regulation of RPIA gene expression in U87
glioma cells.

We also investigated the expression of PGLS
gene upon hypoxia in both control glioma cells and
cells without IRE1 signaling enzyme function. As
shown in Fig. 5, hypoxia causes small but statisti-
cally significant up-regulation of gene expression in
control glioma cells (+13% as compared to control 1).
IREL1 inhibition almost completely eliminates the ef-
fect of hypoxia on this gene expression as compared
to control 2 (Fig. 5).

Results of investigation of TKT gene expres-
sion is presented in Fig. 6. In control glioma cells the
expression level of this gene is resistant to hypoxic
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treatment (3% oxygen for 16 hrs). At the same time,
inhibition of IRE1 by dnIREI leads to significant
down-regulation of the expression level of transketo-
lase mRNA in U87 glioma cells (-48% as compared
to control 2; Fig. 6).

Therefore, the effect of hypoxia on the expres-
sion level of a subset of genes encoding different en-
zymes of pentose phosphate pathway as well as GP/
gene depended on IREI signaling enzyme function,
because inhibition of IREI significantly modifies
hypoxic regulation of these genes expression: elimi-
nates effect of hypoxia on the expression of PGLS
gene (Fig. 5) and introduces sensitivity to hypoxia of
G6PD and TKT genes (Fig. 6). Moreover, as shown
in Fig. 7, the effect of hypoxia on the expression level
of GPI and RPIA genes is significantly suppressed
and enhanced on TALDOI gene in glioma cells by
inhibition of IRE1 signaling enzyme function.

In this work we studied the effect of hypoxia on
the expression of a subset of genes encoding diffe-
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Fig. 2. Effect of hypoxia on the expression level of
GOPD (glucose-6-phosphate dehydrogenase) gene
in control US87 glioma cells (Vector) and cells with
IRE] knockdown (dnIREI) measured by gPCR. The
values of GOPD mRNA expression were normalized
to fB-actin mRNA level and presented as percent of
control (100%); n = 4
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Fig. 3. Effect of hypoxia on the expression level of
TALDOI (transaldolase 1) gene in control US7 glio-
ma cells (Vector) and cells with IREl knockdown
(dnIREI) measured by qPCR. The values of TAL-
DOI mRNA expression were normalized to f-actin
mRNA level and presented as percent of control
(100%); n = 4

rent enzymes of pentose phosphate pathway as well
as one glycolytic enzyme (GPI) in U87 glioma cells
with functionally active signaling enzyme IRE1 and
cells with IRE1 knockdown for evaluation of pos-
sible significance of these genes in the control of
glioma growth through endoplasmic reticulum stress
signaling mediated by IREIl and hypoxia. Investi-
gation of the expression of G6PD, TKT, TALDOI,
PGLS, RPIA, and GPI genes in glioma cells upon
hypoxia in respect to inhibition of IREI signaling
is important for understanding the malignant tumor
growth mechanisms, because hypoxia as well as
endoplasmic reticulum stress play an essential role
in the control of tumor progression [10, 32, 34, 38,
39]. The growing tumor requires the endoplasmic
reticulum stress and hypoxia for apoptosis inhibi-
tion, neovascularization and growth [5, 38, 40]. Cell
proliferation is strongly dependent on hypoxia and
glycolysis because there is the molecular connection

between cell cycle progression and the provision of
substrates essential for this purpose [6, 39, 40].

In this study we demonstrated that the expres-
sion of most studied genes in control glioma cells is
affected by hypoxia as compared to cells growing
upon normoxic condition. The expression level of
GPI gene is increased in control glioma cells affected
by hypoxia, but inhibition of IRE1 and consequent
cell proliferation decreases this effect of hypoxia. It
is well known that GPI/AMF has pro-proliferative
properties because it contributes to energy pathways
and as cytokine (not enzymatic activity) and its si-
lencing resulted in mesenchymal-to-epithelial transi-
tion of human cancer cells with reduced malignancy
[24-26]. Thus, our results are mostly consistent with
numerous data [9, 10, 27, 40] that hypoxia associated
with malignant progression through the endoplasmic
reticulum unfolded protein response, but mecha-
nisms through which malignant cells cope with po-
tentially lethal metabolic stress induced by hypoxia
remains poorly understood.
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Fig. 4. Effect of hypoxia on the expression level of
RPIA (ribose-5-phosphate isomerase) gene in con-
trol U87 glioma cells (Vector) and cells with IREI
knockdown (dnIREI) measured by qPCR. The
values of RPIA mRNA expression were normalized
to f-actin mRNA level and presented as percent of
control (100%); n = 4
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Fig. 5. Effect of hypoxia on the expression level of
PGLS (6-phosphoglucolactonase) gene in control
US7 glioma cells (Vector) and cells with IRE1 knock-
down (dnlREI) measured by qPCR. The values of
PGLS mRNA expression were normalized to f-actin
mRNA level and presented as percent of control
(100%); n = 4

At the same time, the expression of two other
genes (GO6PD and TKT) in control glioma cells is re-
sistant to hypoxic treatment, but the expression level
of TALDOI and RPIA genes is decreased.

In case of G6PD and TKT genes, inhibition
of IREI signaling enzyme introduces the hypoxic
down-regulation of the expression of these genes.
In contrast, IREl knockdown in U87 glioma cells
decreased the sensitivity of RP/A4 gene expression to
hypoxia. Only in case of TALDOI gene IRE1 inhibi-
tion resulted in increased sensitivity of this gene’s
expression to hypoxia in U87 glioma cells.

It is interesting to note, that treatment with hy-
poxia has different effect on the expression of studied
genes in gene specific manner. Moreover, inhibition
of IRE1 signaling enzyme modifies the hypoxic
regulation of the expression of all studied genes also
in gene specific manner. It is possible that molecu-
lar mechanisms of hypoxic regulation of different
genes are complex and depend on not only the level
of HIF-1a protein. Recently, it was shown that hy-
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Fig. 6. Effect of hypoxia on the expression level of
TKT (transketolase) gene in control U87 glioma cells
(Vector) and cells with IREI knockdown (dnIREI)
measured by gPCR. The values of TKT mRNA ex-
pression were normalized to p-actin mRNA level
and presented as percent of control (100%); n = 4

poxia significantly up-regulates HIF-1a protein level
both in control and IRE1 knockdown glioma cells
but inhibition of IRE1 slightly reduces the level of
this protein [41]. Our results support the idea that
hypoxic regulation of different gene expressions is
upon complex network, which is partially controlled
by IRE1 signaling. It is known that suppression of
IRE1 enzymatic activities in gliomas leads to the in-
hibition of tumor neovascularization together with
the development of a more invasive phenotype [6]. It
is reasonable to suggest, that combined impact of hy-
poxia and IRE1 inhibition on the expression of key
regulatory factors may contribute to the decreased
proliferation potential of IREl knockdown glioma
cells. Similar results were obtained previously for
hypoxic regulation of TP53, ZMAT3, IGFBP6, IG-
FBP7, NOV, WISP2, ATF3, TBX3, FOXFI, HOXC6
and some other genes [8, 10, 37, 41-45].

Therefore, the present study demonstrates that
hypoxia, which usually contributes to tumor growth,
affects almost all studied gene expressions and that
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Fig. 7. Effect of hypoxia on the expression level of G6PD, TALDOI, TKT, PGLS, RPIA, and GPI mRNA in
control US7 glioma cells stable transfected with empty vector (Control US7) and in cells without function of

signaling enzyme IREI (dnIREI U87) measured by gPCR.

Values of these mRNA expressions were normalized

to f-actin mRNA expression and represented as percent of corresponding control (100%) versus no treated by

hypoxia glioma cells; mean + SEM; n = 4

inhibition of IRE1 can both enhance and suppress
the hypoxic regulation of these gene expressions in
gene specific manner and thus possibly contributes
to slower glioma growth. However, the detailed mo-

lecular mechanisms of IRE1l-mediated hypoxic regu-
lation of these genes, which have a pivotal role in the
control of cell proliferation, are complex and warrant
further investigation.
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Hamn BuBuYeHO edekT rinmokcii Ha piBeHBb
excrpecii MPHK ocHOBHEX eH3MMIiB TIeHT030-(oc-
(atHOTO TIMKIY MeTabomizmy ritoko3n (GOPD,
TKT, TALDOI, PGLS ta RPIA), a Tako T1t0K030-
6-dpocdarizomepasu (GPI) B kimiTnHAX TIiOMH JTiHIT
U87 B ymoBax npurHiuenns IREl (3anexxnoro Bix
iHo3uTONYy eHzuMmy ). BcraHoBieHo, 10 TiMOKCis
MIPU3BOIMIIA JO TIOCHJICHHS eKkcrpecii reniB GPI
ta PGLS 1 3amxkenHs excupecii reHiB TALDOI ta
RPIA B KOHTPONBHUX KIJITHHAX IJIOMH, HPUYO-
My BHpaKEHilIl 3MiHM BUsIBICHO 115 reHa GPL Y
Toi camwuit yac npurniueHHs IRE1 monudikysaio
e(eKT TIMmoKcii Ha EKCHpecito BCiX TOCIIIKEHHX
rediB. 30KpemMa, 30iJbIIyBaj0 YYTJIUBICTH [0
rinokcii ekcripeciro reniB GOPD ta TKT 1 3HMKyBa-
710 ehexT rinokcii Ha ekcrnpecito reHiB GPI ta RPIA.
Pazom i3 TuMm, npuraidenas IRE1 3nHimano edekt
rinokcii Ha ekcmpecito rena PGLS, ane iCTOTHO
He 3MiHIOBajo Hed edeKkT Ha piBeHb ekcmpecii
rena TALDOI! B kiituHax riiomu. Pesynbratu
poOOTH TMPOAEMOHCTPYBANH, IO TIMOKCis, KA €
HeoOXiTHUM (haKTOPOM POCTY ITYXJIMH, 3MiHIOBaJa
PiBEHB eKcIipecii OUIBIIOCTI TOCIIKESHUX T'eHiB, 1
o npurHiveHHs1 IRE1 MonudikyBaio rinokcuuany
pEryIIsIIio eKcnpecii TeHiB MeHT030-PpochaTHOTO
[UKJTy TeHOCTIeUU(IUHO 1, TAKUM YHHOM, MOXJIMBO
BIUTMBAJIO HAa 3HMIKCHHS POCTY TJIOMH, ajie JesKi
aCTeKTH 1€l peryssiii noTpeOyoTh MOAaIbIIOrO
BUBYCHHSI.

KnwuoBi cmosa: ekcipecis MPHK, GPI,
G6PD, TKT, TALDOI, PGLS, RPIA, npurHiueHHs
IREI, rinokcist, KJIITUHH TJI10MHU.
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KJETKAX I'TUOMBI JINHUU U87
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Hamu u3yden 3¢@eKT rumnokcuu Ha ypoBEHb
skcpeccnn MPHK OCHOBHBIX 3H3MMOB NEHTO30-
(hocdarnoro mukia Mmetadbonmusma rirroko3sl (GO6PD,
TKT, TALDOI1, PGLS u RPIA), a Takxe T110K030-
6-pocharmzomepaszbr (GPI) B KieTkax TIHOMBI
nuann U87 mpu yraerennn IREI (3aBucmmoro ot
MHO3UTOJIA 3H3UMA 1). YCTaHOBIIEHO, YTO TMIIOKCHS
MoBbIIIANIA Kcnpeccuto reHoB GPI u PGLS u cHu-
’Kana skenpeccuto reHoB TALDOI u RPIA B Kou-
TPOJIBHBIX KJIETKAaX TJIMOMBI, IIpHUeM OoJjiee BbIpa-
JKCHHbIE U3MEHEHHU I ObLIIN BBISIBJICHBI 1715 reHa GPJ.
B to xe Bpems, yraerenne IRE1 monudunmposano
3¢ (EeKT THIOKCHUU Ha 3KCIPECCHIO BCEX HCCIIENO-
BAaHHBIX I'€HOB, & UMEHHO YBEJIMYUBAJIO YyBCTBHU-
TEIBHOCTBH K THIIOKCUH 3KCIIPEcCUIo reHoB G6PD n
TKT u cHMXan0 3PeKT TUIOKCHU Ha SKCITPECCHIO
reHoB GPI u RPIA. Bmecte ¢ Tem, yraetenue IRFEI
CHUMaJIO 3(Q(EKT THIIOKCHU Ha HKCIPECCHI0 I'eHa
PGLS, HO cymecTBEHHO HE U3MEHSIIO 3TOT AP heKT
Ha ypoBeHb 3Kcnpeccuu reHa TALDOI B kneTkax
oMbl Pe3ynbsraTel 3TOH paboThl MPOAEMOHCTPH-
pOBajiy, YTO THIIOKCHS, SBIISIOIIASACS HEOOXOou-
MBIM (PaKTOPOM POCTa OITyXOJIeH, U3MEHsIa ypo-
BEHb SKCIPECCHH OOJBIIMHCTBA HCCIEIOBAHHBIX
reHoB, u 4yto yrHereHue IRE1 monudunmposano
THIOKCHYECKYI0 PETyJSLHI0 3KCIPECCUH TI'€HOB
MeHTo30-(ochaTHOrO NHKIA TeHOCTEUPUISCKU
U, TAKUM 00pa3oM, BO3MOXKHO BIIUsIJIa HA CHU)KCHHE
pocTa IJIMOMBI, HO HEKOTOPbIE aCIIEKThI 3TOM pery-
JSIUU HYKAAI0TCS B NaJbHEHIIEM H3YUCHHH.

Knrouesbie cuoBa: skcrpeccuss MPHK,
GPI, G6PD, TKT, TALDOI, PGLS, RPIA, yruere-
Hue IREIL, runokcus, KICTKU TIIHOMBI.



O. H. Minchenko, I. A. Garmash, D. O. Minchenko et al.

References

1. Wamelink MM, Struys EA, Jakobs C. The
biochemistry, metabolism and inherited defects
of the pentose phosphate pathway: a review.
J Inherit Metab Dis. 2008; 31(6): 703-717.

. Berry GT. The unexplored potential of the
pentose phosphate pathway in health and disease.
J Inherit Metab Dis. 2008; 31(6): 661.

. Du W, Jiang P, Mancuso A, Stonestrom A,

Brewer MD, Minn AJ, Mak TW, Wu M, Yang X.

TAp73 enhances the pentose phosphate pathway

and supports cell proliferation. Nat Cell Biol.

2013; 15(8): 991-1000.

. Rao X, Duan X, Mao W, Li X, Li Z, Li Q,

Zheng Z, Xu H, Chen M, Wang PG, Wang Y,

Shen B, Yi W. O-GlcNAcylation of G6PD

promotes the pentose phosphate pathway and

tumor growth. Nat Commun. 2015; 6: 8468.

. Drogat B, Auguste P, Nguyen DT, Bouche-

careilh M, Pineau R, Nalbantoglu J,

Kaufman RJ, Chevet E, Bikfalvi A, Moen-

ner M. IRE1 signaling is essential for ischemia-

induced vascular endothelial growth factor-A
expression and contributes to angiogenesis and

tumor growth in vivo. Cancer Res. 2007; 67(14):

6700-6707.

. Auf G, Jabouille A, Guérit S, Pinecau R,

Delugin M, Bouchecareilh M, Magnin N,

Faverecaux A, Maitre M, Gaiser T, von

Deimling A, Czabanka M, Vajkoczy P,

Chevet E, Bikfalvi A, Moenner M. Inositol-

requiring enzyme lalpha is a key regulator of

angiogenesis and invasion in malignant glioma.

Proc Natl Acad Sci USA. 2010; 107(35): 15553-
15558.

. Auf G, Jabouille A, Delugin M, Guérit S,

Pineau R, North S, Platonova N, Maitre M,

Favereaux A, Vajkoczy P, Seno M, Bikfalvi A,

Minchenko D, Minchenko O, Moenner M. High

epiregulin expression in human U87 glioma

cells relies on IREla and promotes autocrine
growth through EGF receptor. BMC Cancer.

2013; 13: 597.

. Pluquet O, Dejeans N, Chevet E. Watching the

clock: endoplasmic reticulum-mediated control

of circadian rhythms in cancer. Ann Med. 2014;

46(4): 233-243.

. Minchenko OH, Tsymbal DO, Minchenko DO,

Moenner M, Kovalevska OV, Lypova NM.

Inhibition of kinase and endoribonuclease

activity of ERNI1/IREla affects expression of

10.

11.

proliferationrelated genes in U87 glioma cells.
Endoplasm Reticul Stress Dis. 2015; 2(1): 18-29.
Minchenko DO, Danilovskyi SV, Kryvdiuk IV,
Bakalets TV, Lypova NM, Karbovskyi LL,
Minchenko OH. Inhibition of ERN1 modifies the
hypoxic regulation of the expression of TP53-
related genes in U87 glioma cells. Endoplasm
Reticul Stress Dis. 2014; 1(1): 18-26.
Minchenko OH, Tsymbal DO, Minchenko DO,
Kovalevska OV, Karbovskyi LL, Bikfalvi A.
Inhibition of ERNI signaling enzyme affects
hypoxic regulation of the expression of E2FS,
EPASI, HOXC6, ATF3, TBX3 and FOXFI genes
in U87 glioma cells. Ukr Biochem J. 2015; 87(2):
76-87.

12.Stanton RC. Glucose-6-phosphatedehydrogenase,

13.

14.

NADPH, and cell survival. [UBMB Life. 2012;
64(5): 362-369.

Gregory MA, D'Alessandro A, Alvarez-

Calderon F, Kim J, Nemkov T, Adane B,
Rozhok Al, Kumar A, Kumar V, Pollyea DA,
Wempe MF, Jordan CT, Serkova NJ, Tan AC,
Hansen KC, DeGregori J. ATM/G6PD-driven
redox metabolism promotes FLT3 inhibitor
resistance in acute myeloid leukemia. Proc Natl
Acad Sci USA. 2016; 113(43): E6669-E6678.
Hu T, Zhang C, Tang Q, Su Y, Li B, Chen L,
Zhang Z, Cai T, Zhu Y. Variant G6PD levels
promote tumor cell proliferation or apoptosis via
the STAT3/5 pathway in the human melanoma
xenograft mouse model. BMC Cancer. 2013; 13:
251.

15. Jiang P, Du W, Yang X. A critical role of glucose-

16.

17.

18.

19.

6-phosphate dehydrogenase in TAp73-mediated
cell proliferation. Cell Cycle. 2013; 12(24): 3720-
3726.

Xu SN, Wang TS, Li X, Wang YP. SIRT2
activates G6PD to enhance NADPH production
and promote leukaemia cell proliferation. Sci
Rep. 2016; 6: 32734,

Shelton P, Jaiswal AK. The transcription factor
NF-E2-related factor 2 (Nrf2): a protooncogene?
FASEB J. 2013; 27(2): 414-423.

Samland AK, Sprenger GA. Transaldolase: from
biochemistry to human disease. Int J Biochem
Cell Biol. 2009; 41(7): 1482-1494.

Xu IM, Lai RK, Lin SH, Tse AP, Chiu DK,
Koh HY, Law CT, Wong CM, Cai Z, Wong CC,
Ng 10. Transketolase counteracts oxidative
stress to drive cancer development. Proc Natl
Acad Sci USA. 2016; 113(6): E725-E734.

47



ISSN 2409-4943. Ukr. Biochem. J., 2017, Vol. 89, N 1

20.

21.

Moriyama T, Tanaka S, Nakayama Y, Fuku-
moto M, Tsujimura K, Yamada K, Bamba T,
Yoneda Y, Fukusaki E, Oka M. Two isoforms of
TALDOI generated by alternative translational
initiation show differential nucleocytoplasmic
distribution to regulate the global metabolic
network. Sci Rep. 2016; 6: 34648.

Ou K, Yu K, Kesuma D, Hooi M, Huang N,
Chen W, Lee SY, Goh XP, Tan LK, Liu J,
Soon SY, Bin Abdul Rashid S, Putti TC, Jikuya
H, Ichikawa T, Nishimura O, Salto-Tellez M,
Tan P. Novel breast cancer biomarkers identified
by integrative proteomic and gene expression
mapping. J Proteome Res. 2008; 7(4): 1518-1528.

22.QiuZ,Guo W, Wang Q, Chen Z, Huang S, Zhao F,

23.

24,

25.

26.

27.

28.

48

Yao M, Zhao Y, He X. MicroRNA-124 reduces
the pentose phosphate pathway and proliferation
by targeting PRPS1 and RPIA mRNAs in human
colorectal cancer cells. Gastroenterology. 2015;
149(6): 1587-1598.

Ciou SC, Chou YT, Liu YL, Nieh YC, Lu JW,
Huang SF, Chou YT, Cheng LH, Lo JF,
Chen MJ, Yang MC, Yuh CH, Wang HD.
Ribose-5-phosphate isomerase A regulates
hepatocarcinogenesis via PP2A and ERK
signaling. Int J Cancer. 2015; 137(1): 104-115.
Li Y, Jia Y, Che Q, Zhou Q, Wang K, Wan XP.
AMF/PGl-mediated tumorigenesis through
MAPK-ERK  signaling in  endometrial
carcinoma. Oncotarget. 2015; 6(28): 26373-
26387.

Niinaka Y, Harada K, Fujimuro M, Oda M,
Haga A, Hosoki M, Uzawa N, Arai N,
Yamaguchi S, Yamashiro M, Raz A. Silencing of
autocrine motility factor induces mesenchymal-
to-epithelial transition and suppression of
osteosarcoma pulmonary metastasis. Cancer
Res. 2010; 70(22): 9483-9493.

Lincet H, Icard P. How do glycolytic enzymes
favour cancer cell proliferation by nonmetabolic
functions? Oncogene. 2015; 34(29): 3751-3759.
Fu M, Li L, Albrecht T, Johnson JD,
Kojic LD, Nabi IR. Autocrine motility factor/
phosphoglucose isomerase regulates ER stress
and cell death through control of ER calcium
release. Cell Death Differ. 2011; 18(6): 1057-
1070.

Kho DH, Nangia-Makker P, Balan V, Hogan V,
Tait L, Wang Y, Raz A. Autocrine motility factor
promotes HER?2 cleavage and signaling in breast
cancer cells. Cancer Res. 2013; 73(4): 1411-1419.

29.

30.

31.

32.

33.

34.

Yadav RK, Chae SW, Kim HR, Chae HIJ.
Endoplasmic reticulum stress and cancer.
J Cancer Prev. 2014; 19(2): 75-88.

Bravo R, Parra V, Gatica D, Rodriguez AE,
Torrealba N, Paredes F, Wang ZV, Zorzano A,
Hill JA, Jaimovich E, Quest AF, Lavandero S.
Endoplasmic reticulum and the unfolded protein
response: dynamics and metabolic integration.
Int Rev Cell Mol Biol. 2013; 301: 215-290.
Moore K, Hollien J. Irel-mediated decay in
mammalian cells relies on mRNA sequence,
structure, and translational status. Mol Biol Cell.
2015; 26(16): 2873-2884.

Chevet E, Hetz C, Samali A. Endoplasmic
reticulum stress-activated cell reprogramming
in oncogenesis. Cancer Discov. 2015; 5(6): 586-
597.

Dejeans N, Barroso K, Fernandez-Zapico ME,
Samali A, Chevet E. Novel roles of the unfolded
protein response in the control of tumor
development and aggressiveness. Semin Cancer
Biol. 2015; 33: 67-73.

Manié SN, Lebeau J, Chevet E. Cellular
mechanisms of endoplasmic reticulum stress
signaling in health and disease. 3. Orchestrating
the unfolded protein response in oncogenesis: an
update. Am J Physiol Cell Physiol. 2014; 307(10):
C901-C907.

35. Clarke HJ, Chambers JE, Liniker E, Marciniak SJ.

36.

37.

38.

39.

40.

Endoplasmic reticulum stress in malignancy.
Cancer Cell. 2014; 25(5): 563-573.
Hetz C, Chevet E, Harding HP. Targeting the
unfolded protein response in disease. Nat Rev
Drug Discov. 2013; 12(9): 703-719.

Bochkov VN, Philippova M, Oskolkova O,
Kadl A, Furnkranz A, Karabeg E, Breuss J,
Minchenko OH,  Mechtcheriakova D,
Hohensinner P, Rychli K, Wojta J, Resink T,
Binder BR, Leitinger N. Oxidized phospholipids
stimulate angiogenesis via induction of VEGF,
IL-8, COX-2 and ADAMTS-1 metalloprotease,
implicating a novel role for lipid oxidation in
progression and destabilization of atherosclerotic
lesions. Circ Res. 2006; 99(8): 900-908.
Lenihan CR, Taylor CT. The impact of hypoxia
on cell death pathways. Biochem Soc Trans.
2013; 41(2): 657-663.

Denko NC. Hypoxia, HIFl and glucose
metabolism in the solid tumour. Nat Rev Cancer.
2008; 8(9): 705-713.

Minchenko OH, Kharkova AP, Bakalets TV,
Kryvdiuk IV. Endoplasmic reticulum stress,



O. H. Minchenko, I. A. Garmash, D. O. Minchenko et al.

41.

42.

43.

its sensor and signaling systems and the role in
the regulation of gene expressions in malignant
tumor growth and hypoxia. Ukr Biokhim Zhurn.
2013; 85(5): 5-16. (In Ukrainian).

Minchenko OH.,Tsymbal DO, Minchenko DO,
Riabovol OO, Halkin OV, Ratushna OO. IRE-
la regulates expression of ubiquitin specific
peptidases during hypoxic response in US87
glioma cells. Endoplasm Reticul Stress Dis.
2016; 3(1): 50-62.

Minchenko OH, Tsymbal DO, Minchenko DO,
Riabovol OO, Ratushna OO, Karbovskyi LL.
Hypoxic regulation of the expression of cell
proliferation related genes in U87 glioma cells
upon inhibition of IREI signaling enzyme. Ukr
Biochem J. 2016; 88(1): 11-21.

Minchenko DO, Kharkova AP, Halkin OV,
Karbovskyi LL, Minchenko OH. Effect of
hypoxia on the expression of genes encoding

44,

45.

insulin-like growth factors and some related
proteins in U87 glioma cells without IRE1
function. Endocr Regul. 2016; 50(2): 43-54.
Minchenko DO, Riabovol OO, Tsymbal DO,
Ratushna OO, Minchenko OH. Inhibition of
IRE1 signaling affects the expression of genes
encoded glucocorticoid receptor and some
related factors and their hypoxic regulation in
U87 glioma cells. Endocr Regul. 2016; 50(3):
127-136.

Minchenko OH, Kryvdiuk IV, Minchenko DO,
Riabovol OO, Halkin OV. Inhibition of IREI
signaling affects expression of a subset genes
encoding for TNF-related factors and receptors
and modifies their hypoxic regulation in U87
glioma cells. Endoplasm Reticul Stress Dis.
2016; 3(1): 1-15.

Received 28.11.2016

49



