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Activation of pentose phosphate pathway is an important factor of enhanced cell proliferation and
tumor growth. Phosphoribosyl pyrophosphate synthetase (PRPS) is a key enzyme of this pathway and plays
a central role in the synthesis of purines and pyrimidines. Hypoxia as well as ERN1 (from endoplasmic
reticulum to nuclei-1) mediated endoplasmic reticulum stress response-signalling pathway is linked to the
proliferation because the blockade of ERN1 suppresses tumor growth, including glioma. We studied the ex-
pression of different PRPS genes in glioma cells with ERN1 knockdown under hypoxic condition. It was shown
that hypoxia decreases the expression of PRPS1 and PRPS2 genes in both types of glioma cells, being more
pronounced in cells without ERN1 function, but PRPSAP1 and PRPSAP2 gene expressions are suppressed
by hypoxia only in glioma cells with blockade of ERN1. Moreover, the blockade of endoribonuclease activity
of ERN1 does not affect the expression of PRPS1 and PRPS2 as well as PPRS-associated protein genes in
U87 glioma cells. At the same time, the induction of endoplasmic reticulum stress by tunicamycin in glioma
cells with suppressed activity of ERN1 endoribonuclease decreases the expression level of PRPS1 and PRPS2
genes only. Results of this investigation clearly demonstrated that the expression of different genes encoding
subunits of PRPS enzyme is affected by hypoxia in U87 glioma cells, but the effect of hypoxia is modified by
suppression of endoplasmic reticulum stress signaling enzyme ERNL.
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alignant gliomas are highly aggressive
M tumors and are characterized by marked

angiogenesis and extensive tumor cell
invasion into the normal brain parenchyma, and to
date there is no efficient treatment available. The
very poor prognosis and the moderate efficacy of
conventional clinical approaches therefore empha-
size the need for new therapeutic strategies. Pentose
phosphate pathway is necessary for purine metab-
olism as well as nucleotide biosynthesis and plays
an important role in the regulation of proliferative
processes and participates in endoplasmic reticulum
stress, which is an important factor of tumor growth
and many other diseases [1-5].

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. This adap-
tive response is activated upon the accumulation
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of misfolded proteins in the endoplasmic reticulum
and is mainly mediated by endoplasmic reticulum
to nuclei-1 signaling enzyme (ERN1), also named
inositol requiring enzyme-lalpha (IREla). ERNI is
the dominant sensor of the unfolded protein response
to the accumulation of misfolded proteins and rep-
resents a key regulator of life and death processes
[6-10]. As such, it participates in the early cellular
response to the accumulation of misfolded proteins
in the lumen of the endoplasmic reticulum [11, 12].
Two distinct catalytic domains of the bifunc-
tional signaling enzyme ERNI were identified: a
serine/threonine kinase and endoribonuclease which
contribute to ERNI1 signalling. The ERN1-associated
Kinase activity autophosphorylates and dimerizes
this enzyme, leading to the activation of its endori-
bonuclease domain, degradation of a specific sub-
set of MRNA and initiation of the pre-XBP1 (X-box
binding protein 1) MRNA splicing [10, 13]. Mature

ISSN 2409-4943. Ukr. Biochem. J., 2014, Vol. 86, N 6



O. H. MINCHENKO, I. A. GARMASH, O. V. KOVALEVSKA et al.

XBP1 mRNA splice variant encodes a transcription
factor that has different C-terminus amino acid se-
guence and stimulates the expression of hundreds of
unfolded protein response-specific genes [9, 13, 14].
However, XBP1s has additional functions, especially
in the regulation of glucose homeostasis [15].

The endoplasmic reticulum stress is recognized
as an important determinant of cancer and contribu-
tes to the expression profile of many regulatory
genes resulting in proliferation and apoptosis [3, 12,
14]. Moreover, the malignant tumors use the endo-
plasmic reticulum stress and ischemia for activation
of proliferation, because the endoplasmic reticulum
stress response-signalling IRE-1 pathway is linked
with the apoptosis as well as cell death processes and
suppression of IRE-1 gene function significantly de-
creases the tumour growth [6, 16-18].

The ERNI1 mediated endoplasmic reticulum
stress response-signalling pathway is linked with
the proliferation because the blockade of ERN1 sup-
presses tumour growth via specific changes in the
cell transcriptome. Hypoxia as well as endoplasmic
reticulum stress is responsible for regulation of nu-
merous growth factors which control the cell pro-
liferation and angiogenesis in malignant tumours,
including glioma. Moreover, activation of pentose
phosphate pathway is an important factor of en-
hanced cell proliferation and tumour growth [2, 4,
19, 20].

The pentose phosphate pathway plays an im-
portant part in the regulation of glycolysis and
proliferation under different stress conditions and
participates in control of apoptotic cell death [20].
Phosphoribosyl pyrophosphate synthetase plays a
central role in tumor growth because it catalyzes
the phosphoribozylation of ribose-5-phosphate to
5-phosphoribozyl-1-pyrophosphate, which is neces-
sary for purine metabolism and nucleotide biosyn-
thesis as a rate-limiting substrate for de novo and
salvage purine synthesis [2, 4, 19].

Human PRPS exists as heterogeneous aggre-
gates composed of the 34 kDa catalytic subunits
(PRPSI or PRPS1 and PRPSII or PRPS2) and other
39 and 41 kDa components designated PRPP syn-
thetase-associated protein (PAP39 or PRPSAP1 and
PAPA41 or PRPSAP2). Recently it was shown that the
non-homologous region of PRPS1 in Saccharomy-
ces cerevisiae may contribute to the maintenance
of cell wall integrity and cell viability [19]. Moreo-
ver, in multiple myeloma cells 5-aminoimidazole-
4-carboxamide-1-B-riboside inhibited the uridine
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monophosphate synthetase activity and decreased
the level of pyrimidine nucleotides and this pyrimi-
dine starvation is responsible for induction of apop-
tosis in multiple myeloma cells [20]. Previously [21]
it was shown that the blockade of endoplasmic re-
ticulum stress sensor and signalling enzyme ERN1
in glioma cells resulted in dysregulation of the ex-
pression level of gene encoded different subunits of
phosphoribosyl pyrophosphate synthetase: strong in-
duction of PRPS1, PRPS2 and PRPSAP1 genes with
more pronounced effect on PRPS1 gene and suppres-
sion of PRPSAP2 gene. However, the expression of
phosphoribosyl pyrophosphate synthetase genes for
different subunits of phosphoribosyl pyrophosphate
synthetase in response to hypoxia and endoplasmic
reticulum stress mediated by endoribonuclease of
ERNL1 and other signalling pathways is not studied
yet.

The aim of this study was to investigate the
expression of phosphoribosyl pyrophosphate syn-
thetase genes in glioma cells with ERNL1 signaling
enzyme loss of function under hypoxic condition for
developing a new conception concerning molecular
mechanisms of malignant tumors progression in re-
lation to endoplasmic reticulum stress and hypoxia.

Materials and Methods

Cell Lines and Culture Conditions. The glioma
cell line U87 was obtained from ATCC (USA) and
grown in high glucose (4.5 g/l) Dulbecco’s modified
Eagle’s minimum essential medium (DMEM; Gib-
co, Invitrogen, USA) supplemented with glutamine
(2 mM), 10% fetal bovine serum (Equitech-Bio, Inc.,
USA), penicillin (100 units/ml; Gibco) and strepto-
mycin (0.1 mg/ml; Gibco) at 37 °C in a 5% CO, in-
cubator. In this work we used three sublines of this
glioma cell line. One subline was obtained by selec-
tion of stable transfected clones with overexpression
of pcDNA3.1 vector, which was used for creation
of dominant-negative ERN1 constructs (dnERNZ).
This subline of glioma cells was used as control 1
in the study of hypoxia on the expression level of
PRPS1, PRPS2, PRPSAP1 and PRPSAP2 genes and
designated in this study as control glioma cells. The
second subline was obtained by selection of stable
transfected clones with overexpression of dnERN1
and suppressed both protein kinase and endoribo-
nuclease activities of this bifunctional sensing and
signaling enzyme of endoplasmic reticulum stress.
These cells were obtained from prof. M. Moenner
(France) [16, 17]. The third subline was obtained by
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selection of stable transfected clones with expres-
sion of dominant-negative ERN1 endoribonuclease
mutant constructs, it suppressed endoribonuclease
activities of signaling enzyme ERNL1 described pre-
viously [18].

The expression level of studied genes in these
cells was compared with cells, transfected by vec-
tor (control 1), but the subline which overexpress
dnERNL1 was also used as control 2 for investigation
of the effect of hypoxic condition on the expression
level of PRPS genes under blockade of signaling en-
zyme ERNL1 function. For creation of hypoxic con-
dition, the culture plates were exposed in a special
incubator with 3% oxygen, 5% carbon dioxide, and
92% nitrogen mix for 16 h.

The blockade of functional activity of ERN1 in
glioma cells that overexpress dnERNL1 construct was
previously analyzed by detection of XBP1 alterna-
tive splice variant (XBP1s), a key transcription factor
in ERN1 signaling, and the level of ERN1 phospho-
rylated isoform in cells under endoplasmic reticulum
stress induced by tunicamycin (0.01 mg/ml for 2 h)
[22].

RNA isolation. Total RNA was extracted from
glioma cells using Trisol reagent (Invitrogen, USA)
as previously described [23]. RNA pellets were
washed with 75 % ethanol and dissolved in nuclease-
free water. For additional purification RNA samples
were precipitated with 95 % ethanol and re-dissolved
again in nuclease-free water.

Reverse transcription and quantitative PCR
analysis. QuaniTect Reverse Transcription Kit
(QIAGEN, Germany) was used for cDNA synthe-
sis as described previously [24, 25]. The expression
levels of PRPS1, PRPS2, PRPSAPL, and PRPSAP2
MRNA were measured in glioma cell line U87 and
its sublines by real-time quantitative polymerase
chain reaction using "Mx 3000P QPCR" (Stratagene,
USA) and Absolute gPCR SYBRGreen Mix (Thermo
Fisher Scientific, ABgene House, UK). Polymerase
chain reaction was performed in triplicate.

For amplification of phosphoribosyl pyrophos-
phate synthetase 1 (PRPS1) cDNA we used the next
primers: forward (5-AAGAACGGAAGAAGGC-
CAAT-3" and reverse (5'-GACCGGAGAAGATTC-
CATGA-3') primers. The nucleotide sequences of
these primers correspond to sequences 786-805 and
971-952 of human PRPSI ¢cDNA (GenBank acces-
sion number NM_002764). The size of amplified
fragment is 186 bp.

Two other primers were used for real time
RCR analysis of phosphoribosyl pyrophosphate syn-
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thetase 2 (PRPS2) cDNA: forward (5-AAAACATT-
GCCGAGTGGAAG-3" and reverse (5-TGAC-
GACAACAGCCTCAAAG-3') primers. The
nucleotide sequences of these primers correspond
to sequences 613-632 and 957-948 of human PRPS2
cDNA (GenBank accession number NM_002765).
The size of amplified fragment is 345 bp.

For amplification of phosphoribosyl pyropho-
sphate synthetase-associated protein 1 (PRPSAPL)
cDNA we used the next primers: forward 5-GTC-
CTATGCGGAGAGACTGC-3'" and reverse 5-TAG-
GCGCCTCTCTCTTTCAG-3". These oligonu-
cleotides correspond to sequences 1088-1107 and
1366-1347 of human PRPSAP1 cDNA (GenBank
accession number NM_002766). The size of ampli-
fied fragment is 279 bp.

For amplification of phosphoribosyl pyropho-
sphate synthetase-associated protein 2 (PRPSAP2)
cDNA we used the next primers: forward 5'-CAC-
CCATGGTCAGAAGTGTG-3" and reverse
S'"TTAATCTTGGGGCACTGGAG-3". These oli-
gonucleotides correspond to sequences 894-913 and
1221-1202 of human PRPSAP2 cDNA (GenBank ac-
cession number NM_002767). The size of amplified
fragment is 328 bp.

The amplification of B-actin (ACTB) cDNA was
performed using forward — 5'-GGACTTCGAGCAA-
GAGATGG-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 (USA).

An analysis of quantitative PCR was performed
using special computer program Differential Expres-
sion Calculator and statistical analysis — according
to Student’s test using OriginPro 7.5 software. The
values of PRPS1, PRPS2, PRPSAPL, and PRPSAP2
MRNA expressions were normalized to the expres-
sion of ACTB mRNA and represent as percent of
control 1 (100%). All values are expressed as mean
+ SEM from triplicate measurements performed in
4 independent experiments.

Results and Discussion

We studied the expression of four different
genes which encoded phosphoribosyl pyrophosphate
synthetase, which exists as heterotetramer and con-
tains two catalytic subunits (PRPS1 and PRPS2) and
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two associated proteins (PRPSAP1 and PRPSAP2)
in U87 glioma cells under hypoxia and under com-
plete blockade of ERN1 signaling enzyme function
as well as in cells with mutation in ERN1 endoribo-
nuclease active center. As shown in Fig. 1 and 2, the
expression level of both catalytic subunits of phos-
phoribosyl pyrophosphate synthetase did not change
significantly in glioma U87 cells with blockade
only endoribonuclease activity of ERN1; however,
the knockdown of both enzymatic activities of this
signaling enzyme of endoplasmic reticulum stress
leads to up-regulation of PRPS1 and PRPS2 mRNA
expressions (P < 0.05), being more significant for
PRPS1 gene.

At the same time, the blockade of only en-
doribonuclease activity of ERNL1 signaling en-
zyme did not change significantly the expression
level of genes which encoded both associated pro-
teins of phosphoribosyl pyrophosphate synthetase,
but complete blockade of ERN1 signaling enzyme
(both protein kinase and endoribonuclease activi-
ties) affects both PRPS1 and PRPS2 gene expres-
sions in different ways (Fig. 3 and 4). Thus, ERNI
knockdown increases the expression level of PRPS1
gene (P < 0.05) and decreases that of PRPS2 gene
(P <0.05).

300
250
200
150
100

50

O -

Control dnERN1 dnrERN1  dnrERN1+t

PRPS1

Relative mMRNA expresion, % of control

Fig. 1. Expression of phosphoribosyl pyrophosphate
synthetase 1 (PRPS1) mRNA in glioma cell line U87
(Vector) and its subline with a deficiency of both
enzymatic activities of the signaling enzyme ERN1
(dnERN1) or without endoribonuclease activity
only (dnrERN1) measured by gPCR. dnrERN1+t —
dnrERNL1 cells treated by tunicamycin (0.01 mg/ml -
2 hrs). Values of PRPS1 mRNA expressions were
normalized to f-actin mRNA expression and repre-
sent as percent of control (100%); n =4; * P < 0.05
as compared to control; ** P < 0.05 as compared
to dnrERN1
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Moreover, we have shown that the induction of
endoplasmic reticulum stress by tunicamycin in gli-
oma cells with suppressed endoribonuclease activ-
ity of ERN1 signaling enzyme leads to a significant
decrease (close to 2-fold; P < 0.05) of both catalytic
subunits of PRPS (Fig. 1 and 2). However, no signifi-
cant changes were observed in the expression level
of both genes which encoded PPRS associated pro-
teins in these cells treated with tunicamycin (Fig. 3
and 4). At the same time, the expression of PRPSAP2
gene is decreased in glioma cells with suppressed
ERN1 enzyme function.

It was also shown that exposure of U87 glioma
cells to hypoxia leads to suppression of PRPS1 gene
expression both in control glioma cells and cells with
ERN1 knockdown (P < 0.05), but more robust ef-
fect of hypoxia was observed in glioma cells with
ERNL1 signaling enzyme function (Fig. 5). As shown
in Fig. 6, the expression level of PRPS2 gene is also
decreased both in control glioma cells and cells with
ERN1 knockdown (P < 0.05), but suppression of
ERNL1 signaling enzyme function did not change
significantly the effect of hypoxia on this gene ex-
pression.

At the same time, the expression of PRPSAP1
gene was resistant to hypoxia condition in control
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Fig. 2. Expression of phosphoribosyl pyrophosphate
synthetase 2 (PRPS2) mRNA in glioma cell line U87
(Vector) and its subline with a deficiency of both
enzymatic activities of the signaling enzyme ERN1
(dnERN1) or without endoribonuclease activity
only (dnrERNZ1) measured by gPCR. dnrERN1+t —
dnrERNL1 cells treated by tunicamycin (0.01 mg/ml —
2 hrs). Values of PRPS2 mRNA expressions were
normalized to [-actin mRNA expression and repre-
sent as percent of control (100%); n =4; * P < 0.05
as compared to control; ** P < 0.05 as compared
to dnrERN1
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Fig. 3. Expression of phosphoribosyl pyrophos-
phate synthetase associated protein 1 (PRPSAPL)
mRNA in glioma cell line U87 (Vector) and its sub-
line with a deficiency of both enzymatic activities
of the signaling enzyme ERN1 (dnERNZ) or without
endoribonuclease activity only (dnrERN1) measu-
red by qPCR. dnrERN1+t — dnrERN1 cells treated
by tunicamycin (0.01 mg/ml — 2 h). Values of PRP-
SAPI mRNA expressions were normalized to ff-actin
mRNA expression and represent as percent of con-
trol (100%); n = 4; * P < 0.05 as compared to con-
trol; ** P < 0.05 as compared to dnrERN1
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Fig. 5. The expression of phosphoribosyl pyroph-
osphate synthetase 1 (PRPS1) mRNA in glioma cell
line U87 (Vector) and its subline with a deficiency
of the signaling enzyme ERN1 (dnERNZ): effect of
hypoxia. Values of PRPS1 mRNA expressions were
normalized to f-actin mRNA expression and repre-
sent as percent of control (100%); n =4; * P < 0.05
as compared to control 1; ** P < 0.05 as compared
to control 2.

glioma cells, but suppression of ERN1 signaling en-
zyme function modified the sensitivity of this gene
expression to hypoxia (Fig. 7). Thus, the expression
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Fig. 4. Expression of phosphoribosyl pyrophosphate
synthetase associated protein 2 (PRPSAP2) mRNA
in glioma cell line U87 (Vector) and its subline
with a deficiency of both enzymatic activities of the
signaling enzyme ERN1 (dnERNZ1) or without en-
doribonuclease activity only (dnrERN1) measured
by gPCR. dnrERN1+t — dnrERNL1 cells treated by
tunicamycin (0.01 mg/ml — 2 h). Values of PRPSAP2
mRNA expressions were normalized to [-actin
mRNA expression and represent as percent of con-
trol (100%); n = 4; * P < 0.05 as compared to con-
trol; ** P < 0.05 as compared to dnrERN1
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Fig. 6. Effect of hypoxia on the expression of phos-
phoribosyl pyrophosphate synthetase 2 (PRPS2)
mRNA in glioma cell line U87 (Vector) and its sub-
line with a deficiency of the signaling enzyme ERNI
(dnERN1) measured by gPCR. Values of PRPS2
mRNA expressions were normalized to [-actin
mRNA expression and represent as percent of con-
trol (100%); n = 4; * P < 0.05 as compared to con-
trol 1; ** P < 0.05 as compared to control 2

of PRPSAP1 gene in glioma cells with ERN1 loss of
function is decreased (P < 0.05) under hypoxia con-
dition. It was also found that PRPSAP2 gene expres-
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sion did not change significantly in control glioma
cells, but in cells with ERN1 knockdown the ex-
pression of PRPSAP2 was increased under hypoxia
(P < 0.05) (Fig. 8).

We have studied the expression of four different
genes of phosphoribosyl pyrophosphate synthetase,
because this enzyme contains two catalytic subunits
and two associated subunits encoded by separate
genes. Phosphoribosyl pyrophosphate synthetase
enzyme is very important in the pentose phosphate
pathway both in health and disease [26, 27]. Pre-
viously [21] it was shown that the blockade of en-
doplasmic reticulum stress sensor and signalling
enzyme ERNLI in glioma cells resulted in dysregula-
tion of the expression level of genes which encoded
different subunits of phosphoribosyl pyrophosphate
synthetase: strong induction of PRPS1, PRPS2 and
PRPSAP1 genes with more pronounced effect on
PRPS1 gene and suppression of PRPSAP2 gene.
Thus, all genes encoding different subunits of phos-
phoribosyl pyrophosphate synthetase are responsi-
ble for endoplasmic reticulum stress, in particular its
ERNL1 signalling pathway; however, in diverse ways.
This dysregulation of the expression of genes for
different subunits of phosphoribosyl pyrophosphate
synthetase, which is necessary for purine metabo-
lism and nucleotide biosynthesis [27], possibly con-
tribute to suppression of glioma cells proliferation
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Fig. 7. The expression of phosphoribosyl pyrophos-
phate synthetase associated protein 1 (PRPSAPL)
mRNA in glioma cell line U87 (Vector) and its sub-
line with a deficiency of the signaling enzyme ERNI
(dnERNLY): effect of hypoxia. Values of PRPSAPL
mRNA expressions were normalized to [-actin
mMRNA expression and represent as percent of con-
trol (100%); n = 4; * P < 0.05 as compared to con-
trol 1; ** P < 0.05 as compared to control 2
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upon blockade of ERN1 gene function and glioma
growth from these cells [16, 17].

Activation of pentose phosphate pathway is an
important factor of enhanced cell proliferation and
tumor growth, and phosphoribosyl pyrophosphate
synthetase is a key enzyme of this pathway because
it plays a central role in the synthesis of purines
and pyrimidines. Moreover, the pentose phosphate
pathway as well as endoplasmic reticulum stress
is important in the regulation of glycolysis and
proliferation during different stress conditions and
participates in control of apoptotic cell death and
cell viability [19, 20]. Thus, the suppression of ERN1
gene function in glioma cells significantly decreases
the tumor growth, and dysregulation of the expres-
sion of different genes encoding PRPS enzyme is in
agreement with this data.

At the same time, we did not find some changes
in the expression level of all studied genes of phos-
phoribosyl pyrophosphate synthetase in glioma cells
after blockade of only endoribonuclease activity of
ERNL1 signaling enzyme. It is possible that endori-
bonuclease of ERN1 enzyme is not responsible for
changes in the expression level of genes which en-
coded both catalytic subunits of phosphoribosyl py-
rophosphate synthetase and its associated proteins,
which we observed in glioma cells with complete
blockade of both ERN1 enzymatic activities.
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Fig. 8. Effect of hypoxia on the expression of phos-
phoribosyl pyrophosphate synthetase associated
protein 2 (PRPSAP2) mRNA in glioma cell line
U87 (Vector) and its subline with a deficiency of
the signaling enzyme ERN1 (dnERNL1). Values of
PRPSAP2 mRNA expressions were normalized to
[-actin mRNA expression and represent as percent
of control (100%); n = 4; * P < 0.05 as compared
to control 1; ** P < 0.05 as compared to control 2
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Moreover, our results with induction of endo-
plasmic reticulum stress by tunicamycin in glioma
cells without endoribonuclease activity of ERN1
signaling enzyme clearly demonstrate that both
catalytic subunits are also regulated by other signal-
ing pathways of endoplasmic reticulum stress or by
protein kinase activity of ERN1. Thus, tunicamycin-
induced endoplasmic reticulum stress decreases the
expression of PRPS1 and PRPS2 genes in glioma
cells without endoribonuclease activity of ERN1, but
blockade of kinase and endoribonuclease activities
leads to up-regulation of the expression of both these
gene expressions.

Moreover, we have shown that hypoxia condi-
tion also affects the expression of PRPS1 and PRPS2
genes in control U87 glioma cells and this data cor-
relate with down-regulation of these gene expres-
sions upon tunicamycin treatment, because hypoxia
as well as tunicamycin is the inductor of endoplas-
mic reticulum stress. We have also found that hypox-
ic regulation of PRPS1 gene expression depends on
ERNL1 signaling enzyme function, because the effect
of hypoxia was more pronounced in control glioma
cells. At the same time, the expression of PRPSAP1
and PRPSAP2 genes was resistant to hypoxia condi-
tion in control glioma cells but decreased (PRPSAP1)
or increased (PRPSAP2) in glioma cells with ERN1
loss of function. Thus, the expression of these genes
which encoded both phosphoribosyl pyrophosphate
synthetase associated proteins in U87 glioma cells
also depend on ERNI1 function. These results are
consistent with the data of other investigation, where
the dependence of different gene expressions under
hypoxic as well as nutrient deprivation conditions
on ERNL1 signaling enzyme function [22-25] was
shown. Thus, blockade of ERNlsignaling enzyme
can enhance, reduce or eliminate hypoxic regulation
of gene expression.

It is interesting to note that the mechanism of
hypoxic regulation is realized usually through tran-
scription factor HIF, but there are many different
factors which control the level of this transcription
factor in low oxygen conditions as well as in malig-
nant tumors under normoxic conditions [25, 28-34].
Hypoxia-inducible mir-210, transglutaminase, delta-
catenin, c-Myc as well as ATR (ataxia telangiectasia
and Rad3 related protein), which is a member of the
phosphoinositide 3-kinase-related kinases family,
are among them.

Thus, the expression of genes encoding dif-
ferent subunits of phosphoribosyl pyrophosphate
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synthetase enzyme, which plays a central role in the
synthesis of nucleotides and controls tumor growth,
is dependent on ERN1 signaling enzyme function as
well as hypoxic condition.

Results of this investigation clearly demonstra-
ted that hypoxia decreases the expression of PRPS1
and PRPS2 genes in both types of glioma cells, but
PRPSAP1 and PRPSAP2 —only in glioma cells with
endoplasmic reticulum stress signaling enzyme
ERN1 knockdown and that the effect of hypoxia is
modified by suppression of ERN1. Moreover, blocka-
de of endoribonuclease activity of ERN1 does not af-
fect the expression of PRPS1 and PRPS2 as well as
PPRS-associated protein genes in U87 glioma cells.
At the same time, the induction of endoplasmic re-
ticulum stress by tunicamycin in glioma cells with
suppressed activity of ERN1 endoribonuclease de-
creases the expression level of PRPS1 and PRPS2
genes only. These data show that the expression of
PRPS1 and PRPS2 genes is controlled by protein Ki-
nase of ERN1 or possibly other signaling pathways
of endoplasmic reticulum stress.
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AxTHBaIiss  TmeHTo30-pocarHoro  muUIs-
Xy € BaXJIMBUM  YHHHHKOM  IOCHUJICHHS
npomidepaTiBHUX TPONECIB 1 POCTY MYXJIHUH.
dochopudozunmipodpocharcunreraza (PRPS) €
KJIFOUOBMM €H3MMOM IIbOTO IILISIXY 1 BiIIrpa€ IeH-
TpaJbHY pOJb y CHHTE31 MMyPHHIB Ta IMIPHUMIJIHHIB.
Sk rinokcis, tak i omocepenkoBanuii ERN1 cur-
HAJIBHUW [UISIX CTPECY EHJOIUIa3MaTUYHOTO pe-
TUKyJyMa IOB’$13aHiI 3 mpolecamu mnpodideparii
KJIITHH, OCKiIbKK Osokaga ERNI npurhiuye pict
MyXJIMH, BKJOYAKYM TioMy. MU J0oCiiKyBaiu
ekcrpecito pisHux reriB PRPS y kiiTuHax riiomu
3 mpurHiveHoro gyHkmieto ERNI 3a rimokcii. [Toka-
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3aHO, 1110 TMOKCisl 3MEHIIYE PiBEHb EKCIpecii TeHiB
PRPS1 ta PRPS2 B 000X THIIaX KJITHH TJIIOMHU,
aje B Oinbwii Mipi y KIITHHaX 3 MPUTHIYECHOIO
¢yukaiero ERNI, xowa piBeHb ekchpecii reHiB
PRPSAP1 ta PRPSAP2 3HuxyBaBcst 3a TilmokKcii
JIMIIE Y KJITHHAX TJIIOMH 3 BUKJIFOUCHOI (PYHKI[IEO
curtanbHoro ensumy ERNI. Binbiie Toro, 6iiokaaa
eHjopubonykeasHoi akTuBHocTi ERN1 He mpusso-
JUJjia 10 ICTOTHUX 3MiH B eKkcrpecii reHis sik PRPS1
i PRPS2, Tak i PRPSAPL Ta PRPSAP2 y kiituHax
riiiomu Jiinil U87. Y Toil ke 4ac 1HAYKIlSI cTpecy
SH/IOTIa3MAaTHYHOTO PETUKYIyMa TyHIKaMillMHOM
y KIITHHAX TJIIOMH i3 MPUTHIYEHOIO €HIOPHOOHY-
kiea3How akTuBHICTIO ERNI1 3HmkyBana nwuiie
piBens excnpecii renis PRPS1 i PRPS2. Pesynbratu
LBOT'O JIOCHIIJDKEHHSI BKa3ylOTh Ha Te, IO TiMOKCis
BILJIMBA€E HA PiBEHb eKcIpecii reHiB pizHUX cy0oau-
Huup ensumy PRPS y xnitunax rmiomu ninii U7
1 o eeKT TiMnoKcii 3MIHIOETHCS 32 BUKIIOYCHHS
ERNI, curHanbHOrO €H3UMY CTpeCy eHAOIlIa3Ma-
TUYHOTO PETHKYIyMa.

KnrmodoBi ciroBa: ekcrpecis TeHiB, ICH-
to30-pocharauit murax, PRPS1, PRPS2, PRPSAPL,
PRPSAP2, ERNI, rimokcisi, KJIITHHHA II110MH.

IKCIIPECCHUSA I'EHOB
DOOCPOPUBO3UJI-
IMUPODPOCPATCUHTETA3BI

B KVIETKAX I'/IMOMBI IMHUU

U87 C BBIKJIIOYEHHbBIM ERNI1:
BJIUSAHUE I'MITOKCHUU U CTPECCA
SHAONJIIASMATHYECKOI'O
PETUKYJIYMA
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AKTHBaIMs TMEHTO30-PpochaTHOTO MyTH SB-
JSIETCSl BAXHBIM (DAaKTOpOM yCHIICHHS Tiposnde-
pPaTUBHBIX MPOIIECCOB U pocTa omyxojei. Docho-
pubosunnupodocharcunrerasa (PRPS) sBasercs
KJIIOYEBBIM 3H3MMOM 3TOTO NMYTH W HUTPaeT IIeH-
TpaJbHYIO POJIb B CHHTE3€ IIYPHUHOB U MUPUMHIN-
HoB. Kak rumnoxcusi, Tak n onocpenoBanubiii ERN1
CUTHAJIBHBIN MYTh CTpecca 3HJIOMIA3MaTHYeCKOro
pEeTUKYyJIlyMa CBS3aHbI C IMpoleccaMu Tposndepa-
UM KJIETOK, TOCKONbKYy Omokama ERNI yruera-
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€T POCT OIyXOJIeH, BKJIO4as Iiuomy. Mbl uccie-
JIOBAJIM JKCIIPECCUI0 pa3iudHbIX TeHoB PRPS B
KJIETKaX TJIUOMBI ¢ yrHeTeHHOW (yHkimeidr ERNI
npu runokcuu. IlokazaHo, 4TO TMIOKCUS CHUXKAET
ypoBeHb skcrpeccun renoB PRPS1 u PRPS2 B 060-
UX TUNAaX KJIETOK INTMOMBI, HO B OOJIbIICH CTENEeHU
B KJeTKax ¢ yrHeteHHoW ¢(yHkmmeir ERNI, xoTs
ypoBeHb skcnpeccuu renoB PRPSAPL u PRPSAP2
CHIDKAJICS TIPH TUIIOKCUU JIMILIB B KJIETKAX TJTHOMBI
C BBIKITIOYEHHOH (YHKIHEH CUTHAJIBHOTO H3MMa
ERNI. bonee toro, 6iokana 3H10pUOOHYKIICa3HOH
aktuBHocTH ERNI He mpuBoauia K CyIlIEeCTBEH-
HBIM M3MEHEHHSM B DKCIIpecCUH reHoB kak PRPS1
n PRPS2, tax 1 PRPSAP1 u PRPSAP2 B xierkax
rmombl nanu U87. B TO ke BpeMs WHIYKIHS
CTpecca 3H/I0MIa3MaTHYECKOro peTUKYyJIyMa TyHHU-
KaMULIMHOM B KJIETKaX IJIMOMBI C YTHETCHHOM 9H-
JlopuboHyKJiea3Hoi akTuBHOCTHIO ERNI1 cHmkana
JUIIH YPOBEHb dKcrpeccuu reHoB PRPS1 u PRPS2.
Pe3ynbrarhl 3TOr0 HCCaeI0BaHMS yKa3bIBAIOT HA TO,
YTO THUIOKCHSI BJIMSET Ha YPOBEHb DKCIIPECCUU TI'e-
HOB pa3IUYHBIX cyObenuHuUIl 2H3Ma PRPS B kItet-
kax rroMbl TuHuM U87 u, uTo 3ddekt rumoxcun
u3MeHsiercsa npu BbikiroueHnu ERNI, curHamsHOro
SH3MMa CTPECcca HOMIA3MaTHIECKOTr0 PETHKYITyMa.

KnarwoueBble clioBa: 3KCOpeccus re-
HOB, TeHTo30-(pocharHeii myTs, PRPS1, PRPS2,
PRPSAP1, PRPSAP2, ERNI, rumokcus, KJIETKH

TJIMOMBI.
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