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Endoplasmic reticulum stress, as well as hypoxia and ischemia, are important fac-
tors for tumor neovascularization and growth. Cancer cells preferentially utilize glycoly-
sis in order to satisfy their increased energetic and biosynthetic requirements. High
glucose metabolism of cancer cells is caused by a combination of hypoxia-responsive
transcription factors, activation of oncogenic proteins and the loss of tumor suppressor
function and is realized in part by activating a family of regulatory bifunctional 6-phos-
phofructo-2-kinase/fructose-2,6-bisphosphatases (PFKFB) and hexokinase 2. We have
studied the effect of hypoxia and ischemia on the expression of PFKFB and hexokinase
genes in glioma cell line U87 under knockdown of endoplasmic reticulum—nuclei-1
(ERN1) sensing and signaling enzyme. It was shown that loss of the signaling enzyme
ERN1 function leads to an increase in the expression levels of HK1, HK2, PFKFB3 and
PFKFB4 mRNA. Moreover, the expression levels of all studied genes increase under
hypoxia in control and ERN1-deficient glioma cells; however knockdown of ERN1 sup-
presses the effect of hypoxia. Besides, HK2 and PFKFB4 are more sensitive to hypoxia
than HK1 and PFKFB3. Glucose or glutamine deprivation conditions have different ef-
fects on the expression levels of these genes and its effect depends mainly on ERN1
function. Expression levels of alternative splice variants of PFKFB3 and PFKFB4 mRNA
change at used experimental conditions in a fashion similar to the basic PFKFB vari-
ants. Thus, the expression of hexokinase and PFKFB genes is mainly dependent on
ERN1 signaling enzyme function in normal, hypoxic and ischemic conditions.

Keywords: mRNA expression, HK1, HK2, PFKFB3, PFKFB4, glioma cells, ERN1
knockdown, hypoxia, glucose and glutamine deprivation.

INTRODUCTION

High rate of glycolytic flux, even in the presence of oxygen, is a central metabolic
hallmark of neoplastic tumors. The high glucose metabolism of cancer cells is caused
by a combination of hypoxia-responsive transcription factors, activation of oncogenic
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proteins and the loss of tumor suppressor function. Over-expression of HIF-1a or HIF-
20 and MYC, activation of RAS and loss of TP53 and/or other tumor suppressor func-
tions each have been found to stimulate glycolysis in part by activating a family of regu-
latory bifunctional 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatases (PFKFB)
and hexokinases (HK) [1, 2]. The PFKFB enzymes synthesize fructose-2,6-bisphos-
phate (F2,6BP) which allosterically activates 6-phosphofructo-1-kinase (PFK-1), a rate-
limiting enzyme and essential control point in the glycolytic pathway [3-5]. PFKFB3 and
PFKFB4 are hypoxia responsive enzymes and overexpressed in different cancer tis-
sues [6-9]. Overexpression of these enzymes is an obligatory factor of tumor cell gly-
colysis [10, 11]. Recently, it was shown that nuclear targeting of 6-phosphofructo-2-ki-
nase-3 increases proliferation via cyclin-dependent kinase [12]. Several alternative
splice variants for PFKFB3 and PFKFB4 were identified in tumor cells which possibly
have significance in cancer growth [13—-15].

Hexokinase catalyzes the first essential step of glucose metabolism, the conver-
sion of glucose into glucose-6-phosphate. It was shown that expression of HK2 gene is
insulin-responsive, and it is involved in the increased rate of glycolysis seen in rapidly
growing cancer cells. Moreover, hexokinase 2 is a key mediator of aerobic glycolysis
and promotes tumor growth in human glioblastoma multiforme, the most common ma-
lignant brain tumor [2]. In contrast to normal brain tissue, which expresses predomi-
nantly HK1, glioblastoma multiforme shows increased HK2 expression. Depletion of
HK2, but not of HK1 or pyruvate kinase M2, in glioblastoma cells restored oxidative
glucose metabolism and increased sensitivity to cell death inducers such as radiation
and temozolomide [2]. Intracranial xenografts of HK2-depleted glioblastoma multiforme
cells showed decreased proliferation and angiogenesis, but increased invasion, as well
as a diminished expression of hypoxia inducible factor 1a and vascular endothelial
growth factor. Activation of hexokinases is regulated by Akt/PKB-mediated phosphoryla-
tion. In addition to glucose metabolism, hexokinases have been implicated in antiapop-
totic and cell survival signaling. Besides that, the induction of de novo lipid synthesis
from glucose in prostate cancer cells by androgen requires transcriptional up-regulation
of HK2 and PFKFB2, and phosphorylation of PFKFB2 generated by the PI3K/AKT sig-
nal pathway to supply the source for lipogenesis [16].

Thus, the hexokinase and family of PFKFB proteins participate not only in the con-
trol of glucose metabolism via glycolysis, but also in the regulation of the cell cycle,
proliferation, apoptosis and invasiveness [1, 2, 8, 12].

The endoplasmic reticulum is a key organelle in the cellular response to ischemia,
hypoxia, and some chemicals which activate a complex set of signaling pathways
named the unfolded protein response. This adaptive response is activated upon the ac-
cumulation of misfolded proteins in the endoplasmic reticulum and is mediated by three
endoplasmic reticulum-resident sensors named PERK (PRK-like ER kinase), IRE1/
ERN1 (Inositol Requiring Enzyme-1/Endoplasmic Reticulum to the Nuclei-1) and ATF6
(Activating Transcription Factor 6), however, endoplasmic reticulum to the nuclei-1 is
the dominant sensor [17-20]. Activation of the unfolded protein response tends to limit
the de novo entry of proteins in to the endoplasmic reticulum and facilitate both the en-
doplasmic reticulum protein folding and degradation to adapt cells for survival or, alter-
natively, to enter cell death programs through endoplasmic reticulum-associated ma-
chineries [17, 18, 21]. It participates in early cellular response to the accumulation of
misfolded proteins in the lumen of the endoplasmic reticulum, occurring under both
physiological and pathological conditions.
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Two distinct catalytic domains of the bifunctional signaling enzyme endoplasmic re-
ticulum to the nuclei-1 were identified: a serine/threonine kinase and an endoribonucle-
ase which contribute to ERN1 signalling. The ERN1-associated kinase activity autophos-
phorylates and dimerizes this enzyme, leading to the activation of its endoribonuclease
domain, degradation of a specific subset of mMRNA, and initiation of the pre-XBP1 (X-box
binding protein 1) mMRNA splicing [20—22]. Mature XBP1 mRNA splice variant encodes a
transcription factor that has different C-terminus amino acid sequence and stimulates the
expression of hundreds of unfolded protein response-specific genes [17, 21].

Moreover, the growing tumor requires the endoplasmic reticulum stress as well as
hypoxia and ischemia, for own neovascularization and growth and the complete block-
ade of ERN1 signal transduction pathway has anti-tumor effects [22, 23]. The endoplas-
mic reticulum stress response-signalling pathway is linked to the neovascularization
process, tumor growth and differentiation as well as cell death processes [23, 24]. Thus,
the block of the main unfolded protein response sensor ERN1 is important at studying the
role of ERN1 signalling pathways in tumor progression, especially in malignant gliomas;
it is important in the development of a new understanding concerning molecular mecha-
nisms of malignant tumors progression in relation to ischemia/hypoxia and it will help
define the best targets for the design of specific inhibitors that could act as potent antitu-
mor drugs. Gliomas are the most frequent primary brain neoplasms and represent a
major challenge in cancer therapy as they are not easily accessible to current therapies.

The main goal of this work is to study the role of ERN1-signaling pathways in tumor
progression by investigating the expression of hexokinase and PFKFB genes in glioma
U87 cells with ERN1 loss of function under normal, hypoxic and ischemic (glucose or
glutamine deprivation) conditions.

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; Gibco, Invitrogen, USA) supplemented with glutamine
(2 mM), 10% fetal bovine serum (Equitech-Bio, Inc., USA), penicillin (100 units/ml; Gib-
co) and streptomycin (0.1 mg/ml; Gibco) at 37°C in a 5% CO, incubator. In this work we
used two sublines of this glioma cell line. One subline was obtained by selection of
stable transfected clones with overexpression of vector, which was used for creation of
dnERN1. This untreated subline of glioma cells (control glioma cells) was used as con-
trol 1 in the study of the effect of hypoxia and glutamine or glucose deprivations on the
expression level of hexokinase and PFKFB genes. Second subline was obtained by
selection of stable transfected clones with overexpression of ERN1 dominant/negative
constructs (dnERN1) and has suppressed both protein kinase and endoribonuclease
activities of this signaling enzyme [13]. The expression level of hexokinase and PFKFB
genes in these cells was compared with cells, transfected by vector (control 1), but this
subline was also used as control 2 for investigation the effect of hypoxia and glutamine
or glucose deprivations on the expression level of hexokinase and PFKFB genes under
blockade ERN1 function.

Hypoxic conditions were created in special incubator with 3% oxygen and 5% car-
bon dioxide levels; culture plates were exposed to these conditions for 16 hrs. For glu-
cose or glutamine deprivation the growing medium in culture plates was replaced with
a medium without glucose or without glutamine and thus exposed for 16 hrs.
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The suppression level of ERN1 enzymatic activity in glioma cells that overexpress a
dominant-negative construct of endoplasmic reticulum—nuclei-1 (dnERN1) was estimated
by analysis of the expression of XBP1 alternative splice variant (XBP1s), a key transcrip-
tion factor in ERN1 signaling, using cells treated by tunicamycin (10 mg/I during 2 hours).

RNA isolation. Total RNA was extracted from different tumor tissues and normal
tissue counterparts as described [15, 25]. RNA pellets were washed with 75 % ethanol
and dissolved in nuclease-free water.

Reverse transcription and quantitative PCR analysis. The expression levels of
HK1, HK2, PFKFB3, PFKFB4 and alternative splice variants of PFKFB mRNA were mea-
sured in glioma cell line U87 and its subline with a deficiency of endoplasmic reticulum—
nuclei-1 by quantitative polymerase chain reaction of complementary DNA (cDNA) using
~Stratagene Mx 3000P cycler” (USA) and SYBRGreen Mix (AB gene, Great Britain). Qua-
niTect Reverse Transcription Kit (QIAGEN, Germany) was used for cDNA synthesis as
described previously [25]. Polymerase chain reaction was performed in triplicate.

For amplification of hexokinase 1 (HK1) cDNA we used forward (5-CTTATTT-
GAAGGGCGGATCA-3' and reverse (5-GGAATACTGTGGGTGCGTCT-3') primers.
The nucleotide sequences of these primers correspond to sequences 1055-1074 and
1373-1354 of human HK1 cDNA (GenBank accession number NM_000188). The size
of amplified fragment is 319 bp.

The amplification of hexokinase 2 (HK2) cDNA was performed using forward primer
(5’-TCTATGCCATCCCTGAGGAC-3') and reverse primer (5-TCTCTGCCTTCCACTC-
CACT-3’). These oligonucleotides correspond to sequences 2258-2267 and 2477—-
2458 of human HK2 cDNA (GenBank accession number NM_000189). The size of am-
plified fragment is 220 bp.

The amplification of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 cDNA
for real time RCR analysis was performed using two oligonucleotide primers: forward —
5-CTTGTCGCTGATCAAGGTGA-3' and reverse —5'-TTCTGCTCCTCCACGAACTT-3'.
The nucleotide sequences of these primers correspond to sequences 1011-1030 and
1253-1234 of human PFKFB3 cDNA (GenBank accession number NM_004566). The
size of amplified fragment is 243 bp.

Two other primers were used for real time RCR analysis of the expression of 6-phos-
phofructo-2-kinase/fructose-2,6-bisphosphatase-4 cDNA: forward — 5-GGAGTTCAAT-
GTTGGCCAGT-3' and reverse — 5-TCAGGATCCACACAGATGGA-3'. The nucleotide
sequences of these primers correspond to sequences 230-249 and 505-486 of human
PFKFB4 cDNA (GenBank accession number NM_004567). The size of amplified frag-
ment is 276 bp.

The amplification of alternative splice variant of 6-phosphofructo-2-kinase/fruc-
tose-2,6-bisphosphatase-3 cDNA with deletion of 174 bp fragment for real time RCR
analysis was performed using two oligonucleotide primers: forward — 5'-CGGGAGAG-
GTCAGAGAACAT-3' and reverse — 5'-CTCTCCGGAAGAAGTCCTCA-3'. The nucleo-
tide sequences of these primers correspond to sequences 34-53 and 197-178 of this
human PFKFB3 alternative splice variant (GenBank accession number AJ272440). The
size of amplified fragment is 164 bp.

Two other primers were used for real time RCR analysis of the expression of alter-
native splice variant of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-4 cDNA
with deletion of 21 bp fragment: forward — 5-AGAGCGAGCTCAACCTCAAG-3’ and
reverse — 5-ACGCCCTTCCACTGTTCATA-3'. The nucleotide sequences of these
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primers correspond to sequences 889-908 and 1090-1071 of this human PFKFB4 al-
ternative splice variant (GenBank accession number AY707863). The size of amplified
fragment is 212 bp.

The amplification of beta-actin cDNA was performed using forward — 5-CGTAC-
CACTGGCATCGTGAT-3' and reverse — 5-GTGTTGGCGTACAGGTCTTT-3' primers.
The expression of beta-actin mMRNA was used as control of analyzed RNA quantity. The
primers were received from ,Sigma” (USA).

The amplification of XBP1 cDNA was performed using HotStarTag Master Mix Kit
(,LQIAGEN”, Germany), ,MasterCycler Personal” (,Eppendorf’, Germany) and primers:
forward — 5'-GGAGTTAAGACAGCGCTTGG-3' and reverse — 5-TCACCCCTCCAG-
AACATCTC-3'. The nucleotide sequences of these primers correspond to sequences
441-460 and 608-589 of XBP1 mRNA (GenBank accession number NM_005080). The
size of amplified fragment is 168 bp for non spliced variant and 142 bp for alternative
splice variant (XBP1s).

An analysis of quantitative PCR was performed using special computer program
,Differential expression calculator” and statistic analysis — in Excel program. The
amplified DNA fragments were analyzed on a 2% agarose gel and that visualized by 5x
Sight DNA Stain (EUROMEDEA).

RESULTS

In this study, we have used human glioma cell line U87 and genetically modified vari-
ant of these cells (deficient in the endoplasmic reticulum stress signaling enzyme ERN1)
to investigate the expression of different genes that encode hexokinase and PFKFB pro-
teins as well as the involvement of the endoplasmic reticulum stress signaling system in
the effect of hypoxia and glutamine or glucose deprivation on the expression of these
genes. The level of suppression of the enzymatic activity of ERN1 was estimated by anal-
ysis of the expression of XBP1 and its splice variant, shorter isoform (XBP1s), a key tran-
scription factor in ERN1 signaling, in U87 glioma cells that overexpress a dominant-nega-
tive construct of endoplasmic reticulum—nuclei-1 (dnERN1) compared with the control
glioma cells transfected with a vector. As shown in Fig. 1, inductor of endoplasmic reticu-
lum stress, tunicamycin (10 mg/l), strongly induces alternative splicing of XBP1 only in
control glioma cells, while having no effect on this process in cells transfected with dnERN1.

We have found that HK1, HK2, PFKFB3 and PFKFB4 genes are expressed in the
human glioma cell line U87 and the levels of their expression mainly depend upon the

Fig. 1. Effect of tunicamicin (10 mg/l) on the expression of
transcription factor XBP1 and its alternative splice

G variant (XBP1s) mRNA in glioma cell line U87 sta-

W — XBP1 ble transfected with vector, which was used as

g ; control, and its subline with blockade of signaling
m - XBP1S enzyme endoplasmic reticulum—nuclei-1 (ERN1)

stable transfected with dnERN1

Puc. 1. Bnnue TyHikamiumHy (10 Mr/n) Ha piBeHb ekcrpecii
o : . MPHK TpaHckpunuinHoro caktopa XBP1 Ta 1ioro
w “ - B'aCtln anesTepHaTUBHOrO crnnaic-apiaHta (XBP1s) y kni-
TWHax rniomu niHii U87, ctabinbHo TpaHcdekoBaHNX
BEKTOPOM, siKi CryryBanu KOHTporem, Ta B cyoniHii
Vector dn LMX KIITUH i3 MPUTHIYEHOI0 aKTUBHICTIO CUrHarbHOro
ERN1 €H3UMY  eHOOMNa3MaTUYHWUA  peTUKynyM—aapo-1

(ERN1), ctabinbHo TpaHcdekoBaHnx dnERN1
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function of the ERN1 signaling enzyme. As shown in Fig. 2, the expression level of HK1
mRNA in glioma cells, deficient in the signaling enzyme ERN1, does not change signifi-
cantly compared with the control 1 value. However, HK2, PFKFB3 and PFKFB4 mRNA
expression levels are increased in glioma cells with none functional ERN1 signalling en-
zyme (Fig. 2).
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Fig. 2. Effect of blockade of signaling enzyme ERN1 on the expression of hexokinase 1 (HK1), hexokinase
2 (HK2), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3) and PFKFB4 mRNA in
glioma cell line U87 (Vector) and its subline with ERN1 deficiency (dnERN1) measured by quantitative
polymerase chain reaction. Values of HK1, HK2, PFKFB3 and PFKFB4 mRNA expressions were
normalized to the expression of beta-actin mMRNA and represent as percent of control (100%); n = 4;
* — P < 0,05 as compared to control

Puc. 2. Bnnus 6nokagu curHanbHoro eHsumy ERN1 Ha piBeHb ekcnipecii MPHK rekcokiHasn 1 (HK1), rekcoki-
Hasn 2 (HK2), 6-cdocdodpykTo-2-kiHa3n/dppykTo3o-2,6-6icpoccarasn-3 (PFKFB3) ta PFKFB4
y KniTnHax rniomu niHii U87 (Vector = koHTponb) Ta cybniHii umx knitnH 3 gediumtom ERN1 (dnERN1),
BM3HA4YEHU MEeTOAOM KifbKiCHOI nonimepasHoi MnaHutoroBoi peakuii. 3HadYeHHsi piBHIB ekcnpecii
MPHK HK1, HK2, PFKFB3 ta PFKFB4 HopmanidyBanu no ekcnpecii MPHK 6eTa-akTuHy i Bupaxanu
y BiACOTKax LWOoA0 KOHTponto, npunHaToro 3a 100%; n = 4; * — P < 0,05 nopiBHSAHO 3 KOHTpOnem

Exposure of cells to hypoxia for 16 hrs leads to an increase of HK1 mRNA expression
level (+35%) in control glioma cells, as compared to control 1, but in glioma cells with sup-
pressed function of the ERN1 signaling enzyme hypoxia had no effect on the HK1 mRNA
expression level, as compared to control 2 (Fig. 3). Exposure of cells to glucose depriva-
tion condition also leads to an increase of HK1 mRNA expression level, but in glioma cells
with suppressed function of the ERN1 signaling enzyme effect of glucose deprivation was
slightly less: +31% in control glioma cells, as compared to control 1, and +24% in cells with
a none functional ERN1, as compared to control 2. However, no significant changes were
found in both glioma cell types under glutamine deprivation condition (Fig. 3).

At the same time, effect of hypoxia on the level of hexokinase 2 mRNA expression
was significantly greater in both tested cell types, compared with the HK1 values. Thus,
HK2 mRNA expression level was increased by hypoxia more than in 11 fold in control
glioma cells, as compared to control 1, and only in 5 fold in ERN1 loss of function cells,
as compared to control 2 (Fig. 4). Exposure of glioma cells to glutamine or glucose de-
privation conditions leads to an increase of HK2 mRNA expression level in control cells:
+51% and +120%, respectively, as compared to control 1. In the glioma cells with a sup-
pressed function of the ERN1 signaling enzyme, however, the expression level of this
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mRNA decreased (-40%) in glutamine deprivation condition and did not changed sig-
nificantly in glucose deprivation condition, as compared to control 2 (Fig. 4).

It was also shown that the exposure of glioma cells to hypoxia leads to an increase
of PFKFB3 and PFKFB4 mRNA expression levels, but in glioma cells with suppressed
function of the signaling enzyme ERN1 effect of hypoxia was significantly less: +43%
and 246%, respectively, in control glioma cells, as compared to control 1, and +21% and
43%, respectively, in cells, as compared to control 2 (Fig. 5 and 6). Thus, hypoxia re-
sponsibility of PFKFB4 mRNA expression was much higher than PFKFB3. At the same
time, no significant changes were found in the expression level of PFKFB3 mRNA in
none-functional ERN1 glioma cells both in glutamine and glucose deprivation condi-
tions, but in control glioma cells the expression level of this mMRNA is decreased (-21%)
in glucose deprivation condition, only (Fig. 5). Moreover, the expression level of PFBFB4
mRNA increases in glucose deprivation conditions in control glioma cells (+24%), but
decreases in glioma cells with the suppressed function of ERN1 enzyme (- 42%) (Fig. 6).
As shown in Fig. 6, in glutamine deprivation conditions no significant changes were
found in the expression levels of PFKFB4 mRNA in control glioma cells, however, in
cells with none-functional ERN1 expression levels of this MRNA decreased (-29%).

Results of this investigation of the expression of alternative splice variants of PFKFB3
and PFKFB4 mRNA are shown in Fig. 7 and 8. It was also shown that expression levels of
alternative splice variants of PFKFB3 and PFKFB4 mRNA change at all used experimental
conditions in a similar to the basic variants manner. Thus, the expression level of both of
the alternative splice variant of PFKFB3 and PFKFB4 mRNA increase in glioma cells with
a none-functional ERN1 signalling enzyme, but more strongly the increase was shown for
the PFKFB4 splice variant. Exposure of glioma cells to hypoxia leads to an increase of the
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Fig. 3. Effect of hypoxia and glucose or glutamine deprivation on the expression of hexokinase 1 (HK1) mRNA
in glioma cell line U87 (Vector = control) and its subline with a deficiency of the signaling enzyme
ERN1 (dnERN1) measured by quantitative polymerase chain reaction. Values of HK1 mRNA expres-
sions were normalized to beta-actin mMRNA expression and represent as percent for control (100%);
n=4;*—-P <0.05 as compared to control 1; ** — P < 0.05 as compared to control 2

Pwuc. 3. Bnnue rinokcii Ta gediuuty rnoko3u abo rmotamivy Ha piBeHb ekcnpecii MPHK rekcokinasm 1 (HK1)
y KniTrHax rniomu ninii U87 (Vector = koHTponb) Ta cybniHii unx knituH 3 gediuntom ERN1 (dnERN1),
BM3HAYEHNI METOAOM KiMbKiCHOI MoriMepasHoi NaHLloroBoi peakuii. 3HayeHHs piBHS ekcripecii MPHK
HK1 Hopmanidysanu no ekcnpecii MPHK 6eTa-akTuHy i BUpaxanu y BiicOTKax LoAo KOHTPOro, Npu-
nHaToro 3a 100%; n = 4; * — P < 0,05 nopiBHsAHO 3 koHTponem1; ** — P < 0,05 nopiBHSAHO 3 KOHTponem 2
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Effect of hypoxia and glucose or glutamine deprivation on the expression of hexokinase 2 (HK2)
mRNA in glioma cell line U87 (Vector = control) and its subline with loss of the signaling enzyme
ERN1 function (dnERN1) measured by quantitative polymerase chain reaction. Values of HK2 mRNA
expressions were normalized to beta-actin mRNA expression and represent as percent for control
(100%); n = 4; * — P < 0.05 as compared to control 1; ** — P < 0.05 as compared to control 2

BnnuB rinokcii Ta gediumTy rnoko3un abo rnTamiHy Ha piBeHb ekcnpecii MPHK rekcokiHasm 2 (HK2)
B KMiTMHax rmiomu ninii U87 (Vector = koHTponb) Ta cybniHii uux knituH 6e3 dyHKuUii curHanbHoro
eH3anmy ERN1 (dnERN1), Bu3Ha4eHUn MeTogoMm KinbKiCHOI nmoniMepasHoi NaHLuroBoi peakuii. 3Ha-
YyeHHs piBHa ekcnpecii MPHK HK2 HopmanizyBanu no ekcnpecii MPHK 6eTa-akTuHy i Bupaxanu
y BigCOTKax LWOAO KOHTponto, npuiHaToro 3a 100%; n = 4; * — P < 0,05 nopiBHsIHO 3 KOHTponem 1;
** — P < 0,05 nopiBHSIHO 3 KOHTpONeM 2
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Effect of hypoxia and glucose or glutamine deprivation on the expression of 6-phosphofructo-2-ki-
nase/fructose-2,6-bisphosphatase-3 (PFKFB3) mRNA in glioma cell line U87 (Vector = control) and
its subline with loss of the signaling enzyme ERN1 function (dnERN1) measured by quantitative poly-
merase chain reaction. Values of PFKFB3 mRNA expressions were normalized to beta-actin mRNA
expression and represent as percent for control (100 %); n = 4; * — P < 0.05 as compared to control
1; ** — P < 0.05 as compared to control 2

Bnnus rinokcii Ta aediumTy rnioko3un abo rnotamiHy Ha piBeHb ekcripecii MPHK 6-dpocdodpykTo-2-
KiHa3u/dpykTo30-2,6-6icchocatasun-3 (PFKFB3) y knituHax rmiomu niHii U87 (Vector = koHTponb) Ta
cybniHii umx kniTuH 6e3 dyHKuUii curHansHoro eHsumy ERN1 (dnERN1), BUu3HaueHuii MeTogoMm Kinbkic-
HOI noniMepasHoi naHuoroBoi peakuii. 3HaueHHs piBHs ekcnpecii MPHK PFKFB3 Hopmanisysanu no
ekcnpecii MPHK 6eTa-akTuHy i Bupaxanu y BigcoTkax LoA0 KOHTponto, npuiiHsaToro 3a 100 %; n = 4;
* — P < 0,05 nopiBHsiHO 3 KOHTponem 1; ** — P < 0,05 nopiBHsIHO 3 KOHTpoNeM 2
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Effect of hypoxia and glucose or glutamine deprivation on the expression of 6-phosphofructo-2-ki-
nase/fructose-2,6-bisphosphatase-4 (PFKFB4) mRNA in glioma cell line U87 (Vector = control) and
its subline with loss of the signaling enzyme ERN1 function (dnERN1) measured by quantitative poly-
merase chain reaction. Values of PFKFB4 mRNA expressions were normalized to beta-actin mMRNA
expression and represent as percent for control (100 %); n = 4; * — P < 0.05 as compared to control
1; ** — P < 0.05 as compared to control 2

Bnnus rinokcii Ta aediumnTy rnioko3un abo rnotaMiHy Ha piBeHb ekcripecii MPHK 6-dpocdodpykTo-2-
KiHa3un/dpykT030-2,6-6icchocdatasun-4 (PFKFB4) y knituHax rmiomu niHii U87 (Vector = koHTponb) Ta
cybniHii umx kniTMH 6e3 dyHkuii curHanbHoro eHauMy ERN1 (dnERN1), BU3Ha4eHuin METOAOM KinbKic-
HOI MoniMepasHoi NnaHLUoroBoi peakuii. 3HaveHHs piBHs ekcnpecii MPHK PFKFB4 Hopmanizysanu no
ekcnpecii MPHK 6eTa-akTuHy i Bupaxanu y BifcoTKax LoAo KOHTponto, npuiiHsaToro 3a 100%; n = 4;
* — P < 0,05 nopiBHsAHO 3 kOHTponeM 1; ** — P < 0,05 nopiBHAHO 3 KOHTpPONeM 2
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Effect of hypoxia and glucose or glutamine deprivation on the expression of alternative splice variant of
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3) mRNA with deletion of 174 bases
(-174) in glioma cell line U87 (Vector = control) and its subline with loss of the signaling enzyme ERN1
function (dNERN1) measured by quantitative polymerase chain reaction. Values of splice variant of
PFKFB3 mRNA expressions were normalized to beta-actin mRNA expression and represent as percent
for control (100%); n = 4; * — P < 0.05 as compared to control 1; ** — P < 0.05 as compared to control 2

BnnuB rinokcii Ta gediunTy rmoko3n abo rnoTamMiHy Ha piBeHb ekcnpecii MPHK anstepHaTtuBHOro
cnnanc-BapiaHTa 6-coccodpykTo-2-kiHasu/ppykToso-2,6-6icpoccartasn-3 (PFKFB3) 3 penedieto
174 ocHoB (-174) y kniTuHax rniomu nixii U87 (Vector = koHTponb) Ta cybniHii uyx knitnH 6e3 dyHKuii
curHanbHoro eHsumy ERN1 (dnERN1), BU3Ha4eHni MeToaoOM KinbKiCHOI MoniMepasHoi NaHuorosoi
peakuii. 3HaveHHs piBHS ekcnpecii MPHK cnnavic-sapianta PFKFB3 HopmanidyBanu no ekcnpecii
MPHK 6eTa-akTuHy i BUpaxanu y BiiCOTKax LLoA0 KOHTPOMto, npuiHsToro 3a 100%; n=4;*—-P < 0,05
NOpIBHSAHO 3 KOHTponem 1; ** — P < 0,05 nopiBHAHO 3 KOHTpONeMm 2
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Fig. 8. Effect of hypoxia and glucose or glutamine deprivation on the expression of alternative splice variant of
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-4 (PFKFB4) mRNA with deletion of 21 bases
(-21) in glioma cell line U87 (Vector = control) and its subline with loss of the signaling enzyme ERN1
function (dNERN1) measured by quantitative polymerase chain reaction. Values of splice variant of
PFKFB4 mRNA expressions were normalized to beta-actin mRNA expression and represent as percent
for control (100%); n = 4; * — P < 0.05 as compared to control 1; ** — P < 0.05 as compared to control 2

Puc. 8. Bnnus rinokcii Ta gegiunTy rmoko3mn abo rnTamiHy Ha piBeHb ekcnipecii MPHK anstepHaTMBHOrO
cnnanc-BapiaHTa 6-cococpykTo-2-kiHasn/ppykTo3o-2,6-6iccpoccartasun-4 (PFKFB4) 3 penedieto
21 ocHoBM (-21) y kniTuHax rniomu niHii U87 (Vector = koHTponb) Ta cyoniHii umx knitTuH 6e3 dyHkuii
curHanbHoro eHsumy ERN1 (dnERN1), BU3Ha4yeHU MeTOAOM KifnbKICHOI noniMepasHoi NaHuorosoi
peakuii. 3Ha4yeHHs piBHa ekcnpecii MPHK cnnanc-sapiaHta PFKFB4 HopmanidyBanu no ekcnpecii
MPHK GeTa-akTuHy i Bupaxanu y BificoTkax LWoA0 KOHTPOIto, npuiiHsaToro 3a 100%; n=4;* - P < 0,05
NOPIBHAHO 3 KOHTponeMm 1; ** — P < 0,05 nopiBHsIHO 3 KOHTponem 2

expression of alternative splice variants of PFKFB3 and PFKFB4 mRNA in both cell types,
but in glioma cells with a suppressed function of the ERN1 signaling enzyme the effect
under hypoxia was significantly less: +21% and 263%, respectively, in control glioma
cells, as compared to control 1, and +13% and 29%, respectively, in ERN1 loss of function
cells, as compared to control 2 (fig. 7 and 8). Thus, hypoxia responsibility of the expres-
sion of the splice variant of PFKFB4 mRNA was much higher than PFKFB3. At the same
time, no significant changes were found in the expression level of splice variants of
PFKFB3 and PFKFB4 mRNA in both glioma cell types in glutamine deprivation condi-
tions. In glucose deprivation condition, however, we observed an increase of the expres-
sion level of PFKFB4 mRNA splice variant in control glioma cells, only (+27%).

DISCUSSION

Bifunctional transmembrane signaling enzyme endoplasmic reticulum—nuclei-1 is a
major proximal sensor of the unfolded protein response and participates in the early
cellular response to the accumulation of misfolded proteins in the endoplasmic reticu-
lum [23, 24]. It is known that the endoplasmic reticulum stress sensing and signal trans-
duction pathways are linked to the neovascularization process, tumor growth, and cel-
lular death processes [23]. Moreover, growing tumor requires endoplasmic reticulum
stress, as well as ischemia and hypoxia both of which initiate endoplasmic reticulum
stress. It is important for tumor neovascularization and growth as well as for inhibition of
apoptotic processes [22, 24]. In this work, we have studied the expression of several
genes that encode hexokinase and PFKFB proteins in glioma cells with ERN1 knock-
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down for the purpose of evaluating the dependence of these genes upon the ERN1
signaling enzyme function. Results of this investigation clearly demonstrate that the
expression levels of hexokinase-2, PFKFB3 and PFKFB4, which enhance glucose me-
tabolism via glycolysis as well as increase tumor growth and invasiveness, increase in
glioma cells with a none-functional ERN1 signaling enzyme. This data does not com-
pletely correlate with the anti-tumour effects of this ERN1 blockade, but does correlate
with the enhanced invasiveness [22, 24, 25]. It is well known that hexokinase-2 and
PFKFB participate in the control of glycolysis, proliferation, and invasiveness and are
components of the endoplasmic reticulum stress system, its activity, however, is con-
trolled by different mechanisms, not only by the ERN1 signaling system [1, 2, 10, 23].
Moreover, similar results were received with alternative splice variants of PFKFB3 and
PFKFB4 which have enhanced kinase activity. It is possible that this type of alternative
splicing does not have specialized function in IRN1 signaling system in glioma cells.

In this study we have examined the effect of hypoxia on the expression of two hexo-
kinase genes and two PFKFB genes and shown that different hexokinase and PFKFB
genes have significant difference in hypoxia responsibility. More strong induction of the
expression level was shown for HK2 and PFKFB4 mRNA compared with the HK1 and
PFKFB3 values. These results correlate with the data concerning biological significance
of different hexokinases and PFKFB in tumor growth [2, 8, 9, 13]. We have also shown
that blockade of the activity of the signaling enzyme endoplasmic reticulum—nuclei-1
leads to a significant reduction of hypoxic effect on the expression of these genes in
glioma cells. This data demonstrated that effect of hypoxia on the expression of hexoki-
nase and PFKFB genes is mediated by the ERN1 signaling system, at least in part. In-
vestigation of XBP1 mRNA expression clearly demonstrated that blockade of the activi-
ty of ERN1 signaling enzyme by dnERN1 construct completely suppresses the forma-
tion of alternative splice variant of XBP1 and the main biological function of ERN1.

In this study we have also shown that there is a difference in sensitivity of hexoki-
nase and PFKFB genes to glutamine or glucose deprivation conditions both in control
glioma cells and in cells with a none-functional ERN1. Thus, the expression levels of
HK1 and PFKFB3 genes are not responsible to glutamine deprivation condition in both
used cell types, but expression levels of HK2 and PFKFB4 are significantly suppressed
at this experimental condition only in glioma cells with a none-functional ERN. It is pos-
sible that the increase of HK2 and PFKFB4 expression in cells without activity of ERN1
enzyme is sensitive to the glutamine deprivation.

Thus, results of this investigation demonstrate that the expression of genes encoding
hexokinase and PFKFB proteins in glioma cells is mainly regulated by hypoxia, glutamine
or glucose deprivation and depends upon the activity of signaling enzyme endoplasmic
reticulum—nuclei-1. However, the detailed molecular mechanisms the regulation of hexo-
kinase and PFKFB genes as well as its alternative splicing by ERN1 signaling system
under hypoxic and nutrient deprivation conditions are complex and warrants further study.

CONCLUSIONS

The major finding reported here is that the expression of HK2, PFKFB3 and PFKFB4
genes, which encode the key regulatory enzymes, are dependent on the function of
ERN1 signaling enzyme both in normal and hypoxic or nutrient deprivation conditions.
This data clearly demonstrated that hexokinase and PFKFB proteins are members of
ERN1 signaling system associated with endoplasmic reticulum stress.
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EKCNPECIA N'EHIB FTEKCOKIHA3U

TA 6-®POCPOPPYKTO-2-KIHA3BN/PPYKTO30-2,6-5ICPOCDATA3U
B U87 KNITUHAX ITMIOMU 3 NMPUITHIYEHOIO ®YHKLIEKO ERN1:
E®EKT IMNOKCIi TA BE®ILUUTY MMIOTAMIHY ABO MIOKO3U

A. O. MiH4eHko'?, P. FO. MapyHuy',

€. B. XomeHko', T. B. bakaneusb', O. I MiH4YeHKO'

"lHemumym 6ioximii im. O. B. lNannadiHa HAH YkpaiHu, syn. JleoHmosuya, 9, Kuie 01601, YkpaiHa
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CTtpec eHgonnasmaTtM4yHoOro peTUKynymy, siK i rinokcia Ta ilwemis, € BaxnMBum dak-
TOPOM HeoBacKynapusadil Ta pocTy 3roAKICHUX NyXIUH. [yXnWHHI KNITUHW BUKOPUCTO-
BYIOTb MEPEBAXXHO rMikoni3 Ansi 3abe3nevyeHHs CBOIX NiABULLEHNX EHEPreTUYHMX Ta Bio-
CUHTETUYHUX NOTPEe6. Brcokuin piBeHb MeTaborniaMy rmioKo3n y KniTuHax nyxnvH 3abes-
nevyeTbcs KOMOIHaLieo 3anexHuX Big, rinokcii TpaHCKPUNLUINHMX dhakTopiB, akTMBaLLiEo
OHKOreHHMX NPOTETHIB | BTPATo dOYHKLIT NyXMMHHUX CYNpecopiB; YaCTKOBO BiH peaniay-
€TbCS LUMSIXOM aKTMBaUji pOAMHM perynsaTopHux 6-cocdodpykTo-2-KiHa3/dpyKTo30-
2,6-6icchocpaTas (PFKFB) Ta rekcokiHasm 2. Mu gocnigunu edpekT rinokcii Ta iemii Ha
ekcnpecito reHiB PFKFB Ta rekcokiHa3s y knituHax rniomu niHit U87 3 npurHideHoro yHk-
L€ CEHCOPHO-CUrHanbHoro eHaumy ERN1 (Big eHOonnasmMaTuyHOro peTukynymy 4o
sapa-1). MNokasaHo, Wwo BTpata gyHKUil curHanbHoro eHsumy ERN1 npmBoguth 0o
36inbLwenHs piBHsa ekcnpecii MPHK HK1, HK2, PFKFB3 ta PFKFB4. Binblwe Toro, pi-
BEHb eKCnpecii BCix JOCMIAXEHNX reHiB 30iMbLUYETHCA 3@ YMOB FiNOKCii B KOHTPOSbHUX
Ta B gediuntHnx 3a reHom ERN1 knitTHax rmiomu; xova npurHiveHHs dyHkuii ERN1
3HMXKyBano edekT rinokcii. Kpim Toro, 6yno nokasaHo, wo HK2 ta PFKFB4 € 6inbLu
YyTnMBUMK Jo rinokcii nopisHaHo 3 HK1 Ta PFKFB3. 3a ymoB AgediumTy rmotamiHy umn
[MOKO3M PiBEHb EKCMPECii LMX reHiB 3MiHIOBaBCSA MO-pidHOMY i 30ebinbLioro 3anexas
Big coyHkuii ERN1. PiBeHb ekcrnipecii anstepHaTuBHux crnarc-sapiaHtis MPHK PFKFB3
Ta PFKFB4 3miHOBaBCS 3a LMX YMOB €KCNEPUMEHTY NoAidbHO 40 OCHOBHOIO BapiaHTa.
Takum 4YnHOM, ekcrpecia reHiB rekcokiHad Ta PFKFB nepeBaxHo 3anexuTb Big yHKUji
curHanbHoro eH3umMy ERN1 3a HopmanbHMX yMOB, FiMOKCIT Ta ilwemil.
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Knrovoei cnosa: ekcnpecisa MPHK, HK1, HK2, PFKFB3, PFKFB4, knituHu rniomn,
npurHiveHHs ERN1, rinokcisa, gediuunT rmoko3u abo rntamiHy.

OKCIMPECCUA TEEHOB rEKCOKUHA3bI
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CTpecc aHOoMna3mMaTnyeckoro peTuKynyma, Kak U rmnokcus 1 Ulemus, ABnseTcs
Ba)KHbIM (DAKTOPOM HEOBaCKynsipusauum 1 pocta 3rnokavyecTBeHHbIX onyxonen. Onyxo-
neBble KNETKM NCMOMb3yT NPEMMYLLECTBEHHO MMUKONM3 Ans obecnevyeHms CBOMX NOBbI-
LLIEHHbIX SHEPreTNYeCcKnx N BUOCUHTETUYECKNX NOTPEBHOCTEN. BbICOKMI YpOBEHDL METa-
©onrama rmKo3bl B KreTkax onyxonen obecneunBaerca KoMOUHaUMeENn 3aBUCUMbIX OT
MMMNOKCUM TPaHCKPUMNUMOHHBIX (hakTopoB, akTyBaLUMen OHKOreHHbIX MPOTEVHOB U NoTe-
pey oyHKUMM CynpeccopoB Onyxonen 1 YaCTUYHO peanuayroTcs nyTeM akTmBauun ce-
MEeNCTBa PerynaTopHbix 6-pochodpykTo-2-knmHa3/ppykTo30-2,6-6ucdocdaras (PFKFB)
N FeKCOKMHAa3bl-2. Mbl n3yumnm addeKT rMnokCMn M MWeMrMM Ha 3KCMPECCUo reHoB
PFKFB n rekcoknHas B kneTkax rmmombl nnHum U87 ¢ yrHETEHHON PYHKLMEN CEHCOPHO-
curHanbHoro sH3nma ERN1 (o1 aHgonnasmaTtunyeckoro petukynyma go sapa-1). Nokasa-
HO, YTO NoTeps PyHKUMM curHanbHoro aH3uma ERN1 npvBoguTt K yBennyeHuto ypoBHS
akcnpeccun MPHK HK1, HK2, PFKFB3 n PFKFB4. bonee T0ro, ypoBeHb 3KCrnpeccumn
BCEX N3YYEHHbIX FTEHOB YBENNYNBAETCH NPU FTMNOKCMUN B KOHTPOSbHbIX 1 4ePULUTHBIX MO
reHy ERN1 kneTtkax rmuombl; xots yrHeTeHne pyHkumm ERN1 cHkano addekT rmnok-
cumn. Kpome T0ro, 6bino nokasaHo, 4to HK2 n PFKFB4 asnsatotcs 6onee 4yBcTBUTENb-
HbIMK K runokcun no cpasHeHnto ¢ HK1 n PFKFB3. Mpu geduumte rmotaMmmvHa unm
IMOKO3bl YPOBEHb 3KCMPECCUN ITUX FTEHOB N3MEHSANCH NO-Pa3HOMY U NPENMYLLECTBEHHO
3aBucen ot yHkumMn ERN1. YpoBeHb akcnpeccun anstepHaTyBHbIX Cnanc-BapnaHToB
MPHK PFKFB3 n PFKFB4 nameHsancs B aTux ycrioBrsx akcnepumeHTa nogobHO OCHOB-
HOMY BapuaHTy. Takum obpasom, akcnpeccusi reHoB rekcoknHas n PFKFB npeumyLuecT-
BEHHO 3aBUCUT OT PYHKLMM CUrHaANbHOro 3H3nMa ERN1 kak B HOpMarnbHbIX YCNOBUSX,
TakK 1 B YCMOBUSIX TMMOKCUW 1N ULLEMUN.

Knrodeenie cnoea: akcnpeccua mPHK, HK1, HK2, PFKFB3, PFKFB4, knetkn

rnuomsl, yrHeTeHne ERN1, runokcus, oedpuunt rmokossl unm
rmoTamumHa.
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