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Hypoxia and ischemia, as well as endoplasmic reticulum stress, are principal factors
which are necessary for tumor neovascularization and growth. We have studied the effect
of blocking the endoplasmic reticulum — nuclei-1, the main signaling enzyme of stressing
of the endoplasmic reticulum, on the expression of several retinoblastoma-related genes
which play a significant role in the control of cell cycling, proliferation and apoptosis in
glioma cell line U87. We have also studied the effect of hypoxia and ischemic conditions
(glucose or glutamine deprivation) on the expression of these genes in control glioma cells
and in subline of these cells with suppressed function of endoplasmic reticulum — nuclei-1
sensing and signaling enzyme. It was shown that blocking of endoplasmic reticulum — nu-
clei-1 signaling enzyme leads to increase in the expression levels of several retinoblas-
toma binding protein (RBBP) genes: RBBP2H1 (RDM5B), RBBP4 and RBBP8. Moreover,
the expression levels of most of studied genes are significantly decreased under glucose
or glutamine deprivation conditions both in control and endoplasmic reticulum — nuclei-1-
deficient glioma cells. However, the expression levels of RBBP2H1 and RBBP2 (RDM5A)
mRNA are increased in glutamine deprivation conditions in both tested cell types. The
expression levels of RBBP4, RBBP7 and RBBP8 are decreased but such levels of RBBP2
and RBBP2H1 are increased in both tested cell types under the hypoxic conditions. Thus,
the expression of most retinoblastoma-related genes is dependent on the endoplasmic re-
ticulum — nuclei-1 signaling enzyme function in normal, hypoxic and ischaemic conditions.

Key words: mRNA expression, RBBP4, RBBP7, RBBP8, RBBP2, RBBP2H1,
glioma cells, endoplasmic reticulum — nuclei-1, hypoxia, glucose and
glutamine deprivation.

INTRODUCTION

Ischemia and hypoxia have been shown to induce a set of complex intracellular sig-
naling events known as the unfolded protein response that is mediated by endoplasmic
reticulum — nuclei-1 signaling enzyme (also named as inositol requiring enzyme-1alpha),
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to adapt cells for survival or, alternatively, to enter cell death programs through the en-
doplasmic reticulum-associated machineries [1-5]. As This enzyme participates in early
cellular response to accumulation of misfolded proteins in the lumen of endoplasmic re-
ticulum, occurring under both physiological and pathological conditions.

Two distinct catalytic domains of the bifunctional signaling enzyme endoplasmic re-
ticulum — nuclei-1 were identified: serine/threonine kinase and endoribonuclease which
contribute to endoplasmic reticulum — nuclei-1 signalling. The endoplasmic reticulum —
nuclei-1-associated kinase activity autophosphorylates and dimerizes this enzyme, lead-
ing to the activation of its endoribonuclease domain, degradation of a specific subset
of mRNA and initiation of the pre-XBP1 (X-box binding protein 1) mRNA splicing [6-8].
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 [3, 9—11].

Recently, single mutations were detected in the endoplasmic reticulum — nuclei-1
gene of different human cancers and encoded by this gene enzyme was proposed as a
major contributor to tumor (including glioblastoma) progression among protein kinases
[12]. Moreover, the growing tumor requires the endoplasmic reticulum stress for its own
neovascularization and growth, and the complete blocking of endoplasmic reticulum —
nuclei-1 signal transduction pathway had anti-tumor effects [13—15]. The endoplasmic
reticulum stress response-signalling pathway is linked to the neovascularization process,
tumor growth and differentiation, as well as cell death [16, 17].

Retinoblastoma proteins and family of retinoblastoma binding proteins participate in
the control of cell cycle, proliferation and differentiation [18, 19]. The tumor suppressor
protein retinoblastoma has been shown to interact with cyclin D1 protein, and the expres-
sion of cyclin D1 gene is regulated positively by retinoblastoma. This protein negatively
regulates the G1-S transition by binding to the E2F transcription factors, until cyclin-de-
pendent kinases phosphorylate retinoblastoma protein, causing E2F release. Moreover,
retinoblastoma-E2F1 complex plays a critical role in ZBRK1 transcriptional repression,
and loss of this repression may contribute to cellular sensitivity of DNA damage, ultimately
leading to carcinogenesis [20]. Active E2F1/DP1 promotes apoptosis in both p53-depen-
dent and independent manner, induces the expression of ADP rybosylation factor which,
in turn, blocks MDM2-mediated ubiquination of p53, or enhances p53 transcriptional ac-
tivity via direct binding of E2F1 to p53 [21].

The family of retinoblastoma binding or associated proteins participates in the control
of cell cycle, proliferation and differentiation but have different function. The retinoblas-
toma binding protein-2 and -2H1 are ubiquitously expressed nuclear proteins possessing
lysine-specific demethylase activities (KDM5A and KDM5B) and exerting inhibitory effects
towards multiple genes through direct interaction with their promoters [22]. Thus, PARP-1
regulates chromatin structure and transcription through a KDM5B-dependent pathway.
The histone demethylase KDM5B is involved in the proliferation of cancer cells through
the E2F/retinoblastoma pathway [23]. The retinoblastoma-binding protein-4 and -7 are
present in protein complexes involved in histone acetylation and chromatin assembly,
as well as they are a part of co-repressor complexes, which are an integral component
of transcriptional silencing, and seem to be involved in transcriptional repression of E2F-
responsive genes. The retinoblastoma-binding protein-8 is a ubiquitously expressed nu-
clear protein and has DNA endonuclease activity [24]. It is also associated with BRCA1
and is thought to modulate functions of BRCA1 in transcription regulation, DNA repair,
and/or cell cycle checkpoint control.
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We have studied the effect of hypoxia and glucose or glutamine deprivation on the
expression of different genes coding for retinoblastoma binding proteins in glioma cell line
U87 and modified glioma cells lacking activity of signaling enzyme endoplasmic reticu-
lum — nuclei-1 for evaluation of retinoblastoma-dependent genes responsibility upon this
signaling enzyme function under the hypoxic and ischemic conditions.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. The glioma cell line U87 was obtained from
ATCC (U.S.A.) and grown in high glucose (4.5 g/l) Dulbecco’s modified Eagle’s minimum
essential medium (Gibco, Invitrogen, USA) supplemented with glutamine (2 mM), 10%
fetal bovine serum (Equitech-Bio,Inc., USA), penicillin (100 units/ml; Gibco) and strepto-
mycin (100 pg/ml; Gibco) at 37°C in a 5% CO, incubator. We used two sublines of this
glioma cell line. One subline has suppressed both protein kinase and endoribonucle-
ase activities of sensor endoplasmic reticulum — nuclei signaling enzyme-1 which was
obtained by selection of stable transfected clones with overexpression of endoplasmic
reticulum — nuclei-1 dominant/negative constructs (dnERN1) [13]. Second subline was
obtained by selection of stable transfected clones with overexpression of vector, used for
creation of dnERN1. This subline was considered as control 1.

Hypoxic conditions were created in special incubator with 3% oxygen and 5% carbon
dioxide levels, and cultured cells were exposed for 16 hrs. For glucose or glutamine depri-
vation, the growing medium in culture plates was replaced on the medium lacking glucose
or glutamine and exposed for 16 hrs.

RNA isolation. Total RNA was extracted from different tumor tissues and normal
tissue counterparts by using Trizol reagent according to the manufacturer protocol (Invit-
rogen, U.S.A.) [25]. RNA pellets was washed with 75% ethanol and dissolved in nuclease-
free water.

Reverse transcription and quantitative PCR analysis. The expression levels of
cyclin retinoblastoma, retinoblastoma like-1, retinoblastoma associated protein RNF40
(ring finger protein 40), retinoblastoma associated protein EID1 (EP300 interacting inhibi-
tor of differentiation 1), lysine-specific demethylase 5A and 5B (KDM5A and KDM5B,; reti-
noblastoma binding protein-2 and -2H1) and retinoblastoma binding proteins: -4, -7 and -8
(RBBP4, RBBP7 and RBBP8) mRNA were measured in glioma cell line U87 and its sub-
line with a deficiency of endoplasmic reticulum — nuclei-1 by quantitative polymerase chain
reaction of complementary DNA (cDNA) using ,Stratagene Mx 3000P cycler” (U.S.A.) and
SYBRGreen Mix (AB gene, Great Britain). QuaniTect Reverse Transcription Kit (QIAGEN,
Germany) was used for cDNA synthesis as described previously [25]. Polymerase chain
reaction was performed in triplicate.

For amplification of lysines-specific demethylase 5A (KDM5A; RBBP2), cDNA forward
(5'-CAACGGAAAGGCACTCTCTC-3' and reverse (5-CAAAGGCTTCTCGAGGTTTG-3)
primers were used. The nucleotide sequences of these primers correspond to sequenc-
es 1204-1223 and 1420-1401 of human KDM5A cDNA (GenBank accession number
NM_005056).

For amplification of lysines-specific demethylase 5B (KDM5B; RBBP2H1), cDNA for-
ward (5'-GGTGAGCCAAAAACCTGGTA-3' and reverse (5'-AATCACAAACTCCCCAG-
CAC-3') primers were used. The nucleotide sequences of these primers correspond to
sequences 1656—1675 and 1856—1937 of human KDM5B cDNA (GenBank accession
number NM_006618).
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For amplification of retinoblastoma binding protein-4 (p48; RBBP4), cDNA forward
(5'-GATGACCCATGCTCTGGAGT-3" and reverse (5-CGCATCAAACTGAGCATCAT-3)
primers were used. The nucleotide sequences of these primers correspond to sequences
264283 and 444425 of human RBBP4 cDNA (GenBank accession number NM_005610).

The amplification of retinoblastoma binding protein-7 (RBBP7; histone acetyltrans-
ferase type B subunit 2) cDNA forward (5'-TTCAGTGGCCCAGTCTTACC-3' and reverse
(5'-CAGAACCAAAGCCACCAAAT-3") primers were used. The nucleotide sequences of
these primers correspond to sequences 474—493 and 686—-667 of human RBBP7 cDNA
(GenBank accession number NM_002893).

Two other primers were used for real time RCR analysis of retinoblastoma bin-
ding protein-8 (RBBP8; DNA endonuclease) cDNA we used forward (5'-CCGAACATC-
CAAAAGGAAGA-3'" and reverse (5-CCTTGGCTTTTCTCTTGACG-3') primers. The
nucleotide sequences of these primers correspond to sequences 1657—-1676 and 1854—
1835 of human RBBP8 cDNA (GenBank accession number NM_002894).

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

Analysis of quantitative PCR was performed by using special computer program ,,Dif-
ferential expression calculator” and statistic analysis — in Excel program. The amplified
DNA fragments were separated on 2% agarose gel and then visualized by 5x Sight DNA
Stain (EUROMEDEA).

RESULTS

In this study, we used human glioma cell line U87 and genetically modified variant
of these cells (deficient in signaling enzyme endoplasmic reticulum — nuclei-1) to inves-
tigate an involvement of endoplasmic reticulum stress signaling system in the effect of
hypoxia and glutamine or glucose deprivation on the expression of different genes coding
for retinoblastoma binding proteins. To reach this goal, the cells were incubated at 37 °C
before harvesting in regular DMEM medium (control) and in the medium lacking glucose
or glutamine, as well as in the hypoxic conditions during 16 hrs. Total RNA was extracted
from cells, converted into complementary DNA and readily quantified by the real time
polymerase chain reaction.

We have found that retinoblastoma binding proteins are expressed in the human
glioma cell line U87 and the levels of expression of most studied genes are significantly
depended upon the endoplasmic reticulum — nuclei-1 signaling enzyme function.

As shown in fig. 1 and 2, blocking of signaling enzyme endoplasmic reticulum — nu-
clei-1 function in glioma cells leads to a decrease in the expression level of MRNA of the re-
tinoblastoma binding protein-2 (lysine-specific demethylase-5A; KDM5A), and significantly
increases mRNA of the retinoblastoma binding protein-2H1 (lysine-specific demethylase-
5B; KDM5B), as compared to control 1. At the same time, the expression levels of these
mRNAs are significantly increased in both tested cell types under hypoxia and glutamine
deprivation conditions. Thus, the expression levels of KDM5B mRNA are increased in hy-
poxic and glutamine deprivation conditions in control glioma cells much stronger than the
levels of KDM5A: +67 and +96%, correspondingly, for KDM5B: +17 and +18%, corre-
spondingly, for KDM5A, as compared to control 1. Moreover, blocking of signaling enzyme
endoplasmic reticulum — nuclei-1 function in glioma cells enhances the effect of hypoxia on
the expression levels of these MRNAs: KDM5A — +75% and KDM5B — +126%.

ISSN 1996-4536 e bionoriuHi Ctyaii / Studia Biologica e 2011 e Tom 5/Ne1 e C. 57-68



EFFECT OF HYPOXIA, GLUTAMINE AND GLUCOSE DEPRIVATION ON THE EXPRESSION OF mRNA... 61

Fig. 1.

Puc. 1.

Fig. 2.

Puc. 2.

- 180 -
‘_% 160 ) L2 i
g 140 - ® 5
5 120
=100 1 *
& 804
3

60 -
s
%— 40 1
s 201
Z 0
=3 = @ o 2] ™ -1} 2 . ]
< < = 2z = ° iE e X
g & E % ga 2 = E E ga a
a § £ |83 | 2 § €3 |55 | £
& 38 g-u < = 38 g-u 0] -

Vector dnERN1

Effect of hypoxia and glucose or glutamine deprivation on the expression of lysine-specific
demethylase 5A (KDM5A,; retinoblastoma binding protein-2) mRNA in glioma cell line U87 and its sub-
line with a deficiency of the signaling enzyme endoplasmic reticulum — nuclei-1 (dnERN1) measured
by quantitative polymerase chain reaction. Values of KDM5A mRNA expressions were normalized
to beta-actin mRNA expression and represent as percent for control (100 %); n = 3; * — P < 0.05 as
compared to control 1; ** — P < 0.05 as compared to control 2

Bnnue rinokcii Ta BigcyTHOCTi y cepefoBuLLi rnyTamiHy abo rmtoko3u Ha ekcnpecito MPHK cneum-
diyHoi Ao nisnHy AemeTtnnasmn 5A (KDM5A; npoTein-2, o 38’a3ye peTuHobnactomy) B KniTUHax
rniomu niHii U87 Ta ii cybniHii 3 npurHiyeHoo dyHKLieo CUrHanbHOro eH3nmy eHgonnasmaTuyHui
petukynym — 5apo-1 (dnERN1) meTtogom KinbkicHOT nonimepasHoi NaHUrosoi peakuii. 3HaYeH-
Hs ekcnpecii MPHK KDM5A HopmanisyBanu 3a ekcnpecieto MPHK 6eTa-akTuHy i npeacrtaesnsanu y
npoueHTax wopao koHtposto (100 %); n = 3; * — P < 0,05, nopiBHtoto4m 3 KoHTponem 1; ** — P < 0,05,
NOPIBHIOKYN 3 KOHTPONEM 2
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Effect of hypoxia and glucose or glutamine deprivation on the expression of lysine-specific demethylase
5B (KDM5B; retinoblastoma binding protein-2H1) mRNA in glioma cell line U87 and its subline with a
deficiency of the signaling enzyme endoplasmic reticulum — nuclei-1 (dnERN1) measured by quanti-
tative polymerase chain reaction. Values of KDM5B mRNA expressions were normalized to beta-actin
mRNA expression and represent as percent for control (100 %); n = 3; * — P < 0.05 as compared to
control 1; ** — P < 0.05 as compared to control 2

Bnnus rinokcii Ta BiacyTHOCTI y cepepoBuLLi rmyTamiHy abo rntoko3u Ha ekcnpecito MPHK cneumndiy-
HOi Ao nisvHy Aemetunasun 5B (KDMSB; npoteiH-2H1, wo 3B’A3ye peTuHobnactomy) y KniTuHax rmio-
Mu niHii U87 Ta ii cy6niHii 3 NpurHiueHo yHKLE CUrHANBbHOMO eH3UMy eHonna3MaTuyHUin peTu-
kynym — aapo-1 (dnERN1) meTogom kinbkicHOT nonimepasHoi NaHLoroBoi peakLii. 3HayeHHs ekcnpe-
cii MPHK KDM5B HopmanisyBanu 3a ekcnipecieto MPHK 6eTa-akTuHy i NpeacTaBnsanm y npoueHTax
wono koHTporito (100 %); n = 3; * — P < 0,05, nopiBHtotoum 3 koHTponem 1; ** — P < 0,05 nopiBHIow4H,
3 KOHTpOnem 2
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The results of investigation of expression levels of the retinoblastoma binding pro-
tein-4 (RBBP4), -7 (RBBP7) and -8 (RBBP8) mRNA are presented in fig. 3-5. It was
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Fig. 3. Effect of hypoxia and glucose or glutamine deprivation on the expression of retinoblastoma binding
protein-4 (RBBP4) mRNA in glioma cell line U87 and its subline with a deficiency of the signaling
enzyme endoplasmic reticulum — nuclei-1 (dNERN1) measured by quantitative polymerase chain
reaction. Values of RBBP4 mRNA expressions were normalized to beta-actin mRNA expression and
represent as percent for control (100%); n = 3; * — P < 0.05 as compared to control 1; ** - P < 0.05 as
compared to control 2

Puc. 3. Bnnus rinokcii Ta BiacyTHOCTI y cepenoBuLLi rmyTamiHy abo rntokoau Ha ekcnpecito MPHK npoteiny-4,
Lo 3B’a3ye peTuHobnactomy (RBBP4) y kniTnHax rmiomu ninii U87 Ta ii cy6niHii 3 npurHiveHoto dyHK-
L€ CUMTHaNbLHOro eH3UMy eHponnasmaTudHui petukynym — agpo-1 (dnERN1) metogom KinbkicHOi
nonimepasHoi NnaHuroBoi peakuii. 3HaveHHs ekcnpecii MPHK RBBP4 Hopmanidysanu 3a ekcnpeci-
eto MPHK 6eTa-akTuHy i npeactaBnsany y npoueHTax woao koHTponto (100 %); n = 3; *— P < 0,05, no-
piBHIOIO4M 3 KOHTponem 1; ** — P < 0,05, nopiBHIOO4M 3 KOHTPONEM 2
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Fig. 4. Effect of hypoxia and glucose or glutamine deprivation on the expression of retinoblastoma binding
protein-7 (RBBP7) mRNA in glioma cell line U87 and its subline with a deficiency of the signaling
enzyme endoplasmic reticulum — nuclei-1 (dANERN1) measured by quantitative polymerase chain
reaction. Values of RBBP7 mRNA expressions were normalized to beta-actin mRNA expression and
represent as percent for control (100 %); n = 3; * — P < 0.05 as compared to control 1; ** — P < 0.05
as compared to control 2

Pwuc. 4. BnnuB rinokcii Ta BiACyTHOCTI y cepefoBuLLi rmyTamiHy abo rntoko3u Ha ekcnpecito MPHK npoteiny-7,
Lo 3B’a3ye peTuHobnactomy (RBBP7) y kniTuHax rniomu niHii U87 Ta ii cybniHii 3 npurHiveHoto dyHk-
€0 CMTHANbLHOrO €H3UMY eHpomnnasmaTuyiHui petukynym — aapo-1 (dnERN1) metogom KinbkicHOi
nonimepasHoi naHuroBoi peakuii. 3HayeHHs ekcnpecii MPHK RBBP7 HopmanizyBanu 3a ekcrnpeci-
eto MPHK 6eTta-akTuHy i npeacTaBnsanm y npoueHTax wopo koHtponto (100%); n = 3; * — P < 0,05, no-
piBHIOKOYM 3 KOHTponeMm 1; ** — P < 0,05, nopiBHIOKO4YM 3 KOHTpOnem 2
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shown that blocking of the activity of endoplasmic reticulum — nuclei-1 signaling enzyme
leads to a significant induction of RBBP4 (+84%) and RBBPS8 (+50%) mRNA expression
level as compared to control cells (control 1). The exposure of cells to the medium lacking
glutamine leads to a decrease in the expression levels of RBBP7 and RBBP8 mRNA in
control glioma cells (-21% and -22%, correspondingly), as well as RBBP4, RBBP7 and
RBBP8 mRNA in the genetically modified cells: -30%, -33% and -33%, correspondingly.
However, in glucose deprivation conditions a decrease in expression levels of RBBP4
and RBBP7 mRNA was observed in both cell types: -33% and -18%, correspondingly, in
control cells and -34% and -21%, correspondingly, in glioma cells with block of the activity
of the endoplasmic reticulum — nuclei-1 signaling enzyme (fig. 3 and 4).
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Fig. 5. Effect of hypoxia and glucose or glutamine deprivation on the expression of retinoblastoma binding
protein-8 (RBBP8) mRNA in glioma cell line U87 and its subline with a deficiency of the signaling
enzyme endoplasmic reticulum — nuclei-1 (dNERN1) measured by quantitative polymerase chain
reaction. Values of RBBP8 mRNA expressions were normalized to beta-actin mRNA expression and
represent as percent for control (100 %); n = 3; * — P < 0.05 as compared to control 1; ** — P < 0.05
as compared to control 2

Pwuc. 5. BnnuB rinokcii Ta BiACyTHOCTI y cepenoBuLLi rmyTamiHy abo rnokoan Ha ekcnpecito MPHK npoteiny-8,
Lo 3B’A3ye peTuHobnacTtomy (RBBP8) y kniTuHax rniomu niHii U87 Ta ii cybniHii 3 npurHiveHoto dyHk-
LiiEI0 CMTHANbLHOTO €H3UMY eHpomnnasmaTudHui petukynym — aapo-1 (dnERN1) metogom kinbkicHoi
nonimepasHoi naHuroBoi peakuii. 3HayeHHs ekcnpecii MPHK RBBP8 HopmanizyBanu 3a ekcnpeci-
eto MPHK 6eTa-akTuHy i npeactaBnany y npoueHTax woao koHtponto (100 %); n = 3; * - P < 0,05, no-
piBHIOKOYM 3 KOHTponeMm 1; ** — P < 0,05, nopiBHIOKO4YM 3 KOHTpOnem 2

We have also shown that the exposure of glioma cells to hypoxic conditions leads to
a significant decrease in the expression levels of RBBP4, RBBP7 and RBBP8 mRNA both
in control and endoplasmic reticulum — nuclei-1-deficient cells: -26%, -27% and -32%,
correspondingly, in control glioma cells and -26%, -24% and -46%, correspondingly, in
genetically modified cells (fig. 3-5).

DISCUSSION

It was shown that the neovascularization process, tumor growth and cellular death
processes are linked to the endoplasmic reticulum stress and its sensing and signal
transduction pathways and endoplasmic reticulum — nuclei-1 in particular, because the
complete blocking of the endoplasmic reticulum — nuclei-1 signaling enzyme activity had
on anti-tumor effects [15—17]. Moreover, the growing tumor requires the endoplasmic re-
ticulum stress, as well as ischemia and hypoxia which initiate the endoplasmic reticulum
stress for its own neovascularization and growth, for apoptosis inhibition [15]. It is well

ISSN 1996-4536  bionoriuHi Ctygii / Studia Biologica e 2011 e Tom 5/Ne1 e C. 57-68



64 D. O. Minchenko, L. L. Karbovskyi, S. V. Danylovsky, M. Moenner, O. H. Minchenko

known that retinoblastoma proteins, retinoblastoma binding and associated proteins, as
well as E2F transcription factors, cyclins, cyclin-dependent kinases and its inhibitors par-
ticipate in controling cell cycling and proliferation and are the components of endoplasmic
reticulum stress system [14, 15, 18-21].

We studied two retinoblastoma proteins and a family of retinoblastoma binding or
associated proteins which are ubiquitously expressed nuclear proteins: E2F transcription
factors, E3 ubiquitin-protein ligase BRE1B, EP300 interacting inhibitor of differentiation,
lysine-specific histone demethylases and DNA endonuclease which participate in control-
ing cell cycling, proliferation, differentiation and apoptosis, and play an important role in
controling malignant tumor growth [14, 15, 22, 23].

We have shown that blocking of the activity of signaling enzyme endoplasmic re-
ticulum — nuclei-1 leads to a significant induction of the expression of genes encoded the
tumor suppressor proteins retinoblastoma and transcription factor E2F1 which can be
responsible for suppression of cell proliferation and tumor growth [15, 19, 20]. Thus, our
data argue with previous results where we have shown that the complete blocking of the
endoplasmic reticulum — nuclei-1 signal transduction pathway had anti-tumor effects [13,
14]. The anti-tumor effect of retinoblastoma proteins is mediated by the interaction with
cyclin D1 protein and induction of its expression, as well as by binding to the E2F tran-
scription factors and growth suppression. Moreover, active complex E2F1 with differential
protein-1 (DP1) promotes apoptosis in both a p53-dependent and independent manner
[21]. Thus, 2F1/DP1 induces the expression of ADP rybosylation factor (ARF), which, in
turn, blocks MDM2-mediated ubiquination of p53. However, E2F1/DP1 can mediate p53-
dependent apoptosis in the absence of ARF through upregulation of the p53 kinase ATM
and by E2F1directly binding to p53, which enhances p53 transcriptional activity.

We have also shown that complete blocking of the endoplasmic reticulum — nuclei-1
signal transduction pathway leads to an induction of the expression of several genes co-
ding for retinoblastoma binding and associate proteins (EID1, RDM5B, RBBP4 and DNA
endonuclease) that bind directly to retinoblastoma proteins to regulate cell proliferation,
apoptosis and tumor growth via retinoblastoma suppressor pathways [15, 22-24]. These
results also argue with anti-tumor effects of complete blocking of the endoplasmic reticu-
lum — nuclei-1 signal transduction pathway [13, 14]. The retinoblastoma-binding protein-4
is present in protein complexes involved in histone acetylation and has been implicated in
chromatin remodeling and transcriptional repression associated with histone deacetylation.
It is a part of co-repressor complex, which is an integral component of transcriptional silen-
cing of oncogenes and suppressing of carcinogenesis. DNA endonuclease (RBBP8) was
also found among several proteins that bind directly to retinoblastoma protein which regu-
lates cell proliferation. It is also associated with BRCA1 and thought to modulate functions
of BRCA1 in transcriptional regulation, DNA repair, and/or cell cycle checkpoint control [24].

However, the molecular mechanisms underlying these seemingly mutually exclusive
behaviors have not been elucidated. This provides a rationale for the molecular analysis
of expression signatures of invasive and growth patterns in glioma cells for a comprehen-
sive approach of these complex mechanisms. Bifunctional transmembrane signaling en-
zyme endoplasmic reticulum — nuclei-1 is a major proximal sensor of the unfolded protein
response, it participates in the early cellular response to the accumulation of misfolded
proteins in the endoplasmic reticulum under both physiological and pathological condi-
tions and in malignant tumors, in particular [15, 17]. Therefore, we studied the expression
of several genes coding for the retinoblastoma proteins and retinoblastoma binding or
associated proteins in glioma cells lacking the activity of endoplasmic reticulum — nuclei-1
signaling enzyme for the evaluation of these genes responsibility upon the endoplasmic
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reticulum — nuclei-1 signaling enzyme function. The results of this investigation clearly
demonstrate that the expression levels of retinoblastoma proteins and most retinoblas-
toma binding or associated proteins. They form a complex with and function as a part
of co-repressor complexes, are increased in glioma cells without endoplasmic reticu-
lum — nuclei-1 signaling enzyme function which is responsible for tumor growth. These
data correlate with anti-tumor effects of this ERN1 block [15, 17].

In this study we have also shown that the exposure of cells to hypoxia and their cultu-
ring in the medium lacking glutamine or glucose leads to a decrease in the expression level
of MRNAs coding for retinoblastoma like-1 protein and most of retinoblastoma binding pro-
teins in control and endoplasmic reticulum — nuclei-1-deficient glioma cells. However, the
expression levels of lysine-specific demethylase 5A (KDM5A; RBBP2) and 5B (KDM5B;
RBBP2H1) mainly are increased in control and genetically modified glioma cells exposed
to hypoxia and to medium lacking glutamine. This phenomenon could be due to an induc-
tion of endoplasmic reticulum stress in the hypoxic and nutrient starvation conditions and to
result in suppression of anti-proliferative proteins via endoplasmic reticulum stress signa-
ling systems. It is possible that the expression levels of genes, coding for retinoblastoma
proteins and most of retinoblastoma binding proteins, depends not only on the endoplasmic
reticulum — nuclei-1 signaling enzyme but also on two other signaling pathways: PERK
(PKR-like endoplasmic reticulum kinase) and ATF6 (activating transcription factor 6) [4, 17].

Hypoxia and ischemic conditions (incubation in the medium lacking glucose or glu-
tamine) induce endoplasmic reticulum stress, which are necessary for tumor neovascu-
larization and growth. We have studied the expression of retinoblastoma-related genes
which play a significant role in the control of cell cycling, proliferation and apoptosis and
are the component of unfolded protein response and its major sensor — endoplasmic
reticulum — nuclei-1 signaling pathway [2, 9, 15]. Our results demonstrated that there is
similarity in the expression patterns of different retinoblastoma-related genes under endo-
plasmic reticulum stress induced by hypoxia and ischemic conditions (glucose or gluta-
mine deprivation), because these genes are responsible for activation of tumor growth in
endoplasmic reticulum stress. At the same time, there are some differences in the expres-
sion patterns of these genes growing under hypoxia or ischemic conditions which possibly
connected with specific reaction of cells on different agent. Moreover, both glucose and
glutamine deprivation conditions are parts of nutrient deprivation but glutamine is not only
amino acid, it is very important of brain cell signaling [15].

The major finding reported here is that the expression of most tested genes that
encode the retinoblastoma proteins and most of retinoblastoma binding proteins are de-
pendent on function of the endoplasmic reticulum — nuclei-1 signaling enzyme — both in
normal and hypoxic or nutrient deprivation conditions. It is possible that the retinoblas-
toma proteins and most of retinoblastoma binding or associated proteins participate in
adaptive response of cells to endoplasmic reticulum stress associated with ischemia or
nutrient deprivation. However, detailed molecular mechanisms of regulation of genes co-
ding for the retinoblastoma proteins and retinoblastoma binding or associated proteins by
the endoplasmic reticulum — nuclei-1 signaling system under ischemic and glutamine or
glucose deprivation conditions is very complex and needs further study.

CONCLUSIONS

Results of these investigations demonstrated that the expression of genes encoding
the retinoblastoma proteins and most retinoblastoma binding or associated proteins in
glioma cells is regulated by hypoxia, glutamine or glucose deprivation and significantly
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depends upon the activity of signaling enzyme endoplasmic reticulum — nuclei-1. Thus,
the retinoblastoma proteins and most retinoblastoma binding or associated proteins might
participate in cell adaptive response to endoplasmic reticulum stress associated with hy-
poxia and glutamine or glucose deprivation in glioma cell line U87, as well as in subline
lacking the activity of signaling enzyme endoplasmic reticulum — nuclei-1.
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BMNJIMB TMMNOKCIi, BIACYTHOCTI MMYTAMIHY ABO IMIOKO3U
Y CEPEOOBULLI HA EKCMNPECIIO N'EHIB PETUHOBJIACTOMMU
TA NOB’A3AHUX 3 PETUHOBJIACTOMOIO M'EHIB Y KIITUHAX TMIOMU
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linokcis Ta iemis, 5K i cTpec eHaonnasMaTnyHOro PETUKYNYMY, LLO IHAYKYETbCH LIUMK
YMHHMKaMK, € HEOBXIOHUMM dhakTopamMm POCTY 3MOSAKICHUX NMYXIWH Ta IX HeoBacKynspuaa-
uii. Mu BMB4anu Bnnme 6rokagan OCHOBHOMO CUrHambHOIO EH3UMY CTPecy eHaonnasmaTmy-
HOrO PeTUKyrnyMy — eHOOMIa3MaTUYHNA PETUKYNYM — S4p0-1 Ha eKcnpecito Aekinbkox 3a-
NEeXHWX B4 PeTMHOBNACcTOMM reHiB, WO BidirpaloTb CyTTEBY POfb Y KOHTPOMi KNiTUHHOIO
umkny, nponicpepadii Ta anonToay, y KnitTuHax rmiomu fiHii U87. Mwu Takox BuB4anv Bnnvs
rinoKcii Ta yMOB iLuemii (BiACyTHOCTI y cepenoBwLLi rmoko3u abo rmyTamiHy) Ha ekcrpecito
LMX FeHIB Y KOHTPOMbHUX KNITUHAX oMM Ta CyBniHil LmX KMiTUH i3 MPUrHIYEHOI hyHKLIE
CEHCOPHO-CUrHamNbLHOMO eH3NMy eHOoMnasMaTuYHUN PeTukynym — apo-1. BctaHoeneHo,
wo 6rokaga CuUrHanbHOro eH3MMy eHAoNnnasMaTUYHUA PETUKYNyM — SApo-1 NpuBOanTbL
[0 36inbLUeHHS PiBHSA eKCrpecii OeKiNbKOX reHiB NPOTEiHIB, L0 3B’A3YH0TbCS 3 peTuHobnac-
Tomoto: RBBP2H1 (RDM5B), RBBP4 ta RBBPS8. binbLue Toro, piBHi ekcnpecii 6inbLuocTi
OOCMiAXyBaHMX reHiB CyTTEBO 3MEHLLYIOTLCH 32 YMOB BiACYTHOCTI y CepeaoBWLLi MMIOKO-
31 abo rmyTamiHy K y KOHTPONbHUX, TaK i B A4eDILMTHUX 32 EH3UMOM €HO0MNNa3MaTUYHNIA
peTukynym — sapo-1 knitnmHax rniomu, ane pieHi ekcnpecii RBBP2H1 ta RBBP2 (RDM5A)
MPHK 36inbLuytoTbCst 3a BiACYyTHOCTI y cepenoBuLLI riyTamiHy B 060X JoChigXyBaHWX TU-
nax KnituH. BctaHoBneHo, Lo 3a yMoB rinokcii piBHi ekcnpecii RBBP4, RBBP7 ta RBBP8
3meHwyoTbes, a RBBP2 ta RBBP2H1 36inbLuytoTbcsa Takox B 060X AOCHiAXYBaHNX TH-
nax knitnH. OTXe, ekcnpecis reHiB peTnHobrnacTomm Ta BinbLIOCTi NOB’A3aHMX 3 HELO re-
HIB 3anexuTb Big (YHKLUIT CUrHaNbHOIO EH3NMY eHOOoMIa3MaTUYHUA PETUKYITYM — 4p0-1
SIK 3@ HOpMaribHUX YMOB, TaK i 3a YMOB FMOKCIT Ta iLwemil.
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Kmrouoei crioga:  excnpecis MPHK, RBBP4, RBBP7, RBBP8, RBBP2, RBBP2H1,
KMITUHW oMW, eHgonnasmMaTuyHUn peTukynym — sapo-1, rino-
KCis1, BiACYTHICTb ITHOKO3M abo rmyTamiHy.
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C PETUHOBNACTOMOW 'rEHOB B KNETKAX MUOMbI
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MpoTenH peTMHOGNacToMbl M NPOTEVHbI, CBA3bIBAIOLLMECS C HUM, UIPaOT BaXKHYHO
ponb B KOHTPOIE KNETOYHOro LnKia, nponudepaumnn 1 anontosa. M'Mnokems v nwemms,
KaK 1 CTpecc 3HAOMNMa3MaTu4eckoro peTukynyma, Kotopble MHAYLMPYIOTCH STVMKW BO3-
AeNCTBUAMM, ABNSIOTCA HEOOXOAMMbIMI dhakTopamuy pocTa 3roKaYeCTBEHHbIX OnyXonen
N X HeoBackynsapusaumn. Mbel nsyyanu BnmsHne 6nokaabl OCHOBHOIO CUrHanNbHOMO 3H-
31Ma cTpecca 3HOOMNNa3mMaTU4ecKoro PeTuKynyma — 3HA0NMa3MaTUYecknii PeTUKymym —
A0p0-1 Ha 3KCMPECCUI0 HECKOMbKMX 3aBUCUMMbIX OT PETMHOONACTOMbI FEHOB B KIeTKax
rmyMombl NMHKMK U87. Mbl Takke uayyanu BUSHUE MMIOKCUW 1 YCAOBUIA ULLEMUM (OTCYTC-
TBUWS B CPEAE ITHOKO3bl UK M0TaMnHa) Ha SKCNPECCUIO STUX FEHOB B KOHTPOSbHbIX KNeT-
Kax rnombl U CyGMMHUM TUX KMETOK C YTHETEHHOM (hYHKLMEN CEHCOPHO-CUMHANBHOTO 3H-
31Ma 3HOOoNNasmMaTNYecKun peTukynym — agpo-1. YctaHoBneHo, Yto 6rnokaga curHanb-
HOrO 3H3MMa 3HAOoMNasMaTUYECKUN PETUKYNYM — A4p0-1 MPUBOAUT K YBENUYEHMIO YPOBHS
3KCMPECCUMUN HECKOTMbKUX FrEHOB NMPOTEVNHOB, KOTOPbIE CBS3bIBAOTCS C PETMHOONACTOMON:
RBBP2H1 (RDM5B), RBBP4 1 RBBPS8. bornee Toro, ypoBHM 3KCnpeccuy 0onbLUMHCTBA
N3y4eHHbIX HAMW FEeHOB CYLLECTBEHHO N3MEHSAOTCS B YCIIOBUSIX OTCYTCTBUSA B Cpeae Mio-
KO3bl UNW rMOTaMKHA Kak B KOHTPOSbHbIX, TaK U B AeUUNTHBIX N0 9H3UMY 3HOONNa3ma-
TUYECKUI PETUKYNYM — apo-1 kneTkax rmuombl. OgHako ypoBHM akcnpeccun RBBP2H1
n RBBP2 (RDM5A) MPHK yBenunumBatoTcsa npy OTCYTCTBUM B Cpeae rMioTaMmmHa B 060umx
TUMax UCMoNb30BaHHbIX B UCCMEA0BaHNN KINETOK. YCTAHOBMEHO, YTO YPOBHM 3KCNpPeccum
RBBP4, RBBP7 n RBBP8 cHuxatotcs, a RBBP2 n RBBP2H1 yBenuymsaroTcs npu rvnok-
cun Takke B 060MX MCCNefoBaHHbIX TUNax KNeTok. Takum obpa3oM, IKCNpeccusi reHoB
peTMHOGNacTOMbl M BOMBbLUMHCTBA CBSA3aHHbIX C HEN FeHOB 3aBUCUT OT (DYHKLIMK CUrHarb-
HOrO 3H3MMa IHAOMNA3MaTUYECKUN PETUKYNYM — SAP0-1 Kak B HOPMarbHbIX YCIOBUSIX,
TaK ¥ B YCNOBUSAX MMMOKCUM U ULLIEMUWMN.

Knrodeenie cnioga: akcnpeccus mPHK, RBBP4, RBBP7, RBBP8, RBBP2, RBB-
P2H1, kneTkn rmmMombl, MMNOKCKS, SHAONNAa3MaTUYECKUIA PETU-
Kynym — si4po-1, OTCYTCTBME IMHOKO3bl UMW rM0TaMyHa B cpeje.
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