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The main molecular components of circadian clock system are proteins which play
a significant role in the control of both metabolism and malignant tumor growth. Endo-
plasmic reticulum stress as well as hypoxia and ischemia are important factors for tumor
neovascularization and growth. We have studied the expression of circadian genes in
the glioma cell line U87 under knockdown of endoplasmic reticulum—nuclei-1 (ERN1)
sensing and signaling enzyme. It was shown that blockade of ERN1 leads to increase in
the expression levels of PER1, PER3 and CLOCK mRNA,; but the CRY1, PER2, BMALA1,
BMALZ2 and DEC2 mRNA levels are decreased. Moreover, the expression levels of most
of the studied genes are increased under glucose or glutamine deprivation conditions
both in control and ERN1-deficient glioma cells; however knockdown of ERN1 modifies
the effect of these ischemic conditions. Hypoxia has different effects on the expression
levels of circadian genes and these effects are dependent on ERN1 function. Hypoxia
induces the expression of PER1, BMAL1 and DEC2 and decreased — PER3, CLOCK,
CRY1 and BMAL2 mRNA in control glioma cells, while in genetically modified cells it
induces the expression of BMAL1 mRNA only. Thus, the expression of circadian genes
is dependent on ERN1 signaling enzyme function in normal, hypoxic and ischaemic
conditions.

Key words: mRNA expression, PER1, PER2, PER3, CLOCK, BMAL1, BMAL2,
CRY1, DEC2, glioma cells, endoplasmic reticulum—nuclei-1 knock-
down, hypoxia, glucose and glutamine deprivation.

INTRODUCTION

Circadian factors PER1, PER2, PER3, CLOCK, BMAL1, CRY1 and CRY2 are the
main molecular components of the circadian clock system and play a significant role in
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control of both metabolism and malignant tumor growth [1-6]. The rapid growth of diffe-
rent solid malignant tumors generates micro-environmental changes in association to
nutrient deprivation, hypoxia and acidosis [7, 8]. Under those ischaemic conditions, can-
cer cells trigger an adaptive response and initiate the formation and attraction of new
blood vessels inside the tumor. Hypoxia and ischemia as well as endoplasmic reticulum
stress are the main factors which are necessary for tumor neovascularization and growth
[7, 9]. Ischemia and hypoxia have been shown to induce a set of complex intracellular
signaling events known as the unfolded protein response, which is mediated by three
sensor systems to adapt cells for survival or, alternatively, to enter cell death programs
through endoplasmic reticulum-associated machineries [7, 10—13]. The endoplasmic re-
ticulum—nuclei-1 signaling enzyme (also named by inositol requiring enzyme-1alpha) is
a major sensor which controls hundreds of genes [14, 15]. As such, it participates in the
early cellular response to the accumulation of misfolded proteins in the lumen of the en-
doplasmic reticulum, occurring under both physiological and pathological conditions.

Two distinct catalytic domains of the bifunctional signaling enzyme endoplasmic
reticulum—nuclei-1 were identified: a serine/threonine kinase and an endoribonuclease
which contribute to endoplasmic reticulum — nuclei-1 signalling. The endoplasmic re-
ticulum—-nuclei-1-associated kinase activity autophosphorylates and dimerizes this en-
zyme, leading to the activation of its endoribonuclease domain, degradation of a spe-
cific subset of mMRNA and initiation of the pre-XBP1 (X-box binding protein 1) mRNA
splicing [14, 16]. Mature XBP1 mRNA splice variant encodes a transcription factor that
has a different C-terminus amino acid sequence and stimulates the expression of hun-
dreds of unfolded protein response-specific genes [16, 17].

Recently the endoplasmic reticulum—nuclei-1 gene was proposed as a major con-
tributor to tumor progression among protein kinases because single mutations were
detected in different human cancers and encoded by this gene enzyme [18]. Moreover,
the growing tumor requires the endoplasmic reticulum stress for own neovasculariza-
tion and growth and the complete blockade of endoplasmic reticulum — nuclei-1 signal
transduction pathway has anti-tumor effects [7, 9]. The endoplasmic reticulum stress
response-signalling pathway is linked to the neovascularization process, tumor growth
and differentiation, and cell death processes [8, 9].

Circadian clock system controls the cell proliferation process and carcinogenesis,
thus circadian proteins PER1, PER2, CLOCK, BMAL1 and CRY1 function as tumor
suppressors [19-21]. Therefore, the overexpression of the circadian gene PER1 or
PER?Z2 in cancer cells resulted in significant growth inhibition and in apoptosis. Circadian
genes have an emerging role as key players in malignant transformation [21]. Deregu-
lated expression of the PER1, PER2 and PER3 genes as well as inactivation or knock-
out PER2, PER1, CLOCK and BMAL1 leads to malignization, especially in the breast,
as well as to the appearance of different disorders such as obesity [22—-25]. A better
understanding of the impact of circadian gene networks on cell cycle control as well as
nutrient balance at the molecular, cellular and system levels promises to shed light on
the emerging association between circadian timing and disorders of sleep, diabetes,
obesity, and cancer.

In this study we have investigated the role of signaling enzyme endoplasmic reticu-
lum—nuclei-1 in the expression of different circadian genes in the glioma cell line U87 for
evaluation of circadian gene expression responsibility from this signaling enzyme func-
tion under hypoxic and ischemic (glucose or glutamine deprivation) conditions.
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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 mini-
mum essential medium (Gibco, Invitrogen, USA) supplemented with glutamine (2 mM),
10% fetal bovine serum (Equitech-Bio,Inc., USA), penicillin (100 units/ml; Gibco) and
streptomycin (100 pg/ml; Gibco) at 37°C in a 5% CO, incubator. In this work we used
two sublines of this glioma cell line. One subline has suppressed both protein kinase
and endoribonuclease activities of sensor and signaling enzyme endoplasmic reticu-
lum—nuclei-1, which was obtained by selection of stable transfected clones with over-
expression of endoplasmic reticulum—nuclei-1 dominant/negative constructs (dnNERN1)
[13]. Second subline was obtained by selection of stable transfected clones with vector,
which was used for creation of dnERN1. This subline was used as control 1. Control 2
represents U87 glioma cells overexpressed dominant-negative construct of endoplas-
mic reticulum—nuclei-1 (fig. 1).

Fig. 1. Effect of tunicamycin (0.01 mg/ml during 2 hrs)
on the expression of XBP1 and its splice variant
(XBP1,) in U87 glioma cells overexpressed domi- D N C
nant-negative construct of endoplasmic reticu-
lum—nuclei-1 (ERN1-DN) and control glioma cells

transfected with vector (C) E RN 1 _D N

Puc. 1. Bnnue TyHikamiumny (0,01 mr/mn npotarom 2 roa) =
Ha ekcnipecito XBP1 Ta noro cnnaric-BapiaHta
(XBP1,) y knitnHax rmiommn niHii U87 3 Hamekc-
npecieto AOMiHaHT-HeraTMBHOI KOHCTPYKLii eHao- XB P1 A
nnasmatnyHun  petukynym—sapo-1 (ERN1-DN)
| KOHTPOMBHMX KNITUHAX FMiOMU, TPAHCHEKOBAHNX XB P 1 S_

BekTtopom (C)

Full suppression of enzymatic activity of dnERN1 was estimated by the analysis of
expression of XBP1 and its splice variant (XBP1_) in U87 glioma cells that overexpress
a dominant-negative construct of endoplasmic reticulum—nuclei-1 as compared to con-
trol glioma cells transfected with vector. As shown in fig. 1, inductor of endoplasmic re-
ticulum stress tunicamycin strongly induced the alternative splicing of XBP1 only in
control glioma cells.

Hypoxic conditions were created in special incubator with 3% oxygen and 5% car-
bon dioxide levels and culture plates were exposed for 16 hrs. For glucose or glutamine
deprivation the growing medium in culture plates was replaced with medium without
glucose or glutamine and exposed for 16 hrs.

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

Reverse transcription and quantitative PCR analysis. The expression levels of
PER1, PER2, PER3, CLOCK, BMAL1, BMAL2, DEC2 and CRY1 mRNA were mea-
sured in the glioma cell line U87 and its subline with a deficiency of endoplasmic reticu-
lum—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. Polymerase chain reaction was performed in triplicate.

ISSN 1996-4536  bionoriuHi Ctygii / Studia Biologica e 2011 e Tom 5/Ne2 e C. 37-50



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

For amplification of PER1 (period 1) cDNA we used forward (5'-CACCCTGAT-
GACCCACTCTT-3' and reverse (5'-GGTAAGGCTGGACTGGATGA-3') primers. The
nucleotide sequences of these primers corresponds to sequences 3878-3897 and
4086-4067 of human PER1 cDNA (GenBank accession number NM_002616).

The amplification of PER2 (period 2) cDNA was performed using forward primer
(5'-CGTGCCAAGCAGTTGACTTA-3') and reverse primer (5-CAGCAAGGCTCAA-
CAAATCA-3’). These oligonucleotides correspond to sequences 6000-6019 and 6207—
6188 of human PER2 cDNA (GenBank accession number NM_022817).

The amplification of PER3 (period 3) cDNA for real time RCR analysis was per-
formed using two oligonucleotides primers: forward — 5'-CGCTTCAGAACACACTTC-
CA-3’ and reverse — 5-TCATACCGTGCAGCTCTTTG-3'. The nucleotide sequences of
these primers correspond to sequences 538-557 and 780-761 of human PER3 cDNA
(GenBank accession number NM_016831).

Two other primers were used for real time RCR analysis of the expression of BMAL1
(aryl hydrocarbon receptor nuclear translocator-like, ARNTL1) cDNA: forward — 5'-AG-
TAGGTCAGGGACGGAGGT-3' and reverse — 5'-CACACAGGAAGCCCTCTAGC-3'.
The nucleotide sequences of these primers correspond to sequences 41-60 and 262—
243 of human BMAL1 cDNA (GenBank accession number NM_001178).

For amplification of BMAL2 (ARNTL2) cDNA we used forward (5'-GAGTC-
CAGGGACAAGACCAA-3’ and reverse (5'-CTCCTCCGCTTTTCAGTTTG-3') primers.
The nucleotide sequences of these primers correspond to sequences 105-124 and
377-358 of human BMAL2 cDNA (GenBank accession number NM_020183).

For amplification of CLOCK cDNA we used forward (5'-AGGTTTGATCACAG-
CCCAAC-3 and reverse (5'-TATCATGCGTGTCCGTTGTT-3') primers. The nucleotide
sequences of these primers correspond to sequences 1605-1624 and 1949-1930 of
human CLOCK cDNA (GenBank accession number NM_004898).

For real time RCR analysis of CRY1 (cryptochrome 1, photolyase-like) cDNA ex-
pression we used next primers: forward — 5-TTGCTTGATGCAGATTGGAG-3' and
reverse — 5'-TTTTGCAGGGAAGCCTCTTA-3'. The nucleotide sequences of these pri-
mers correspond to sequences 2012-2031 and 2185-2166 of human CRY1 cDNA
(GenBank accession number NM_004075).

For amplification of DEC2 (basic helix-loop-helix family, member e41; BHLHE41)
cDNA we used forward (5-GAGCATGAAACGAGACGACA-3' and reverse (5'-GATC-
GCTCCCCATTCTGTAA-3') primers. The nucleotide sequences of these primers cor-
respond to sequences 393—412 and 647—626 of human DEC2 cDNA (GenBank acces-
sion number NM_030762).

The amplification of beta-actin cDNA was performed using primers: forward — 5'-
CGTACCACTGGCATCGTGAT-3' and reverse — 5-GTGTTGGCGTACAGGTCTTT-3'.
The expression of beta-actin mMRNA 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 expression calculator” and statistic analysis — in Excel program. The ampli-
fied DNA fragments were separated on a 2% agarose gel and visualized by 5x Sight
DNA Stain (EUROMEDEA).
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RESULTS

In this study, we used human glioma cell line U87 and its genetically modified vari-
ant (with suppressed activity of signaling enzyme endoplasmic reticulum—nuclei-1) to
investigate the involvement of endoplasmic reticulum stress system in the effect of hy-
poxia and ischemia (glutamine or glucose deprivation) on the expression of different
genes of circadian clock. For this aim, the cells were incubated at 37°C before harves-
ting in regular DMEM medium (control) and in the medium without glucose or glutamine
as well as regular DMEM medium in hypoxic conditions (3% oxygen) for 16 hours. The
MRNA expression levels of different circadian genes were quantified by real time poly-
merase chain reaction of complementary DNA.

We have found that PER1, PER2, PER3, CLOCK, BMAL1, BMAL2, DEC2 and
CRY1 mRNA are expressed in the human glioma cell line U87 and the level of its ex-
pression depends upon the signaling enzyme endoplasmic reticulum—nuclei-1 function
in normal, hypoxic and ischemic conditions. As shown in fig. 2, the level of PER1T mRNA
expression is increased more than two fold in glioma cells, deficient in signaling enzyme
endoplasmic reticulum—nuclei-1, as compared to control cells. Exposure of glioma cells
to hypoxia for 16 hours or to glutamine deprivation conditions leads to an increase in the
level of PER1 mRNA expression, but only in control cells (+31 and +16%, correspon-
dingly). At the same time cell exposure to glucose deprivation conditions leads to an
increase of PER1 mRNA expression both in control and in genetically modified cells
(+25 and +22%, correspondingly).

The expression level of PER2 mRNA is decreased in glioma cells with suppressed
activity of signaling enzyme endoplasmic reticulum—nuclei-1 in two fold as compared to
control glioma cells (fig. 3). Effect of glucose or glutamine deprivation conditions on the
expression level of PER2 mRNA was observed both in control (+18 and +11%, corre-
spondingly) and genetically modified (+36 and +27%, correspondingly) glioma cells
been less significant in control cells. However, hypoxia reduces the expression level of
PER2 mRNA in cells without endoplasmic reticulum—nuclei-1 activity and does not
change it in control glioma cells (fig. 3).

As shown in fig. 4, the level of PER3 mRNA expression is increased (+69%) in gli-
oma cells with suppressed endoplasmic reticulum—nuclei-1 activity as compared to con-
trol glioma cells. Hypoxia significantly reduced expression of this mRNA level in both
studied cell types, however glutamine deprivation condition did not change the expres-
sion level of PER3 mRNA both in control and genetically modified glioma cells. At the
same time, the effect of glucose deprivation conditions on the expression of PER3
mRNA was different in control glioma cells (+28%) and cells with suppressed activity of
endoplasmic reticulum—nuclei-1 (-16%) (fig. 4).

It was also shown that blockade of endoplasmic reticulum—nuclei-1 activity leads to
decrease in the expression levels of BMAL1 (-20 %), BMAL2 (-50%), CRY1 (-47%) and
DEC2 (-41%) mRNA and to the increase of CLOCK (+43%) mRNA levels (fig. 5-9). Glu-
tamine deprivation condition lead to the increase of expression levels of BMAL1 and
CRY1 mRNA and to the decrease of BMAL2 mRNA both in control and in endoplasmic
reticulum—nuclei-1-deficient glioma cells. However, the expression levels of CLOCK and
DEC2 mRNA do not change significantly in both cell types (fig. 7 and 9). At the same
time, glucose deprivation condition increases the expression levels of BMAL1 and does
not change the BMAL2 mRNA both in control and endoplasmic reticulum—nuclei-1-defi-
cient glioma cells, but CLOCK, DEC2 and CRY1 mRNA expression levels are increased
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Vector dnERN1

Effect of hypoxia and glucose or glutamine deprivation on the expression of PER1 mRNA in glioma
cell line U87 and its subline with knockdown of the signaling enzyme endoplasmic reticulum—nuclei-1
(dnERN1) measured by quantitative polymerase chain reaction. Values of PER1 mRNA expressions
were normalized to the expression of beta-actin mRNA and represent as percent of control 1 (100 %);
n=5;*—-P <0.05as compared to control 1; ** — P < 0.05 as compared to control 2. In fig. 2-9 control
1 represents glioma cells transfected with vector and control 2 — U87 glioma cells overexpressed
dominant-negative construct of endoplasmic reticulum-nuclei-1

BrnnuB rinokcii Ta BiACYTHOCTI y cepenoBuLLi rnoTamiHy abo rmokosmn Ha ekcnpecito MPHK PER1
y kniTuHax rmiomu niHii U87 Ta 1i cybniHii 3 npurHiveHoto yHKLiE CUrHanbHOro eH3aMmy eHaonnasma-
TUYHUIN  peTukynym—agpo-1 (dnERN1) metogom KinbkiCHOI noniMmepasHoi NaHLIoroBoi  peakuii.
3HauyeHHs ekcnpecii MPHK PER1 Hopmanisysanu 3a ekcnpecieto MPHK 6eTa-aktuHy i npegcraBsnsnm
y npoLeHTax BigHOcHO kKoHTponto (100 %); n = 5; * — P < 0,05 nopiBHsAHO 3 KOHTponem 1; ** — P < 0,05
MOPIBHSIHO 3 KOHTpornem 2. Ha puc. 2—9 koHTponb 1 — uUe KniTuHK rriomu, wo 6ynu TpaHcgekoBaHi
BEKTOPOM, @ KOHTPOSb 2 — KNiTUHW rriomu Nikil U87 3 Hapekcnpecieto AOMiHAHT-HeraTMBHOI KOHCT-
pyKLUii eHaonnasMaTuyHuin peTukynyMm—aapo-1
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Vector dnERN1

Effect of hypoxia and glucose or glutamine deprivation on the expression of PER2 mRNA in glioma
cell line U87 and its subline with knockdown of the signaling enzyme endoplasmic reticulum-nuclei-1
(dnERN1) measured by quantitative polymerase chain reaction. Values of PER2 mRNA expressions
were normalized to the expression of beta-actin mRNA and represent as percent of control (100%);
n=>5;*—-P <0.05 as compared to control 1; ** — P < 0.05 as compared to control 2

BrnnuB rinokcii Ta BigcyTHOCTI y cepenoBuLi rmioTamiHy abo rnioko3n Ha ekcnpecito MPHK PER2
y KniTuHax rmiomu niHii U87 Ta 1i cyOniHii 3 npurHiveHoto hyHKLiE CUrHaNbLHOro eH3MMY eHaonnasma-
TUYHUIA peTukynym—aapo-1 (dnERN1) meTogom KinbkicHOI nonimepasHoi naHLoroBoi peakuii. 3Ha-
YyeHHs ekcnpecii MPHK PER2 HopmanidyBanu 3a ekcnpecieto MPHK 6eta-akTvHy i npegcraBnsnm
y npoLeHTax BigHOCHO KoHTponto (100 %); n = 5; * — P < 0,05 nopiBHsAHO 3 KOHTponem 1; ** — P < 0,05
NOPIBHSAHO 3 KOHTpoOnem 2
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Vector dnERN1

Effect of hypoxia and glucose or glutamine deprivation on the expression of PER3 mRNA in glioma
cell line U87 and its subline with knockdown of the signaling enzyme endoplasmic reticulum — nuclei-1
(dnERN1) measured by quantitative polymerase chain reaction. Values of PER3 mRNA expressions
were normalized to the expression of beta-actin mRNA and represent as percent of control (100%);
n=5;*-P <0.05as compared to control 1; ** — P < 0.05 as compared to control 2

BnnuB rinokcii Ta BigcyTHOCTI y cepenoBuLi rmioTaMiHy abo rnioko3n Ha ekcnpecito MPHK PER3
y KniTrHax rniomu ninii U87 Ta i cy6niHii 3 npurHiyeHoto gyHKLiE0 CUrHanbHOro eH3umy eHgonnasva-
TUYHUN peTukynyMm — sapo-1 (dnERN1) meTogom KinbkiCHOT nmomiMepasHoi NaHLroBoi peakuii.
3HayeHHs ekcnpecii MPHK PER3 HopmanisyBanu 3a ekcnpecieto MPHK 6eTa-aktuHy i npegcrasnsnm
y npoueHTax BigHocHo koHTposnto (100%); n = 5; * — P < 0,05 nopiBHsAHO 3 KOHTponem 1; ** — P < 0,05
NOPIBHSIHO 3 KOHTPONeMm 2
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Vector dnERN1

Effect of hypoxia and glucose or glutamine deprivation on the expression of BMAL1 mRNA in glioma
cell line U87 and its subline with knockdown of the signaling enzyme endoplasmic reticulum—nuclei-1
(dnERN1) measured by quantitative polymerase chain reaction. Values of BMAL1 mRNA expressions
were normalized to the expression of beta-actin mRNA and represent as percent of control (100%);
n=5;*—-P <0.05as compared to control 1; ** — P < 0.05 as compared to control 2

BnnuB rinokcii Ta BigcyTHOCTI y cepefoBuLLi rmoTamiHy abo rnoko3n Ha ekcripecito MPHK BMAL1
y KniTrHax rniomu niHii U87 Ta ii cybniHii 3 npurHiyeHor gyHKLie CUrHanbHOro eH3umy eHgonnasva-
TMYHUIA peTukynym—agpo-1 (dnERN1) meTogom kinbkicHOI noniMepasHoi NnaHLoroBoi peakuii. 3Ha-
yeHHs1 ekcnpecii MPHK BMAL1 HopmanidyBanu 3a ekcnpecieto MPHK 6eTta-akTuHy i npeacrasnsinm
y npoueHTax BigHOCHO koHTpomto (100%); n = 5; * — P < 0,05 nopisHaHO 3 koHTponem 1; ** — P < 0,05
NOPIBHSIHO 3 KOHTPONEM 2

ISSN 1996-4536  bionoriuHi Ctygii / Studia Biologica e 2011 e Tom 5/Ne2 e C. 37-50



44

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

Fig. 6.

Puc. 6.

Fig. 7.

Puc. 7.

« 120 -
§100
g I
5 .M
S 80 A
=] *
R 60 - =
c
% 40 1 % s
[
>
[
< 0
= - ® @ © ~ ® o . ©
x s £ 2= ] 5 £ 2 = %
E g |E2| 85| & | &£ |E€ |85 | 3
N s | E8|28)| = 5§ €853 | 2
g o 27T © T [3) 27T o T
& ) o

Vector dnERN1

Effect of hypoxia and glucose or glutamine deprivation on the expression of BMAL2 mRNA in glioma
cell line U87 and its subline with knockdown of the signaling enzyme endoplasmic reticulum-nuclei-1
(dnERN1) measured by quantitative polymerase chain reaction. Values of BMAL2 mRNA expressions
were normalized to the expression of beta-actin mMRNA and represent as percent of control (100%);
n=>5;*—-P <0.05as compared to control 1; ** — P < 0.05 as compared to control 2

Bnnue rinokcii Ta BigcyTHOCTI y cepenoBuLLi rmioTaMiHy abo rmoko3n Ha ekcripecito MPHK BMAL2
y KniTrHax rmiomu niHii U87 Ta ii cybniHii 3 npurHiyeHoto gyHKLie cUrHanbHOro eH3umy eHgonnasva-
TUYHUIA peTukynym—agpo-1 (dnERN1) meTogom kinbkicHOT noniMepasHol NnaHLurosoi peakuii. 3Ha-
YyeHHs ekcnpecii MPHK BMAL2 HopmanidyBanu 3a ekcrpecieto MPHK GeTa-akTuHy i npegcrasnsnm
y npoueHTax BigHOCHO koHTporto (100%); n = 5; * — P < 0,05 nopiBHaHO 3 koHTponem 1; ** — P < 0,05
NOPIBHSIHO 3 KOHTpONeM 2

« 180 4
§160- _;_ -
§140- . -
..6120-
c’\5100-
5‘80' *
.g 60_
240-
520‘
< 0
2 S le.l8s] £ S 2.8 ¢
E g |E€|85| & |2 |E£€|88| &
X c S E% > < Seg 2% >
E 8 FE-BEC I 8 FE- RS I
o o o

Vector dnERN1

Effect of hypoxia and glucose or glutamine deprivation on the expression of CLOCK mRNA in glioma
cell line U87 and its subline with knockdown of the signaling enzyme endoplasmic reticulum—nuclei-1
(dNERN1) measured by quantitative polymerase chain reaction. Values of CLOCK mRNA expres-
sions were normalized to the expression of beta-actin mRNA and represent as percent of control
(100%); n = 5; * — P < 0.05 as compared to control 1; ** — P < 0.05 as compared to control 2

BrnuB rinokcii Ta BigcyTHOCTI y cepepoBuLi mMioTamiHy abo rmoko3n Ha ekcnpecito MPHK CLOCK
y KniTuHax rmiomu niHii U87 Ta ii cybniHii 3 npurHiveHoto yHKLIE CUrHaNbLHOro eH3MMy eHaonnasma-
TUYHUIN petukynym—aapo-1 (dnERN1) meTogom KkinbkicHOI nonimepasHoi naHLoroBoi peakuii. 3Ha-
YyeHHs ekcnpecii MPHK CLOCK HopmanidyBanu 3a exkcnipecieto MPHK 6eTa-akTuHy i npegcraBnsanmu
y npoLeHTax BigHOCHO koHTporito (100%); n = 5; * — P < 0,05 nopiBHsAHO 3 koHTponem 1; ** — P < 0,05
MOPIBHAHO 3 KOHTpONeM 2
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Vector dnIRE-1a

Effect of hypoxia and glucose or glutamine deprivation on the expression of CRY1 mRNA in glioma
cell line U87 and its subline with knockdown of the signaling enzyme endoplasmic reticulum — nuclei-1
(dnERN1) measured by quantitative polymerase chain reaction. Values of CRY1 mRNA expressions
were normalized to the expression of beta-actin mMRNA and represent as percent of control (100 %);
n=5;*—-P <0.05as compared to control 1; ** — P < 0.05 as compared to control 2

BnnuB rinokcii Ta BigCyTHOCTI y cepegoBuLi rmoTtamiHy abo rmoko3n Ha ekcnpecito MPHK CRY 1 y kni-
TuHax rniomu niHii U87 Ta ii cyOniHii 3 NpurHiveHo yHKUIE CUTHANBHOrO eH3nMy eHgonnasma-
TUYHUA peTukynym — agpo-1 (dnERN1) meTogom kinbkiCHOI nonimepasHoi MaHuroBoi peakuii.
3HaueHHs ekcnpecii MPHK CRY1 HopmanidyBanu no ekcnpecii MPHK 6eta-akTuHy i npegcraensnm
y npoueHTax BigHCHO koHTponto (100 %); n = 5; * — P < 0,05 nopiBHsiHO 3 KOHTpornem 1; ** — P < 0,05
NMOPIBHSIHO 3 KOHTPONeM 2
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Effect of hypoxia and glucose or glutamine deprivation on the expression of DEC2 mRNA in glioma
cell line U87 and its subline with knockdown of the signaling enzyme endoplasmic reticulum—nuclei-1
(dnERN1) measured by quantitative polymerase chain reaction. Values of DEC2 mRNA expressions
were normalized to the expression of beta-actin mMRNA and represent as percent of control (100%);
n=5;*—-P <0.05as compared to control 1; ** — P < 0.05 as compared to control 2

BnnuB rinokcii Ta BiAcyTHOCTI y cepenoBuLli rmoTamiHy abo rmoko3n Ha ekcrpecito MPHK DEC2
y KniTrHax rmiomu ninii U87 Ta i cy6niHii 3 npurHiyeHoto qyHKLIE0 CUrHanbHOro eH3numy eHgonnasva-
TUYHUN petukynym—aapo-1 (dnERN1) metopgom kinbkicHOI nonimepasHoi naHLorosoi peakuii. 3Ha-
YyeHHs ekcnpecii MPHK DEC2 HopmanisyBanu 3a ekcnipecieto MPHK 6eta-akTuHy i npeactaBnsnm
y npoueHTax BigHocHo koHTponto (100%); n = 5; * — P < 0,05 nopiBHSAHO 3 KOHTponem 1; ** — P < 0,05
MOPIBHAHO 3 KOHTPONeM 2
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in control glioma cells only. Hypoxia has different effects on the expression of BMALA1,
BMAL2, CLOCK, DEC2 and CRY1 mRNA. As shown in fig. 5, hypoxia induces expres-
sion of BMAL1 mRNA in both cell types: +65% in control glioma cells and +50% in en-
doplasmic reticulum—nuclei-1-deficient cells. The expression levels of BMAL2 and
CLOCK mRNA are decreased in control glioma cells (-42 and -39%, correspondingly)
as well as in cells with suppressed activity of endoplasmic reticulum-nuclei-1 (-24 and
-20%, correspondingly) (fig. 6 and 7). As shown in fig. 8 and 9, the effect of hypoxia on
the expression of CRY1 and DEC2 depends upon endoplasmic reticulum-nuclei-1
function: hypoxia decreases the expression level of CRY1 mRNA (-31%) in control glio-
ma cells only; however, the level of DEC2 mRNA expression is increased in control cells
(+36%) and is decreased in genetically modified glioma cells (-16%).

DISCUSSION

Highly aggressive brain tumor glioma forms from the malignization of astrocytes
which are the most abundant cell types in the brain. They play an important role in the
maintenance of neuronal functions. The molecular mechanisms underlying the uniquely
aggressive behavior of these tumors have not yet been elucidated. In this study we in-
vestigate the effect of suppression of enzymatic activity of the main signaling system of
endoplasmic reticulum stress on the expression of basic circadian factors which play a
significant role in the control of main metabolic processes as well as proliferation pro-
cess and malignant tumor growth in normoxic, hypoxic and ischemic conditions [9].

Our results clearly demonstrate that the expression pattern of the main circadian
genes is controlled by the endoplasmic reticulum stress system which is hyper active in
malignant tumors. We have shown that swiching off the endoplasmic reticulum stress in
glioma cells by suppressing the activity of endoplasmic reticulum-nuclei-1, which is the
major sensor and signaling system of this stress, changes the expression pattern of
most circadian genes which, as known, are disregulated in malignant tumors. In glioma
cells that lack the activity of the main endoplasmic reticulum stress signaling enzyme
the expression level of PER1, which has strong tumor suppressor function, is signifi-
cantly increased [5]. Its overexpression in cancer cells resulted in significant growth in-
hibition and apoptosis. This data correlates with suppression of glioma growth.

Endoplasmic reticulum stress changes the expression of hundreds of genes for the
purpose of cellular adaptation to stress conditions and cell survival via the initiation of
the pre-XBP1 mRNA splicing. Mature XBP1 mRNA encodes a transcription factor that
stimulates the expression of unfolded protein response-specific genes. At the same
time the expression of most of the endoplasmic reticulum stress-dependent genes is
up-regulated, but there is a group of genes the expression of which is down-regulated
[9, 17]. Thus, the expression of pro-angiogenic factors IL-6, IL-8 and VEGF-A is down-
regulated and the expression of the anti-angiogenic factors SPARC, decorin, thrombo-
spondin-1 and some other proteins functionally linked to mesenchymal differentiation
(MYRL2, FHL1, COLL1A2) is up-regulated. Results of our investigastion have shown
that the blockade of ERN1 leads to a change in the expression levels of circadian genes:
Showing an increase in the expression levels of PER1, PER3 and CLOCK mRNA and
a decrease the expression levels of CRY1, PER2, BMAL1, BMAL2 and DEC2 mRNA. It
is known that in the circadian clock system there are strong interactions between diffe-
rent circadian factors with feedback mechanisms [4, 5].
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The circadian genes have the emerging role as key players in malignant transfor-
mation, because factors, encoded by these genes, participate in cell cycle control and
tumor growth. Deregulated expression of circadian genes as well as inactivation or
knockout of PER1, CLOCK and BMAL1 leads to malignization, especially in the breast,
or the appearance of various disorders obesity in particular. A better understanding of
the impact of circadian gene networks on cell cycle control as well as nutrient balance
at the molecular, cellular and system levels promises to shed light on the emerging as-
sociation between circadian timing and various medical conditions such as disorders of
sleep, diabetes, obesity, and cancer [23, 24].

The rapid growth of different solid malignant tumors generates micro-environmen-
tal changes due to nutrient deprivation, hypoxia and acidosis. Under those ischemic
conditions, cancer cells trigger an adaptive response and initiate the formation of new
blood vessels inside the tumor which are needed for its proliferation [8]. Hypoxia and
ischemia are the main factors necessary for tumor growth via induction of complex in-
tracellular signaling events and endoplasmic reticulum stress [9]. We have shown that
hypoxia as well as ischemia significantly changes the expression pattern of different
circadian genes and that these changes are dependent on endoplasmic reticulum stress
signaling, because complete blockade of the endoplasmic reticulum—nuclei-1 enzyme
activity modifies the effect hypoxia and ischemia has on most circadian genes expres-
sion levels in control glioma cells.

Results of this investigation clearly demonstrate that the expression level of diffe-
rent circadian genes in glioma cells is regulated by hypoxic and ischemic conditions
(glutamine or glucose deprivation) and significantly depends upon functional activity of
the signaling enzyme endoplasmic reticulum—nuclei-1, the main sensor of endoplasmic
reticulum stress. Thus, most circadian genes participate in endoplasmic reticulum stress
signaling and in malignant tumor growth and the suppression of this signaling affects
the expression pattern of circadian genes which correlates with the suppression of glio-
ma growth.
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OCHOBHMMM MOMEKYNAPHUMMN KOMMOHEHTaMW CUCTEMU LIMpKagianbHOMO rogMHHKKA
€ MpOTeiHK, SKi BifirpatoTb CYTTEBY pPOSib Y KOHTPOSi ik MeTaboniamy, Tak i pocTy 3o-
SAKICHUX NyxnuH. CTpec eHOona3amMaTMYHOro PETUKYITYMY, SIK | TMOKCIA Ta ieMmisi, € Bax-
NMBUMU hakTopamMu HeoBacKynapu3aauii Ta pocTy nyxnvH. Mu BuB4anu ekcnpecito uup-
KagianbHUX reHiB y KnitmHax rniomu ninii U87 3a ymoB 6rokaam CeHCOPHOrO i CUrHasnb-
HOro eH3MMy eHgonnasMmatudHui petukynym—aapo-1 (ERN1). BctaHoBneHo, wo 6no-
Kaga curHanbHoro eHanmy ERN1 npuBoguTb Ao 36inblueHHs piBHIB ekcnpecii PER1,
PER3 ta CLOCK MPHK i 3HmxeHHs pisHiB MPHK CRY1, PER2, BMAL1, BMAL2 i DEC2.
BinbLue Toro, piBHI ekcnpecii BinbLIOCTI i3 AOCNIAXYyBaHMX reHiB 3pOCTatoTh 32 YMOB Bifl-
CYTHOCTI Yy cepeaoBMuLLi rMoko3n abo rmoTaMiHy SK Y KOHTPOSbHMX, TakK i B AediUUTHUX
3a eHaumom ERN1 knituHax rniomun, ane npurHideHHa ERN1 mogudikye edekT umnx
iemMivyHMx ymosB. lMinokcia Mae pisHi epekTn Ha piBHI eKcnpecil uMpkagianbHUX reHis,
npuyomy ui edpekTn 3anexatb Big pyHkuii ERN1. BctaHoBReHO, Wo rinokcis nocuntoe
ekcnpecito MPHK PER1, BMAL1 Ta DEC2 i 3Hnmxye — PER3, CLOCK, CRY1 Ta BMAL2
B KOHTPOJbHUX KITITUHAX rMioMU, a B reHETUYHO MOANMIKOBaHUX KNiTUHAX MNOCUIIOE EKC-
npecito MPHK nuwe BMAL1. Taknm 4YnMHOM, eKcrpecis umpkagianbHUX reHiB 3anexuTb
Bif (PYHKLUIT curHanbHoro eHsnmy ERN1 sk 3a HopmManbHMX YMOB, TaK i 3@ YMOB FinoKcil
Ta iwemii.

Knroyoei cnoea: excnpecis MPHK, PER1, PER2, PER3, CLOCK, BMAL1, BMALZ2,
CRY1, DEC2, kniTvHu rmioMmun, eHgonnasMaTuyHUi peTUKynymM—
sa0po-1, rinoKcisi, BiACYTHICTb rMOKO3M abo rroTaMmiHy.
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OCHOBHbIMW MONEKYMSAPHBIMU KOMIOHEHTaMM CUCTEMbI LMPKaAManbHbIX 4acoB SiB-
NSATCHA NPOTEUHbI, KOTOPbIE UTPaKOT CYLLECTBEHHYIO POfb B KOHTPOMe Kak metabonms-
Ma, TaK U pocTa 3roKa4yeCcTBeHHbIX onyxonen. CTpecc aHAO0NNasMaTn4eckoro peTmky-
nyma, Kak v rmrnoKCcusi M uemus, ABnsaTCA BaXXHbIMY hbakTopamu HeoBacKkynspumsaumm
1 pocTa onyxonen. Mbl n3y4anm aKCnpeccuto umpkagnanbHbIX reHOB B KNeTKax oMbl
nuHMn U87 B ycnosusax 6riokagbl CEHCOPHOIO M CUrHarNbHOMO dH3UMa 3HAZoNMasmMaTu-
yeckun petukynym—agpo-1 (ERN1). YctaHoBneHo, 4to 6rnokaga curHamnbHOro dH3mma
ERN1 npuBogut k yBenuuyeHuio ypoBHen akcnpeccun PER1, PER3 n CLOCK mPHK
1 cHxennto yposHei MPHK CRY 1, PER2, BMAL1, BMAL2 n DEC2. Bonee Toro, ypoBHU/
aKcnpeccum BonbLUMHCTBA M3 UCCREe0BaHHbIX TEHOB YBEMWUYMBAIKOTCSA NPU OTCYTCTBUU
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B cpefe IMHoKO3bl UMK MMTaMyHa Kak B KOHTPOIbHBIX, Tak U B AeMULMTHBIX MO 3H3UMY
ERN1 kneTtkax rmmombl, HO yrHeTeHne yHkumn ERN1 mogndumumpyeTt adhdekT aTmux
NLeMUYECKMX YCroBUA. [MNOKCUA OKasbiBaeT pasnnyHble 3deKTbl Ha YPOBHU 3KC-
npeccun umpkaguanbHbIX reHoB, npuiem atn apdekTbl 3aBnCAT OT dyHKUMM ERN1.
YCTaHOBMNEHO, YTO rmnokeus yemunmeaet akcnpeccuio MPHK PER1, BMAL1 n DEC2 n
cHmkaeT — PER3, CLOCK, CRY1 1 BMAL2 B KOHTPOSbHbIX KNETKax rMMoMbl, a B reHe-
TUYECKN MOANMULMPOBAHHbIX KNeTKax yCeunmneaeT akcnpeccuto Tonibko MPHK BMAL1.
Takvm 06pa3om, akcnpeccus LmpKaamarnbHbIX FeHOB 3aBUCUT OT PYHKLUM CUTHAMBbHOTO
3H3uMa ERN1 kak B HOpManbHbIX YCNOBUSX, TaK U B YCNOBUSAX TMMOKCUN U ULLEMUN.

Knrouyeesie cnoea: akcnpeccuss MPHK PER1, PER2, PER3, CLOCK, BMALA1,
BMALZ2, CRY1, DEC2, kneTku rmmombl, rmrnokcus, aHaonnas-
MaTUYECKUIN PETUKYNYyM—aapo-1, OTCYTCTBME [TOKO3bl UM
rnoTamMmnHa B cpege.
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