EKCITEPUMEHTAJIBHI POBOTU

UDC 577.112:616

INHIBITION OF ERN1 SIGNALING ENZYME AFFECTS
HYPOXIC REGULATION OF THE EXPRESSION OF E2F8, EPASI,
HOXC6, ATF3, TBX3 AND FOXFI1 GENES IN U87 GLIOMA CELLS

O. H. MINCHENKO', D. O. TSYMBAL', D. O. MINCHENKO"?,
O. V. KOVALEVSKA', L. L. KARBOVSKYT, A. BIKFALVF

!'Palladin Institute of Biochemistry, National Academy of Sciences of Ukraine, Kyiv,
e-mail: ominchenko@yahoo.com,;
’Bogomolets National Medical University, Kyiv, Ukraine;
SINSERM U1029 Angiogenesis and Cancer Microenvironment Laboratory,
University Bordeaux 1, Talence, France;

Hypoxia as well as the endoplasmic reticulum stress are important factors of malignant tumor growth
and control of the expression of genes, which regulate numerous metabolic processes and cell proliferation.
Furthermore, blockade of ERNI (endoplasmic reticulum to nucleus 1) suppresses cell proliferation and tumor
growth. We studied the effect of hypoxia on the expression of genes encoding the transcription factors such
as E2F8 (E2F transcription factor 8), EPASI (endothelial PAS domain protein 1), TBX3 (T-box 3), ATF3 (ac-
tivating transcription factor 3), FOXF1 (forkhead box Fl1), and HOXC6 (homeobox C6) in U87 glioma cells
with and without ERNI signaling enzyme function. We have established that hypoxia enhances the expression
of HOXC6, E2F8, ATF3, and EPASI genes but does not change TBX3 and FOXF1 gene expression in glioma
cells with ERNI function. At the same time, the expression level of all studied genes is strongly decreased,
except for TBX3 gene, in glioma cells without ERNI function. Moreover, the inhibition of ERNI signaling en-
zyme function significantly modifies the effect of hypoxia on the expression of these transcription factor genes:
removes or introduces this regulation as well as changes a direction or magnitude of hypoxic regulation. Pre-
sent study demonstrates that fine-tuning of the expression of proliferation related genes depends upon hypoxia
and ERNI-mediated endoplasmic reticulum stress signaling and correlates with slower proliferation rate of
glioma cells without ERNI function.
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alignant gliomas are highly aggressive
M tumors and are characterized by marked

angiogenesis and extensive tumor cell
invasion into the normal brain parenchyma. Moreo-
ver, hypoxia condition is associated to glioma de-
velopment and locally induces an adaptive response
which confers to tumor cells an enhanced survival
and a more agressive behaviour. Hypoxia as well as
the endoplasmic reticulum stress are important fac-
tors of malignant tumor growth and control of the
expression of genes, which regulate numerous meta-
bolic processes, cell proliferation and cancer growth
[1-5]. The endoplasmic reticulum is a key organelle
in the cellular response to different factors, which
activate a complex set of signaling pathways named
the unfolded protein response [1, 6]. This adaptive
response is activated upon the accumulation of mis-
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folded proteins in the endoplasmic reticulum and is
mediated by three endoplasmic reticulum-resident
sensors named PERK (PRK-like ER kinase), ERN1
(Endoplasmic Reticulum to Nucleus signaling 1) also
known as IRElalpha (Inositol Requiring Enzyme-1a)
and ATF6 (Activating Transcription Factor 6), howe-
ver, ERN1 is the dominant component of this sys-
tem [1, 7-9]. The induction of endoplasmic reticulum
stress is the early cell response to the accumulation
of misfolded proteins in the lumen of the endoplas-
mic reticulum and tends to limit the de novo entry of
proteins into the endoplasmic reticulum and facili-
tate both the endoplasmic reticulum protein folding
and degradation to adapt cells for survival [10-12].
The ERNI1 has two enzymatic activities: for
serine/threonine kinase and endoribonuclease, which
contribute to ERN1 signalling [1, 12]. The ERNI-
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associated endoribonuclease is activated after auto-
phosphorylation of this enzyme and is responsible
for degradation of a specific subset of mRNA and
also initiates the cytosolic splicing of the pre-XBP1
(X-box binding protein 1) mRNA whose mature
transcript encodes a transcription factor that stimu-
lates the expression of numerous unfolded protein
response specific genes [8, 13-17].

At the same time, activation of ERN1 branch of
the endoplasmic reticulum stress response is linked
to apoptosis and to cell proliferation, and suppres-
sion of its function has been demonstrated to result
in a significant decrease of tumor growth [18-20].
Thus, investigation of tumor responses to hypoxia is
required for development of therapeutical strategies,
based on the blockade of ERNI-mediated survival
mechanisms [1, 18, 20-22].

Transcription factors responded to diverse cel-
lular stresses to regulate expression of their target
genes, thereby inducing cell cycle control, apoptosis
and senescence [23-28]. E2F family of transcription
factors regulates various cellular functions related to
cell cycle and apoptosis and is strongly up-regulated
in human hepatocellular carcinoma, thus possibly
contributing to hepatocarcinogenesis [24]. Further-
more, there is data that the transcription factors
E2F7 and E2F8 promote angiogenesis through tran-
scriptional activation of vascular endothelial growth
factor-A in cooperation with hypoxia inducible fac-
tor-1 [29]. Thus, E2F transcription factors, such as
E2F8, are essential for orchestrating expression of
genes required for cell cycle progression and prolife-
ration [30].

The T-box transcription factor TBX3 is a tran-
scriptional repressor and plays multiple roles in nor-
mal development and disease by either repressing
or activating transcription of target genes in a con-
text-dependent manner and control the rate of cell
proliferation as well as mediate cellular signaling
pathways [23]. On the other hand, overexpression
of TBX3 is associated with several cancers, but it
may mediate the anti-proliferative and pro-migra-
tory role of TGF-B1 in breast epithelial and skin
keratinocytes [31]. Recently it was shown that the
knockdown of PLCe gene, which enhances bladder
cancer cell invasion, is induced E-cadherin expres-
sion and decreased TBX3 expression, both of which
were dependent on PKCoa/p activity [32]. In addition,
treatment of cells with TBX3-specific shorting hair-
pin RNA up-regulated E-cadherin expression and
inhibited cell invasion/migration.
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Transcription factor HOXC6 is a member of a
highly conserved homeobox family of transcription
factors that play an important role in proliferation as
well as in morphogenesis and metastasis and regu-
late genes with both oncogenic and tumor suppressor
activities and may contribute to the progression of
gastric carcinogenesis [27, 33, 34]. Recently it was
shown that the forkhead box transcription factor
FOXF]1 is a target of the TP53 family and its ectopic
expression inhibits cancer cell invasion and migra-
tion, whereas the inactivation of FOXF1 stimulated
both these processes [28, 35]. Furthermore, this tran-
scription factor is a mesenchymal target of hedgehog
signaling, known to regulate mesenchymal-epithelial
interactions during lung development and contrac-
tility of fibroblasts, their production of hepatocyte
growth factor and fibroblast growth factor-2 as well
as their stimulation of lung cancer cell growth and
migration [36].

Cyclic AMP-dependent activating transcription
factor 3 binds the cAMP response element and re-
presses transcription from promoters with ATF sites
by stabilizing the binding of inhibitory cofactors at
the promoter, but isoform 2 activates transcription
presumably by sequestering inhibitory cofactors
away from the promoters [25]. At the same time,
ATF3 can suppress mutant TP53 oncogenic func-
tion, thereby contributing to tumor suppression in
TP53-mutated cancer as well as promotes colon can-
cer metastasis and involved in the progress of laryn-
geal squamous cell carcinoma [37-39]. It was also
found that ATF3 is strongly induced during necrosis
but not apoptosis and knockdown of ATF3 by siRNA
in the F28-7 cells resulted in apoptotic morphology
rather than necrotic morphology [40]. These results
suggest that ATF3 is also a cell-death regulator in
necrosis and apoptosis.

Recently it was shown that knockdown of en-
dothelial PAS domain protein 1, which is also known
as hypoxia-inducible transcription factor-2a (HIF-
2a), as well as HIF-la in pulmonary vascular en-
dothelial cells decreased cell proliferation under nor-
moxic as well as hypoxic conditions and that HIF-2a
and SOX9 regulate TUBB3 gene expression and af-
fect ovarian cancer aggressiveness [26, 41]. More-
over, the expression of EPASI gene was significantly
correlated with tumor size, invasion, and necrosis
as well as with VEGF gene expression, which sup-
ported the correlation of EPAS] up-regulation with
tumor angiogenesis [42].
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The aim of this study was to investigate the ef-
fects of hypoxia on the expression of genes encoded
transcription factors E2F8, EPAS1, HOXC6, ATF3,
TBX3, and FOXF1, which participate in the regu-
lation of cell proliferation and apoptosis in glioma
cells, and to study the contribution of endoplasmic
reticulum stress sensor ERN1 through its inhibition
to hypoxic regulation of their expression.

Materials and Methods

Cell Lines and Culture Conditions. The glioma
cell line U87 (HTB-14) was obtained from ATCC
(USA) and grown in high glucose (4.5 g/l) Dulbec-
co’s modified Eagle’s minimum essential medium
(DMEM; Gibco, Invitrogen, USA) supplemented
with glutamine (2 mM), 10% fetal bovine serum
(Equitech-Bio, Inc., USA), penicillin (100 units/ml;
Gibco, USA) and streptomycin (0.1 mg/ml; Gibco) at
37°C ina 5% CO, incubator.

In this study we used two sublines of U87 glio-
ma cell line. One subline was obtained by selection
of stable transfected clones with overexpression of
vector (pcDNA3.1), which was used for creation of
dnERNI1 (dominant-negative constructs of ERNI1).
This subline of glioma cells was used as control
(control glioma cells) in the study of the effects of
hypoxia as well as inhibition of ERN1 enzymatic ac-
tivities on the expression level of transcription fac-
tor E2F8, TBX3, EPASI, ATF3, FOXFI and HOXC6
genes. Second subline was obtained by selection
of stable transfected clones with overexpression of
dnERNI1 and has suppressed both protein kinase
and endoribonuclease activities of this bifunctional
signaling enzyme of endoplasmic reticulum stress
[19, 20]. Previously it was shown that these cells
have low proliferation rate and do not express XBP1
alternative splice variant, a key transcription factor
in ERNI signaling, after induction of endoplasmic
reticulum stress by tunicamycin [21]. For creation of
hypoxic conditions, the culture plates were exposed
in a special incubator with 3% oxygen, 5% CO,, and
92 % nitrogen mix for 16 h.

RNA isolation. Total RNA was extracted from
glioma cells using Trizol reagent according to manu-
facturer protocols (Invitrogen, USA). The RNA pel-
lets were washed with 75% ethanol and dissolved in
nuclease-free water. For additional purification RNA
samples were re-precipitated with 95% ethanol, re-
dissolved again in nuclease-free water and used for
reverse transcription.
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Reverse transcription and quantitative PCR
analysis. QuaniTect Reverse Transcription Kit
(QIAGEN, Germany) was used for cDNA synthesis
according to manufacturer protocol. The expres-
sion levels of E2F8, TBX3, EPASI, ATF3, FOXFI,
HOXC6 and ACTB mRNA were measured in U87
glioma cells by real-time quantitative polymerase
chain reaction (qPCR) using Mx 3000P QPCR
(Stratagene, USA) and Absolute qPCR SYBRGreen
Mix (Thermo Fisher Scientific, ABgene House, UK)
or semi-quantitative reverse-transcription polymera-
se chain reaction (RT-PCR) using “MasterCycler
Personal” (Eppendorf, Germany). Quantitative poly-
merase chain reaction was performed in triplicate
using specific primers, which were received from
Sigma-Aldrich (USA).

For amplification of HOXC6 (homeobox C6
transcription factor) cDNA we used next forward
and reverse primers: 5~AAAAGAGGAAAA-
GCGGGAAG-3'and (5'-GGTCCACGTTTGACTC-
CCTA-3’, correspondingly, for real time RCR as
well as RT-PCR analysis. The nucleotide sequences
of these primers correspond to sequences 772—791
and 963-944 of human HOXC6 cDNA (GenBank
accession number NM_004503). The size of ampli-
fied fragment is 192 bp.

The amplification of ATF3 (activating tran-
scription factor 3), also known as cyclic AMP-
dependent transcription factor ATF-3, cDNA was
performed using forward primer (5-CAAGTG-
CATCTTTGCCTCAA-3') and reverse primer (5'—
CCACCCGAGGTACAGACACT-3"). These oligo-
nucleotides correspond to sequences 1024—-1043 and
1190—1171 of human ATF3 ¢cDNA (GenBank acces-
sion number NM_004024). The size of amplified
fragment is 167 bp.

The amplification of transcription factor EPASI
(endothelial PAS domain protein 1), also known as
hypoxia-inducible factor 2o (HIF-2a), cDNA for real
time RCR analysis was performed using two oligo-
nucleotides primers: forward — 5-AAGCCTTG-
GAGGGTTTCATT-3' and reverse — 5“TCATGAA-
GAAGTCCCGCTCT=3". The nucleotide sequences
of these primers correspond to sequences 788—807
and 1021-1002 of human EPAS1 ¢cDNA (GenBank
accession number NM_001430). The size of ampli-
fied fragment is 234 bp.

For amplification of E2F8 (E2F transcription
factor 8) cDNA we used next forward and reverse
primers: 5—-CCACCACAGCAAATATCGTG-3'
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and 5-CTTTGGCCTCAGGTAATCCA-3/,
correspondingly. The nucleotide sequences of these
primers correspond to sequences 596—615 and 805—
786 of human E2F8 ¢cDNA (GenBank accession
number NM_024680). The size of amplified frag-
ment is 210 bp.

The amplification of FOXF1 (forkhead box F1
transcription factor) cDNA for real time RCR and
RT-PCR analysis was performed using two oligo-
nucleotides primers: forward — 5-AAGCCGCC-
CTATTCCTACAT-3' and reverse — 5~ TGATGAA-
GCACTCGTTGAGC-3". The nucleotide sequences
of these primers correspond to sequences 185-204
and 365-346 of human FOXF1 cDNA (GenBank ac-
cession number NM_001451). The size of amplified
fragment is 181 bp.

For amplification of TBX3 (T-box 3 tran-
scriptional repressor) cDNA we used forward (5'-
ACTGGGGAACAGTGGATGTC-3' and reverse
(5'-TTCGGGGAACAAGTATGTCC-3') primers.
The nucleotide sequences of these primers corre-
spond to sequences 1551-1570 and 1729-1710 of
human TBX3 cDNA (GenBank accession number
NM_005996). The size of amplified fragment is
179 bp.

The amplification of B-actin (ACTB) cDNA
was performed using forward — 5-GGACTTCGAG-
CAAGAGATGG-3' and reverse — 5-AGCACTGT-
GTTGGCGTACAG-3' primers. These primer nucle-
tide sequences correspond to 747-766 and 980-961
of human ACTB cDNA (GenBank accession num-
ber NM_001101). The size of amplified fragment is
234 bp. The expression of B-actin mRNA was used
as control of analyzed RNA quantity.

An analysis of quantitative PCR was performed
using special computer program Differential Ex-
pression Calculator. The values of the expression of
E2F8, TBX3, EPASI, ATF3, FOXF1, HOXC6, and
ACTB mRNA were normalized to B-actin mRNA
expressions and represent as percent of control
(100%).

Western blot analysis. E2F8 protein in hypoxia-
treated U87 glioma cells was measured by Western
blot analysis using polyclonal anti-E2F8 antibody
(H00079733-M01) from NOVUS Biologicals. ACTB
(B-actin) from Santa Cruz Biotechnology was used
as control of analyzed protein quantity in extracts of
glioma cells. Western blot analysis was performed as
described previously [34].

Statistical analysis. Statistical analysis was
performed according to Student's test using Origin-
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Pro 7.5 software. All values are expressed as mean
+ SEM from triplicate measurements performed in
4 independent experiments.

Results and Discussion

To test the effect of hypoxia on the expression
levels of transcription factor genes, strongly related
to control of cell proliferation, we used the U87
glioma cell subline, which constitutively expresses
dominant-negative mutant of ERN1 and has an in-
hibitory effect on ribonuclease and kinase activity
of endogenous ERN1 [21, 44]. Figure 1, 4 and B
demonstrates that hypoxia significantly increased
the expression of HOXC6 gene in control U87 glio-
ma cells measured by RT-PCR as well as quantita-
tive PCR analysis. It was also shown that the level of
HOXC6 mRNA is significantly decreased (close to
2-fold) in glioma cells expressing dnERNI1. Moreo-
ver, inhibition of ERN1 removes hypoxic regulation
of the expression of this transcription factor gene
(Fig. 1).

We next tested whether hypoxia also partici-
pates in regulation of activating transcription factor
3 gene expression in relation of ERN1-mediated en-
doplasmic reticulum stress signaling using glioma
cells with and without enzymatic activities of ERNI.
We have found that hypoxia strongly induces this
gene expression (close to 2.4-fold) in control glioma
cells and that blockade of ERN1 signaling enzyme
function leads to more robust (4-fold) induction of
ATF3 gene expression (Fig. 2). At the same time, the
expression levels of ATF3, that regulates transcrip-
tion of numerous proliferation and apoptosis related
genes, are significantly decreased (9-fold) in glioma
cells stably transfected with dnERNI (Fig. 2).

We have also found that the mRNA level of
transcription factor EPASI is up-regulated by hy-
poxia both in control glioma cells and cells over-
expressed dnERNI, being more profound in cells
harboring dnERNI1 (without protein kinase and
endoribonuclease of ERN1): +20% and + 83%, cor-
respondingly (Fig. 3). Moreover, results presented
in this figure demonstrate that the expression level
of EPAS1 mRNA is also significantly less (20-fold)
in glioma cells with suppressed function of ERNI
signaling enzyme as compared to control glioma
cells.

As shown in Fig. 4, A4, hypoxia significantly
(close to three fold) decreases the expression level of
E2F transcription factor 8 (E2F8) mRNA in control
glioma cells. Moreover, we observed similar effect
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Fig. 1. Effect of hypoxia on the expression of HOXC6 (homeobox C6 transcription factor) mRNA in glioma cell
line U87, stable transfected by vector (Vector), and its sublines with a deficiency of both protein kinase and
endoribonuclease of the signaling enzyme ERNI, stable transfected by dominant-negative ERNI (dnERNI)
measured by RT-PCR (4) and qPCR (B). Values of HOXC6 mRNA expressions were normalized to f-actin
mRNA expression and represented as percent of control (vector, 100%); mean = SEM; n = 4; * P < 0.05 as
compared to control 1 (vector); C — control;, Hx — hypoxia
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Fig. 2. Effect of hypoxia on the expression of ATF3 (activating transcription factor mRNA (qPCR) in glioma
cell line U87 (Vector) and its sublines with a deficiency of both protein kinase and endoribonuclease of the
signaling enzyme ERNI (dnERNI). Values of ATF3 mRNA expressions were normalized to f-actin mRNA ex-
pression and represented as percent of control (vector, 100 %); mean = SEM; n = 4; * P < 0.05 as compared
to control 1 (vector); ** P < 0.05 as compared to control 2 (dnERNI)

of hypoxia on E2F8 transcription factor at protein
level in these glioma cells (Fig. 4, B). At the same
time, effect of hypoxia on the expression of this tran-
scription factor in glioma cells harboring dnERNI
is significantly less to show that ERNI blockade
modulates the hypoxic regulation of the expression
of E2F8 gene (Fig. 4, A). Moreover, results presented
in this figure clearly demonstrate that the expression
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level of E2F8 mRNA is strongly suppressed (more
than 16-fold) in glioma cells with suppressed func-
tion of ERNI signaling enzyme as compared to con-
trol glioma cells and that changes in E2F8 protein
level correlates with that of mRNA (Fig. 4, 4, B).
We also analyzed the expression of transcrip-
tion factor forkhead box F1 (FOXFI), another tran-
scription factor, which controls the expression of
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Fig. 3. Effect of hypoxia on the expression of EPASI (endothelial PAS domain protein 1), also known as hy-
poxia-inducible factor-2a, mRNA (gPCR) in glioma cell line US7 (Vector) and its sublines with a deficiency of
both protein kinase and endoribonuclease of the signaling enzyme ERNI (dnERNI). Values of EPASI mRNA
expressions were normalized to [-actin mRNA expression and represented as percent of control (vector,
100%),; mean £ SEM; n = 4; * P < 0.05 as compared to control 1 (vector); ** P < 0.05 as compared to con-
trol 2 (dnERNI)
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Fig. 4. Effect of hypoxia on the expression of E2F8 (E2F transcription factor 8) mRNA in glioma cell line U87
(Vector) and its sublines with a deficiency of both protein kinase and endoribonuclease of the signaling en-
zyme ERNI (dnERNI) measured by gPCR (A) and Western blot analysis of E2F8 protein (B). Values of E2F8
mRNA expressions were normalized to p-actin mRNA expression and represented as percent of control (vec-
tor, 100 %); mean = SEM; n = 4; * P < 0.05 as compared to control 1 (vector); ** P < 0.05 as compared to
control 2 (dnERNI); C — control; Hx — hypoxia

some growth factors as well as tumor growth, in creases (two-fold) in glioma cells harboring dnERNI1
glioma cells upon hypoxia. Results presented in to show that hypoxic regulation of FOXF1 mRNA
Fig. 5, 4, B, clearly demonstrated that hypoxia does expression is controlled by ERNI1-mediated endo-
not change significantly mRNA level of transcrip- plasmic reticulum stress signaling. It is interesting
tion factor FOXF1 in control glioma cells and de- to note that mRNA level of this transcription fac-

ISSN 2409-4943. Ukr. Biochem. J., 2015, Vol. 87, N 2 81



EKCITEPUMEHTAJIBHI POBOTU

tor is significantly decreased (more than two-fold)
in control glioma cells with suppressed function of
ERNI signaling enzyme (Fig. 5).

Transcription factor TBX3 (T-box 3) is a tran-
scription repressor and expression level of its mRNA
is strongly induced in glioma cells after blockade of
signaling enzyme ERN1 function (close to 2.6-fold);
however, hypoxia does not affect the expression level
of this gene in control glioma cells (Fig. 6). At the
same time, the inhibition of signaling enzyme ERNI1
in U87 glioma cells modifies the responsibility of
these cells to hypoxic regulation of the expression of
transcription repressor TBX3.

In this study we have shown that hypoxia in-
creases the expression level of gene encoded tran-
scription factors HOXC6, ATF3, and EPASI in
control glioma cells (Fig. 1-3) and that blockade of
ERNI signaling enzyme function strongly decreases
the level of these gene expressions as well as modi-
fies its expression level. Transcription factor HOXC6
predominantly has pro-proliferative functions, plays
an important role in proliferation as well as in mor-
phogenesis and metastasis and its up-regulation upon
hypoxia may contribute to tumor growth [27, 34].
At the same time, blockade of ERNI signaling en-
zyme function decreases HOXC6 gene expression
as well as removes its hypoxic regulation (Fig. 1).
These results completely correlate with data that
ERNI knockdown suppresses proliferation rate of
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these cells as well as glioma growth from these cells
[19, 21]. Thus, transcription factor HOXC6 may con-
tribute to suppression of proliferation rate of glioma
cells without ERNI1 signaling enzyme function.
Moreover, the decreased expression level of ATF3
and EPASI genes in ERNI1 knockdown glioma cells
may also contribute to suppression of proliferation,
because these transcription factors play an important
role in the control of tumor growth [25, 26, 37-39,
42]. At the same time, blockade of ERNI signaling
enzyme function enhances the hypoxic regulation of
ATF3 and EPASI gene expressions, but prospective
studies are still needed to clarify the significance of
these results.

We have also shown that hypoxia affects the
expression of E2F8 gene in control and ERNI
knockdown glioma cells at mRNA and protein levels
and that blockade of ERNI1 strongly decreases this
gene expression as well as a magnitude of hypoxic
regulation (Fig. 4). Thus, strong down-regulation of
E2F8 in glioma cells is argued with anti-proliferative
effect of ERN1 knockdown, because there is data
that the transcription factor E3F8 plays an impor-
tant role in various cellular functions related to cell
cycle and apoptosis and is strongly up-regulated in
human hepatocellular carcinoma [24]. It is possible
that down-regulation of the expression of E2F8 gene
upon hypoxia plays a specific role in orchestrating
expression of genes required for hypoxic adaptation
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Fig. 5. Effect of hypoxia on the expression of FOXF1 (forkhead box F1 transcription factor) mRNA (gPCR) in
glioma cell line US7 (Vector) and its sublines with a deficiency of both protein kinase and endoribonuclease
of the signaling enzyme ERNI (dnERNI) by RT-PCR (4) and gPCR (B). Values of FOXFI mRNA expressions
were normalized to f-actin mRNA expression and represented as percent of control (vector, 100%); C — con-
trol; mean £ SEM; n = 4; * P < 0.05 as compared to control 1 (vector); ** P < 0.05 as compared to control

2 (dnERNI)
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Fig. 6. Effect of hypoxia on the expression of TBX3 (T-box 3 transcriptional repressor) mRNA (gPCR) in
glioma cell line US7 (Vector) and its sublines with a deficiency of both protein kinase and endoribonuclease of
the signaling enzyme ERNI (dnERNI). Values of TBX3 mRNA expressions were normalized to f-actin mRNA
expression and represented as percent of control (vector, 100%); mean = SEM; n = 4; * P < 0.05 as compared
to control 1 (vector); ** P < 0.05 as compared to control 2 (dnERNI)

and is dependent on ERN1 signaling enzyme func-
tion.

We have also demonstrated that hypoxia does
not change the expression of T-box transcription fac-
tor TBX3 and FOXF1 in control glioma cells, but
the inhibition of ERNI signaling enzyme introduces
hypoxic regulation of these genes (Fig. 5 and 6). It
is possible that the expression of 7BX3 and FOXFI
genes is controlled by ERN1 signaling. Moreover,
we have found that blockade of ERNI1 in glioma
cells down-regulates pro-proliferative FOXFI gene
expression and up-regulates the expression of tran-
scriptional repressor TBX3. These results correlate
with data that ERN1 knockdown suppresses cell pro-
liferation as well as glioma growth from these cells
[19, 21]. Thus, the induction of TBX3 gene expression
may contribute to the suppression of cell prolife-
ration and glioma growth from these cells, because
TBX3 is a transcriptional repressor, which controls
cell proliferation as well as mediates cellular signal-
ing pathways [23, 31]. It is interesting to note that the
transcription factor TBX3 has pleiotropic functions
and plays multiple roles in normal development and
disease by either repressing or activating transcrip-
tion of target genes in a context-dependent man-
ner, and it may mediate the antiproliferative role of
TGFBI [31]. Thus, the increased expression of TBX3
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can mediate the inhibition of cell proliferation upon
ERNI1 inhibition.

In conclusion, the inhibition of ERN1 endoribo-
nuclease affects growth regulation, lowering expres-
sion levels of transcription factors E2F8, HOXC6,
EPASI, and FOXF1, which have pro-proliferative
properties, and up-regulate the expression of tran-
scriptional repressor TBX3 to the level of these tran-
scription factors in normal human astrocytes. Thus,
the changes in studied transcription factor gene ex-
pressions correlate well with slower cell prolifera-
tion in cells harboring dnR-ERN1 (without endori-
bonuclease activity of ERN1), because endoplasmic
reticulum stress is a necessary component of malig-
nant tumor growth and cell survival [2, 3, 6, 11].

In conclusion, we have demonstrated that hy-
poxia up-regulates the expression level of transcrip-
tion factors HOXC6, ATF3, and EPAS1 and down-
regulates E2F8, but has no effect on the expression
level of FOXF1 and TBX3 and that ERNI1-mediated
endoplasmic reticulum stress signaling participates
in fine-tuning of mRNA levels as well as hypoxic
regulation of the subset of transcription factor genes
important for the control of cell proliferation as well
as tumor growth, because endoplasmic reticulum
stress as well as hypoxia is a necessary component
of malignant tumor growth.
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ERN1 3MIHIO€ I'lTIOKCUYHY
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EPAS1, HOXC6, ATF3, TBX3 TA FOXFI

Y KJIITUHAX TJIIOMM JITHIT U87
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lmokciss, sk 1 cTpec eHAOoIIa3MaTUuIHO-
ro peTUKyidyMma, € BaXIWBUMH (pakTOopamMu po-
CTy B3JOSKICHHX MYXJHMH 1 KOHTPONIO eKcmpecii
I'CHIB, M0 PEeryJTh YHUCICHHI MeTaboJiuHi
mporiecu Ta mporidepaniro KIiTHH. binbime Toro,
omokaga ERNI (curHamroBaHHS Bij €HJIOIUIA3-
MaTUYHOTO peTHUKylymMa A0 snupa 1) mpusBo-
JUTH [0 TPUTHIYEHHs mpodjidepanii KIITHH Ta
pocty myxiauH. Mwu BuBYanIM e(eKT rimokcii Ha
EKCIIpecito TeHiB, IO KOAYIOTh TPAaHCKPHUIIIIHHI
¢daxropu, Taki sik E2F8 (E2F transcription factor §),
EPASI (endothelial PAS domain protein 1), TBX3
(T-box 3), ATF3 (activating transcription factor 3),
FOXF1 (forkhead box F1), i HOXC6 (homeobox
C6) y xuitunax raiomu ninii U87 3 HOpManbHOIO
ta npurHideHor ¢ynkniero ERNI. Bcranosneno,
0 TiMOKCisg Tocuitoe ekcrpecito reriB HOXCO,
E2F8, ATF3 ta EPASI, ane He 3MiHIOE €KCIIPECitO
reriB 7BX3 1 FOXFI y kiiTUHAX TJIIOMHA 3 HOPMaJTh-
Hor (hyHKIiero ERNI1. V Toli ke yac y KIIiTHHAX
riioMu i3 mpurHideHow ¢yHkimiero ERNI1 piBeHb
eKcrpecii BCIX JOCHIIKEHUX TEHIB, 32 BHHSITKOM
rena TBX3, icTOTHO 3HWXKYEThCS. binblie Toro,
MpuTHIYeHHS (QYHKITI{ CHTHAIBHOTO eH3uMy ERNI
MOU(IKYye ePEKT TIMOKCIii Ha eKCIPECito I'eHIB IUX
TPAHCKPHUMIIHHUX (aKTOpiB: 3HIMAE ab0 IHIYKYE
L0 PEeryisilifo, a TaKoXX BIUIMBAE HA HAIMPSMOK
Ta BEIWYMHY eQeKTy Tinokcii. Takum 4uHOM, Y
iif poOOTi MOKa3aHO, MO0 TOYHO BiAperyliboBaHa
eKCIIpecisi TeHiB, SKi KOHTPOIIOIOTH MpOLecH
npoideparii, 3aJeKUTh Bil TIMOKCiI Ta CTpecy
SH/IOTJIa3MAaTHYHOTO PETHKYJIyMa, OMOCEPEIKOBa-
Horo ERNI-curnamtoBaHHsIM, 1 [0 OIEpKaHi pe-

84

3YJIBTaTU KOPEIIFOIOTH 31 3HUIKEHOIO Mpoltidhepaliiero
KJIITHH TJIIOMH 13 mpurHiveHow ¢yHkiriero ERNI.

KnmouoBi cmoBa: ekcupecis MPHK,
TIMOKCIs, CTPEC eHJO0IIa3MaTHIHOTO PETHKYIyMa,
E2F8, EPASI, HOXC6, ATF3, TBX3, FOXFI, Bu-
xkmroueHHs ¢GyHkIii ERN1, kxiTuH# TiriomMu.

BJIOKAJIA CHTHAJIBHOT'O DH3UMA
ERN1 U3BMEHSET PETYJISILIUIO
TMIIOKCHUE YKCITPECCUY FT'EHOB
E2F8, EPASI, HOXC6, ATF3, TBX3
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['umoxcus, Kak u cTpecc SHAOMIa3MaTHIECKO-
ro PEeTUKYIyMa, SBISIIOTCS BaXXHBIMU (aKTOpamu
pocTa 3J0Ka4eCTBEHHBIX OIYXOJe M KOHTPOJA
9KCIPECCHM T'€HOB, KOTOPHIE PEryJIupyIOT MHOIO-
YUCJIEHHbIE METabOIMYecKHe MPOLEecChl M TPo-
nudepanuio KiIeTok. bonee Toro, 6iokaga ERNI1
(CUTHAJNIMHT OT HOIIJIA3MAaTUYECKOT'0 PETUKYITyMa
70 sipa 1) mMpUBOIUT K YTHETSHHIO Mpoiudepanu
KJIETOK U pocra onyxojed. Mbl uzydanu sddexr
THUTIOKCHH Ha SKCIPECCUIO TEHOB, KOTOPBIE KOAUPY-
10T TPAHCKPHUIIIIMOHHBIE PaKTOpbI, Takue kak E2F8
(E2F transcription factor 8), EPAS1 (endothelial
PAS domain protein 1), TBX3 (T-box 3), ATF3
(activating transcription factor 3), FOXF1 (forkhead
box F1), 1 HOXC6 (homeobox C6) B kieTKax rimo-
Mbl InHUK U87 ¢ HOpManbHOH U yTHETEHHOH (DyHK-
nuerr ERN1. YcraHoBiIeHO, 9TO THUIIOKCHUS YCHIIH-
BaeT dkcmpeccuto TeHoB HOXCO6, E2F8, ATF3 nu
EPASI, HO He M3MEHsET dKcmpeccuio reHoB 1BX3
u FOXFI B xJieTKax TIIHOMbBI C HOPMaJIbHON (DyHK-
nueit ERN1. B To ke Bpems, B KJIeTKaX TNIHOMBI C
yraereHHol ¢ynkiueir ERNI ypoBeHb skcnipeccun
BCEX MCCJIEJOBAHHBIX T€HOB, 3 NCKJIIOUEHHEM I'eHa
TBX3, cyuiecTBeHHO CHIKaeTcd. bornee Toro, yrue-
TeHue PYHKIUU CUTHAIBHOTO 3H3uMa ERN1 momu-
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¢unupyet 3¢ ekt runokcuu Ha IKCIPECCUIO TEHOB
9TUX TPAHCKPHUIIIIUOHHBIX PaKTOPOB: CHUMAET WIIH
HHIYIHUPYET 3Ty PEryJsuIo, a TaKKe BIHUSICT Ha
HampaBlieHHe u BennyuHy 3¢dekra runokcuu. Ta-
KUM 00pa3oMm, B 3TOH paboTe MOKa3aHO, YTO TOYHO
OTpEryJIHpOBaHHAsL JKCIPECCHS] T'eHOB, KOTOpBIE
KOHTPOJUPYIOT MPOLECCH MPOTu(epauu, 3aBUCHT
OT TUIIOKCHU U CTpecca SHJOIIa3MaTHYeCKOro pe-
THKYJyMa, onocpenoBanHoro ERN1-curnanunrom,
W YTO TIOJYUYCHHBIE PE3YIbTaThl KOPPEIUPYIOT CO
CHIDKEHHOH mponudepanueid KIeToK TITHOMBI C yT-
HeTeHHoM ¢ynknueir ERNI.

KnwoueBbie caosa: skcnpeccuss MPHK,
TUTIOKCHSI, CTPECC CHJIOIUIa3MaTH4eCKOTO PETHUKY-
nyma, E2F8, EPASI, HOXC6, ATF3, TBX3, FOXF1I,
BeIKITItoueHHE (hyHKIH ERN1, KIeTKH rIHoMBLI.
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