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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 ERN1 (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), EPAS1 (endothelial PAS domain protein 1), TBX3 (T-box 3), ATF3 (ac-
tivating transcription factor 3), FOXF1 (forkhead box F1), and HOXC6 (homeobox C6) in U87 glioma cells
with and without ERN1 signaling enzyme function. We have established that hypoxia enhances the expression
of HOXC®6, E2F8, ATF3, and EPASL1 genes but does not change TBX3 and FOXFL1 gene expression in glioma
cells with ERN1 function. At the same time, the expression level of all studied genes is strongly decreased,
except for TBX3 gene, in glioma cells without ERN1 function. Moreover, the inhibition of ERN1 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 ERN1-mediated endoplasmic reticulum stress signaling and correlates with slower proliferation rate of
glioma cells without ERN1 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, ERNL1 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 ERN1 has two enzymatic activities: for
serine/threonine kinase and endoribonuclease, which
contribute to ERNL1 signalling [1, 12]. The ERN1-
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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 ERN1-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
FOXF1 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 EPASL gene was significantly
correlated with tumor size, invasion, and necrosis
as well as with VEGF gene expression, which sup-
ported the correlation of EPASL 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 (200 units/ml;
Gibco, USA) and streptomycin (0.1 mg/ml; Gibco) at
37 °Cin a 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
dnERN1 (dominant-negative constructs of ERN1).
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, EPASL, ATF3, FOXF1 and HOXC6
genes. Second subline was obtained by selection
of stable transfected clones with overexpression of
dnERNL1 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 ERNL1 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, FOXF1,
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 ERNL1 [21, 44]. Figure 1, A 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 dnERN1. 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 ERN1.
We have found that hypoxia strongly induces this
gene expression (close to 2.4-fold) in control glioma
cells and that blockade of ERNL1 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 dnERN1 (Fig. 2).

We have also found that the mRNA level of
transcription factor EPASL is up-regulated by hy-
poxia both in control glioma cells and cells over-
expressed dnERN1, being more profound in cells
harboring dnERN1 (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 ERN1
signaling enzyme as compared to control glioma
cells.

As shown in Fig. 4, A, 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 ERNL, stable transfected by dominant-negative ERN1 (dnERN1)
measured by RT-PCR (4) and qPCR (B). Values of HOXC6 mRNA expressions were normalized to f-actin
mMRNA 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 (gPCR) 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 (dnERNZ1)

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 dnERN1
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 ERNL1 signaling enzyme as compared to con-
trol glioma cells and that changes in E2F8 protein
level correlates with that of mMRNA (Fig. 4, A, 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 EPASL (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 ERN1 (dnERNZ1). Values of EPAS1 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 (dnERNZ)
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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 ERN1 (dnERN1) 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 (dnERNY); C — control; Hx — hypoxia

some growth factors as well as tumor growth, in
glioma cells upon hypoxia. Results presented in
Fig. 5, A, B, clearly demonstrated that hypoxia does
not change significantly mRNA level of transcrip-
tion factor FOXF1 in control glioma cells and de-
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creases (two-fold) in glioma cells harboring dnERN1
to show that hypoxic regulation of FOXF1 mRNA
expression is controlled by ERN1-mediated endo-
plasmic reticulum stress signaling. It is interesting
to note that mRNA level of this transcription fac-
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tor is significantly decreased (more than two-fold)
in control glioma cells with suppressed function of
ERNL1 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 ERN1
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
ERNL1 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 ERNL1 signaling en-
zyme function decreases HOXC6 gene expression
as well as removes its hypoxic regulation (Fig. 1).
These results completely correlate with data that
ERN1 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 ERN1 signaling enzyme function.
Moreover, the decreased expression level of ATF3
and EPAS1 genes in ERN1 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 ERNL signaling
enzyme function enhances the hypoxic regulation of
ATF3 and EPAS1 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 ERN1
knockdown glioma cells at mRNA and protein levels
and that blockade of ERN1 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

Control 1 Hypoxia Control 2 Hypoxia

Vector dnERN1

FOXF1

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 ERN1 (dnERNZ1) by RT-PCR (A) and gPCR (B). Values of FOXF1 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 (AnERNY)
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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 (dnERNZ1)

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 ERN1 signaling enzyme introduces
hypoxic regulation of these genes (Fig. 5 and 6). It
is possible that the expression of TBX3 and FOXF1
genes is controlled by ERNL1 signaling. Moreover,
we have found that blockade of ERN1 in glioma
cells down-regulates pro-proliferative FOXF1 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
ERNL1 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 ERN1-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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BJIOKAJJA CUTHAJIBHOI'O EH3UMY
ERN1 3MIHIO€ I'lTIOKCUYHY
PETYJIAIIIO EKCITPECII TEHIB E2FS8,
EPAS1, HOXC6, ATF3, TBX3 TA FOXF1
Y KJIITUHAX TJIIOMU JITHIT U87
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lmokcis, sk 1 cTpec eHAOoIIa3MaTUuIHO-
ro peTUKyidyMma, € BaXIWBUMH (pakTOopamMu po-
CTy B3JOSKICHHX MYXJHMH 1 KOHTPONIO eKcmpecii
I'CHIB, M0 PEeryJTh YHUCICHHI MeTaboJiuHi
rporiecu Ta mporidepaniro KIiTHH. binbime Toro,
omokaga ERNI (curHamroBaHHS Bij €HJOIUIA3-
MaTUYHOTO peTHUKylymMa A0 snupa 1) mpusBo-
JUTH [0 TPUTHIYEHHs mpodjidepanii KIITHH Ta
pocty myxiauH. Mwu BuBYanIM e(eKT rimokcii Ha
EKCIIpPecito TeHiB, IO KOAYIOTh TPAaHCKPHUIIIIHHI
¢daxropu, Taxi 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,
o Tinokcis nocuiioe ekcrpecito reniB HOXCO,
E2F8, ATF3 ta EPAS]L, ane He 3MiHIOE EKCIIPECito
reriB TBX3 i FOXF1 y kiiTHHAX IJ1iIOMH 3 HOpMalib-
Horo (hyHKiiero ERNI1. V Toli ke 4yac y KIIiTHHAX
riioMu i3 mpurHideHow ¢yHkmiero ERNI1 piBeHb
eKcrpecii BCiX AOCHIIKEHUX TEHIB, 32 BHHSITKOM
rena TBX3, icTOTHO 3HWXKYEThCsS. binblie TOro,
MpUTHIYeHHS (QYHKIII{ CHTHAIBHOTO eH3uMy ERNI
MOU(IKye ePEKT TIMOKCii Ha eKCIPECito I'eHIB IUX
TPAHCKPHUMIIHHNUX (PaKTOpiB: 3HIMAE ad0 1HIYKYE
L0 PEeryisllifo, a TaKoXX BIUIMBAE HA HAIMPSMOK
Ta BENUYHHY ePeKTy Tinokcii. Takum 4uHOM, Y
if poOOTi MOKa3aHO, IO TOYHO BiAperylboBaHA
eKCIpecisi TeHiB, SKi KOHTPOIIOIOTH MpOLecH
nporideparii, 3aJeKUTh BiJl TIMOKCiI Ta CTpecy
CH/IOTJIa3MAaTHYHOTO PETHKYJIyMa, OIOCEPEeIKOBa-
Horo ERNI-curnamtoBaHHsM, 1 [0 OJIEpKaHi pe-
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3yJIBTaTU KOPEITFOIOTH 31 3HUIKEHOIO Mpoltidhepariiero
KJIITHH TJIIOMH 13 mpurHiveHow (yHkiriero ERNI.

KnmouoBi cmoBa: ekcopecis MPHK,
TIMOKCIs, CTPEC eHJO0IUIa3MaTHIHOTO PETHKYIyMa,
E2F8, EPAS1, HOXC6, ATF3, TBX3, FOXF1, Bu-
koueHHs ¢GyHkiii ERN1, kxiTuH# riromu.

BJIOKAJIA CUTHAJIBHOI'O DH3UMA
ERN1 UBMEHSET PEI'YJIALOUIO
TUIIOKCHUEM SKCITPECCHUU T'EHOB
E2F8, EPAS1, HOXC6, ATF3, TBX3

N FOXF1 B KJIIETKAX INTIMOMBbI
JIMHUMU U7
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['umoxcus, Kak u cTpecc SHAOMIa3MaTHIECKO-
ro PEeTUKYIyMa, SBISIIOTCS BaXXHBIMU (aKTOpamu
pocTa 3J0Ka4eCTBEHHBIX OIYXOJe M KOHTPOJA
9KCIPECCUM T'€HOB, KOTOPHIE PEryJIupyIOT MHOIO-
YUCJIEHHbIE METabOIMYecKHe MPOLEecChl M TPo-
nudepanuio KiIeTok. boiee Toro, 6iokaga ERNI1
(CUTHAJIMHT OT HOIIJIA3MAaTUYECKOT0 PETUKYITyMa
70 sipa 1) IMpUBOIUT K YTHETSHHIO Mpoiudepanuu
KJIETOK U pocra onyxojed. Mbl uzydanu sddexr
THUTIOKCHH Ha SKCIPECCUIO TEHOB, KOTOPhIE KOAUPY-
10T TPAHCKPHUIIIMOHHBIE 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 ¢ HOpMalbHOM U yTHETEHHOH (QyHK-
nuerr ERN1. YcraHoBI€HO, 9TO THUIIOKCHUS YCHIIH-
BaeT akcnpeccuto renoB HOXC6, E2F8, ATF3 u
EPASI, HO He U3MEHSET SKCIPEeCcCUro TeHoB TBX3
u FOXFL B kyieTKax TIIHOMBI ¢ HOPMaJIbHON (QyHK-
nueit ERN1. B To ke Bpems, B KJIeTKaX TJIHOMBI C
yraereHHol ¢ynkiueir ERNI ypoBeHb skcnipeccun
BCEX MCCJIEJOBAHHBIX T€HOB, 3 NCKJIIOUCHHEM I'eHa
TBX3, cymectBeHHO cHMXkaeTcs. bosee Toro, yrae-
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
HampaBiieHHe u BennyuHy 3¢dekra runokcuu. Ta-
KUM 00pa3oMm, B 3TOH paboTe MOKa3aHO, YTO TOUHO
OTpEryJIHpPOBaHHAsL JKCIPECCHS T'eHOB, KOTOpBIE
KOHTPOJUPYIOT MPOLecChl Tpoinudepannu, 3aBUCHT
OT TUIIOKCHH U CTpecca SHJOIIa3MaTHYeCKOro pe-
THUKYJyMa, onocpenoBanHoro ERN1-curnanunrom,
U YTO TIOJYUYCHHBIE PE3yIbTaThl KOPPEIUPYIOT CO
CHIDKEHHOH mponudepanueid KIeToK TITHOMBI C yT-
HeTeHHoM ¢ynknueir ERNI.

KniwoueBbie caosa: skcnpeccuss MPHK,
TUTIOKCHSI, CTPECC CHJIOIIa3MaTH4eCKOTO PETHUKY-
nyma, E2F8, EPAS1, HOXC6, ATF3, TBX3, FOXF],
BeIKItoueHHE (hyHKIH ERN1, KIeTKH rIMoMBblI.

References

1. Minchenko O. H., Kharkova A. P., Bakalets T. V.,
Kryvdiuk I. V. Endoplasmic reticulum stress,
its sensor and signalling systems and the role
in regulation of gene expressions in malignant
tumor growth and hypoxia. Ukr. Biokhim.
Zhurn. 2013;85(5):5-16.

2. Lenihan C. R., Taylor C. T. The impact of
hypoxia on cell death pathways. Biochem. Soc.
Trans. 2013;41(2):657-663.

3. Johnson A.B., Denko N., Barton M.C. Hypoxia
induces a novel signature of chromatin
modifications and global repression of
transcription. Mutat. Res. 2008;640(2):174-179.

4. Denko N. C. Hypoxia, HIFL and glucose
metabolism in the solid tumour. Nat. Rev.
Cancer. 2008;8(9):705-713.

5. Bi M., Naczki C., Koritzinsky M., Fels D.,
Blais J., Hu N., Harding H., Novoa I., Varia M.,
Raleigh J., Scheuner D., Kaufman R. J.,, Bell J.,
Ron D., Wouters B. G., Koumenis C. ER stress-
regulated translation increases tolerance to
extreme hypoxia and promotes tumor growth.
EMBO J. 2005;24(19):3470-3485.

6. Wang S., Kaufman R.J. The impact of the
unfolded protein response on human disease.
J. Cell Biol. 2012;197(7):857-867.

7. Fels D. R., Koumenis C. The PERK/elF2a/ATF4
module of the UPR in hypoxia resistance and
tumor growth. Cancer Biol. Ther. 2006;5(7):723-
728.

8. Hollien J., Lin J. H., Li H.,Stevens N., Walter P.,
Weissman J. S. Regulated Irel-dependent decay

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

of messenger RNAs in mammalian cells. J. Cell.
Biol. 2009;186(3):323-331.

9. Zhang K., Kaufman R.J. The unfolded protein
response: a stress signaling pathway critical
for health and disease. Neurology. 2006;66(2,
Suppl 1):S102-S109.

10. Hetz C., Chevet E., Harding H.P. Targeting the
unfolded protein response in disease. Nat. Rev.
Drug Discov. 2013;12(9):703-719.

11. Minchenko O. H., Kubaichuk K. I., Minchen-
ko D. O., Kovalevska O. V., Kulinich A. O,
Lypova N. M. Molecular mechanisms of
ERN1-mediated angiogenesis. Int. J. Physiol.
Pathophysiol. 2014;5(1):1-22.

12.Schroder M. Endoplasmic reticulum stress
responses. Cell. Mol. Life Sci. 2008;65(6):862-
894.

13.Acosta-Alvear D., Zhou Y., Blais A., Tsikitis M.,
Lents N. H., Arias C., Lennon C. J., Kluger Y.,
Dynlacht D. D. XBP1 controls diverse cell type-
and condition-specific transcriptional regulatory
networks. Mol. Cell. 2007;27:53-66.

14. Korennykh A. V., Egea P. F., Korostelev A. A.,
Finer-Moore J., Zhang C., Shokat K. M.,
Stroud R. M., Walter P. The unfolded protein
response signals through high-order assembly of
Irel. Nature. 2009;457(7230):687-693.

15. Pluquet O., Dejeans N., Bouchecareilh M.,
Lhomond S., Pineau R., Higa A., Delugin M.,
Combe C., Loriot S., Cubel G., Dugot-Senant N.,
Vital A., Loiseau H., Gosline S.J., Taouji S.,
Hallett M., Sarkaria J. N., Anderson K.,
Wu W., Rodriguez F. J., Rosenbaum J.,
Saltel F., Fernandez-Zapico M.E., Chevet E.
Posttranscriptional regulation of PER1 underlies
the oncogenic function of IREa. Cancer Res.
2013;73(15):4732-4743.

16. Romero-Ramirez L., Cao H., Nelson D.,
Hammond E., Lee A. H., Yoshida H., Mori K.,
Glimcher L. H., Denko N.C., Giaccia A. J.,
Le Q. T, Koong A. C. XBPl is essential
for survival under hypoxic conditions and
is required for tumor growth. Cancer Res.
2004;64(17):5943-5947.

17. Arag6bn T., van Anken E. Pincus D,
Serafimova I. M., Korennykh A. V., Rubio C. A.,
Walter P. Messenger RNA targeting to
endoplasmic reticulum stress signalling sites.
Nature. 2009;457(7230):736-740.

18. Moenner M., Pluquet O., Bouchecareilh M.,
Chevet E. Integrated endoplasmic reticulum

85



EKCITEPUMEHTAJIBHI POBOTU

19.

20.

21.

22.

23.

24,

25.

26.

86

stress responses in cancer. Cancer Res.
2007;67(22):10631-10634.

Auf G., Jabouille A., Guerit S.Pinecau R.,
Delugin M., Bouchecareilh M., Magnin N,
Favereaux A., Maitre M., Gaiser T. von
Deimling A., Czabanka M., Vajkoczy P,
Chevet E., Bikfalvi A., Moenner M. Inositol-
requiring enzyme lalpha is a key regulator of
angiogenesis and invasion in malignant glioma.
Proc. Natl. Acad. Sci. USA. 2010;107(35):15553-
15558.

Drogat B., Auguste P, Nguyen D. T,
Bouchecareilh M., Pineau R., Nalbantoglu J.,
Kaufman R. J., Chevet E. Bikfalvi A,
Moenner M. IRE1 signaling is essential
for ischemia-induced vascular endothelial
growth factor-A expression and contributes to
angiogenesis and tumor growth in vivo. Cancer
Res. 2007;67(14):6700-6707.

Auf G., Jabouille A., Delugin M., Guérit S.,
Pineau R., North S., Platonova N., Maitre M.,
Favereaux A., Vajkoczy P., Seno M., Bikfalvi A.,
Minchenko D., Minchenko O., Moenner M.
High epiregulin expression in human US87
glioma cells relies on IRElalpha and promotes
autocrine growth through EGF receptor. BMC
Cancer. 2013;13(1):597.

Malhotra J. D., Kaufman R. J. ER stress and
its functional link to mitochondria: role in cell
survival and death. Cold Spring Harb. Perspect.
Biol. 2011;3:a004424.

Washkowitz A. J., Gavrilov S., Begum S,
Papaioannou V. E. Diverse functional networks
of Tbx3 in development and disease. Wiley
Interdiscip. Rev. Syst. Biol. Med. 2012;4(3):273-
283.

Deng Q., Wang Q., Zong W. Y., Zheng D. L.,
WenY. X., Wang K. S., Teng X. M., Zhang X.,
Huang J., Han Z. G. E2F8 contributes to human
hepatocellular carcinoma via regulating cell
proliferation. Cancer Res. 2010;70(2):782-791.
Liu J., Edagawa M., Goshima H., Inoue M.,
Yagita H., Liu Z., Kitajima S. Role of ATF3 in
synergistic cancer cell killing by a combination
of HDAC inhibitors and agonistic anti-DR5
antibody through ER stress in human colon
cancer cells. Biochem. Biophys. Res. Commun.
2014,445(2):320-326.

Raspaglio G., Petrillo M., Martinelli E., Li
Puma D. D., Mariani M., De Donato M.,
Filippetti F., Mozzetti S., Prislei S., Zannoni G. F.,,

Scambia G., Ferlini C. Sox9 and Hif-2a regulate
TUBB3 gene expression and affect ovarian
cancer aggressiveness. Gene. 2014;542(2):173-
181.

27.Rizzardi A. E., Rosener N. K., Koopmeiners J. S.,

28.

29.

30.

31.

32.

33.

34.

35.

Isaksson Vogel R., Metzger G. J., Forster C. L.,
Marston L. O., Tiffany J. R., McCarthy J. B.,
Turley E. A, Warlick C. A., Henriksen J. C,,
Schmechel S. C. Evaluation of protein bio-
markers of prostate cancer aggressiveness. BMC
Cancer. 2014;14:244.

Katoh M., Igarashi M., Fukuda H., Nakagama H.,
Katoh M. Cancer genetics and genomics
of human FOX family genes. Cancer Lett.
2013;28(2):198-206.

Weijts B. G., Bakker W. J., Cornelissen P. W.,
Liang K. H., Schaftenaar F. H., Westendorp B.,
deWolf C. A., Paciejewska M., Scheele C. L.,
Kent L. Leone G., Schulte-Merker S,
de Bruin A. E2F7 and E2F8 promote angio-
genesis through transcriptional activation of
VEGFA in cooperation with HIF1. EMBO J.
2012;31(19):3871-3884.

Christensen J., Cloos P., Toftegaard U., Klinken-
berg D., Bracken A. P., Trinh E., Heeran M., Di
Stefano L., Helin K. Characterization of E2F8, a
novel E2F-like cell-cycle regulated repressor of
E2F-activated transcription. Nucleic Acids Res.
2005;33(17):5458-5470.

Li J., Weinberg M. S., Zerbini L., Prince S. The
oncogenic TBX3 is a downstream target and
mediator of the TGF-f1 signaling pathway. Mol.
Biol. Cell. 2013;24(22):3569-3576.
DuH.F,OuL.P, Yang X.,Song X. D, Fan Y. R.,
Tan B., Luo C. L., Wu X. H. A new PKCa/p/
TBX3/E-cadherin pathway is involved in PLCe-
regulated invasion and migration in human
bladder cancer cells. Cell Signal. 2014;26(3):580-
593.

DuY. B., Dong B., Shen L. Y., Yan W. P,, Dai L.,
Xiong H. C., Liang Z., Kang X. Z., Qin B,
Chen K. N. The survival predictive significance
of HOXC6 and HOXCS in esophageal squamous
cell carcinoma. J. Surg. Res. 2014;188(2):442-
450.

Zhang Q.,Jin X. S, Yang Z. Y., WeiM,, LiuB. Y.,
Gu Q. L. Upregulated Hoxc6 expression is
associated with poor survival in gastric cancer
patients. Neoplasma. 2013;60(4):439-445.
Tamura M., Sasaki Y., Koyama R., Takeda K.,
Idogawa M., Tokino T. Forkhead transcription

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



O. H. MINCHENKO, D. O. TSYMBAL, D. O. MINCHENKO et al.

36.

37.

factor FOXF1 is a novel target gene of the p53
family and regulates cancer cell migration and
invasiveness. Oncogene. 2014;33(40):4837-4846.
Saito R. A., Micke P., Paulsson J., Augsten M.,
Pena C., Jonsson P., Botling J., Edlund K.,
Johansson L., Carlsson P., Jirstrom K., Miya-
zono K., Ostman A. Forkhead box F1 regulates
tumor-promoting  properties  of  cancer-
associated fibroblasts in lung cancer. Cancer
Res. 2010;70(7):2644-2654.

Wei S., Wang H., Lu C., Malmut S., Zhang J.,
Ren S., Yu G., Wang W., Tang D. D., Yan C.
The activating transcription factor 3 protein
suppresses the oncogenic function of mutant p53
proteins. J. Biol. Chem. 2014;289(13):8947-8959.

38. WuZ.Y.,WeiZ. M., Sun S. J., Yuan J., Jiao S. C.

30.

40.

Activating transcription factor 3 promotes colon
cancer metastasis. Tumour Biol. 2014;35(8):8329-
8334. doi: 10.1007/s13277-014-2044-4.

Feng J., Sun Q., Wu T,, Lu J., Qu L., Sun Y.,
Tian L., Zhang B., Li D., Liu M. Upregulation
of ATF-3 is correlated with prognosis and
proliferation of laryngeal cancer by regulating
cyclin D1 expression. Int. J. Clin. Exp. Pathol.
2013;6(10):2064-2070.

Sato A., Nakama K., Watanabe H., Satake A.,
Yamamoto A., Omi T., Hiramoto A., Masu-
tani M., Wataya Y., Kim H. S. Role of

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

41.

42.

43.

44,

activating transcription factor 3 protein ATF3
in necrosis and apoptosis induced by 5-fluoro-2'-
deoxyuridine. FEBS J. 2014;281(7):1892-1900.
Ahmad A., Ahmad S., Malcolm K. C,
Miller S. M., Hendry-Hofer T., Schaack J. B.,
White C. W. Differential regulation of
pulmonary vascular cell growth by hypoxia-
inducible  transcription factor-lalpha and
hypoxia-inducible transcription factor-2alpha.
Am. J. Respir. Cell. Mol. Biol. 2013;49(1):78-85.
Bangoura G., Yang L. Y., Huang G. W,
Wang W. Expression of HIF-2alpha/EPAS1
in  hepatocellular  carcinoma. World J.
Gastroenterol. 2004;10(4):525-530.

Minchenko O. H., Opentanova 1. L., Minchen-
ko D. O., Ogura T., Esumi H. Hypoxia induces
transcription  of  6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase 4 gene via hypoxia-
inducible factor-lalpha activation. FEBS Lett.
2004;576(1-2):14-20.

Minchenko D. O., Kubajchuk K. I., Ratush-
na O. O., Komisarenko S. V., Minchenko O. H.
The effect of hypoxia and ischemic condition on
the expression of VEGF genes in glioma U87
cells is dependent on ERN1 knockdown. Adv.
Biol. Chem. 2012;2(2):198-206.

Received 27.08.2014

87



