Advances in Biological Chemistry, 2012, 2, 198-206

ABC

http://dx.doi.org/10.4236/abc.2012.22024 Published Online May 2012 (http://www.SciRP.org/journal/abc/)

The vascular endothelial growth factor genes expression in
glioma U87 cells is dependent from ERN1 signaling

enzyme function

Dmytro O. Minchenko'?, Kateryna I. Kubaichuk®, Oksana O. Ratushna®, Serhiy V. Komisarenko®,

Oleksandr H. Minchenko*

'Department of Molecular Biology, Palladin Institute of Biochemistry, National Academy of Sciences of Ukraine, Kiev, Ukraine
*Department of Pediatrics, National Bogomolets Medical University, Kiev, Ukraine

Email: “ominchenko@yahoo.com

Received 21 March 2012; revised 22 April 2012; accepted 30 April 2012

ABSTRACT

The expression of different vascular endothelial
growth factor (VEGF) genes was studied in glioma
U87 cells with endoplasmic reticulum-nuclei-1 (ERN1)
loss of function and its regulation by hypoxia and
glutamine or glucose deprivation conditions as model
of ischemia. The blockade of function of the ERN1
enzyme, which is a major sensor of endoplasmic re-
ticulum stress, leads to a decrease of the VEGFA,
VEGFB and VEGFC mRNA expression level. The
level of VEGFA proteins also decreases at this ex-
perimental condition in the cytosolic fraction, but
increases in the nuclear fraction. Hypoxia does not
affect VEGFC and increases the expression level of
VEGFA and VEGFB mRNA in both used cell types,
however, the change was much less profound in cells
with suppressed function of ERN1. The expression
level of VEGFC mRNA decreases in both used cell
types in glutamine deprivation condition, however,
the change was more profound in control glioma cells.
At the same time, the expression level of VEGFA
MRNA increases and VEGFB—decreases in gluta-
mine deprivation condition in control glioma cells
only. Exposure of glioma cells to glucose deprivation
condition increases VEGFB mRNA expression level
in both used cell types; however, VEGFA—in control
glioma cells only and VEGFC—in cells with ERN1
signaling enzyme loss of function only. Thus, the re-
sults of this study clearly demonstrated the down-
regulation of the expression of all three VEGF genes
in glioma cells with ERN1 loss of function which cor-
relates to the suppressed angiogenesis and prolifera-
tion rate of these cells. Moreover, the effect of hy-
poxia and glutamine or glucose deprivation condition
on the expression level of all VEGF genes is different
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and mainly depends on ERNL1 signaling enzyme func-
tion.
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1. INTRODUCTION

A high rate of glycolytic flux as well as an increase in
angiogenesis, even in the presence of oxygen, is a central
metabolic hallmark of most neoplastic tumors. The high
glucose metabolism of cancer cells is caused by a com-
bination of hypoxia-responsive transcription factors, ac-
tivation of oncogenic proteins, and the loss of the tumor
suppressor function. Over-expression of hypoxia induc-
ible factor-1a (HIF-1a) or HIF-2a and v-myc myelocy-
tomatosis viral oncogene homolog (MYC), activation of
ras oncogene homolog, and the loss of tumor protein 53
(TP53) and/or other tumor suppressor functions each have
been found to stimulate glycolysis and angiogenesis in
part by activating a family of regulatory bifunctional 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PF-
KFB), hexokinase and vascular endothelial growth factor
(VEGF) gene expression as well as other pro-angiogenic
factors [1-7]. Overexpression of VEGFA as well as
PFKFB4, PFKFB3 and hexokinase 2 is an obligatory
factor of tumor cell glycolysis and increased angiogenesis
and proliferation [8-14].

Endoplasmic reticulum stress as well as hypoxia is an
important factor of tumor growth. Endoplasmic reticulum
to nuclei-1 signaling enzyme (ERN1) is an endoplasmic
reticulum-resident transmembrane protein acting as a
proximal sensor of a complex set of signaling pathways
named the unfolded protein response. The endoplasmic
reticulum is a key organelle in the cellular response to
ischemia, hypoxia, and some chemicals which activate the
unfolded protein response [15]. This adaptive response is
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activated upon the accumulation of misfolded proteins in
the endoplasmic reticulum and is mediated by three en-
doplasmic reticulum-resident sensors named PERK (PRK-
like ER kinase), IREI/ERN1 (Inositol Requiring En-
zyme-1/Endoplasmic Reticulum to Nuclei-1) and ATF6
(Activating Transcription Factor 6), however, endoplas-
mic reticulum to nuclei-1 is the dominant sensor [16-21].
Activation of the unfolded protein response tends to limit
the de novo entry of proteins in to the endoplasmic re-
ticulum and facilitate both the endoplasmic reticulum
protein folding and degradation to adapt cells for survival
or, alternatively, to enter cell death programs through
endoplasmic reticulum-associated machineries [15,19,
22]. As such, it participates in the early cellular response
to the accumulation of misfolded proteins in the lumen of
the endoplasmic reticulum, occurring under both phy-
siological and pathological conditions.

Two distinct catalytic domains of the bifunctional
signaling enzyme endoplasmic reticulum to nuclei-1 were
identified: a serine/threonine kinase and an endoribonu-
clease which contribute to ERN1 signalling. The ERN1-
associated kinase activity autophosphorylates and dime-
rizes this enzyme, leading to the activation of its endori-
bonuclease domain, degradation of a specific subset of
mRNA, and initiation of the pre-XBP1 (X-box binding
protein 1) mRNA splicing [23-25]. Mature XBP1 mRNA
splice variant encodes a transcription factor that has dif-
ferent C-terminus amino acid sequence and stimulates the
expression of hundreds of unfolded protein response-
specific genes [24,26,27]. At the same time, it was shown
that a kinase inhibitor activates the ERN1 endoribonu-
clease to confer cytoprotection against ER stress [28]. It is
possible that this activation of the ERN1 endoribonucle-
ase is a result of its interaction with other sensor-signal-
ling systems of endoplasmic reticulum stress.

Single mutations were detected in endoplasmic reticu-
lum to nuclei-1 gene of different human cancers and en-
coded by this gene enzyme was proposed as a major
contributor to tumor (including glioblastoma) progression
among protein kinases. The growing tumor requires the
endoplasmic reticulum stress as well as hypoxia and
ischemia for own neovascularization and growth [14,15].
Drogat et al. [14] have shown that the activation of the
endoplasmic reticulum stress sensor IRE1 is a common
determinant linking hypoxia- and hypoglycemia-depen-
dent responses to the up-regulation of vascular endothelial
growth factor-A (VEGF-A). Moreover, the blockade of
main unfolded protein response sensor ERN1 in A549
human lung carcinoma cells and U87 glioma cells (from
three to six independent clones were isolated and char-
acterized for each cell line) were unable to trigger
VEGF-A up-regulation upon either oxygen or glucose
deprivation. Thus, the endoplasmic reticulum stress re-
sponse-signalling ERN1 pathway is linked to the ne-
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ovascularization process, tumor growth and cell death
processes, because the complete blockade of ERN1 signal
transduction pathway has anti-tumor effects preferentially
via suppression of VEGFA [14,15,29]. It is important in
studying the role of ERNI1 signalling pathways in tumor
progression, especially in malignant gliomas; it is im-
portant in developing a new understanding concerning
molecular mechanisms of malignant tumors progression
in relation to ischemia/hypoxia and it will help define the
best targets for the design of specific inhibitors that could
act as potent antitumor drugs.

There are three different genes encoded VEGF: VEG-
FA, VEGFB and VEGFC, however there are much more
protein isoforms of VEGF, especially VEGFA, as a result
of alternative splicing and VEGFC via complex prote-
olytic maturation, generating multiple processed forms
which bind and activate VEGFR-3 receptors [12, 30-32].
VEGF genes are member of the PDGF/VEGF growth
factor family and encode proteins that are often found as a
disulfide linked homodimer. These growth factors are
glycosylated signaling mitogens that specifically act on
endothelial cells and have various effects, including me-
diating increased vascular permeability, inducing angio-
genesis, vasculogenesis and endothelial cell growth,
promoting cell migration, and inhibiting apoptosis as well
as cell survival functions [33]. Recently, was found in-
teraction between VEGF, IL-6, u-PA and oncostatin M in
prostate cancer which is possible important for tumor
neovascularization and growth [31]. Moreover, it was
shown that VEGFC differentially regulates VEGFA ex-
pression in ocular and cancer cells and promotes angio-
genesis via RhoA mediated pathway [32].

The objective of our study was to study the role of
ERN1-signaling pathway in tumor angiogenesis and
progression by investigation the expression of VEGFB
and VEGFC genes as compared to VEGFA in hypoxic
and glucose or glutamine deprivation conditions using
ERN1-deficient glioma U87 cells.

2. MATERIALS AND METHODS
2.1. Cell Culture

The glioma cell line U87 was obtained from ATCC (USA)
and grown in high glucose (4.5 g/l) Dulbecco’s modified
Eagle’s minimum essential medium (DMEM; Gibco,
Invitrogen, USA) supplemented with glutamine (2 mM),
10% fetal bovine serum (Equitech-Bio, Inc., USA), peni-
cillin (100 units/ml; Gibco) and streptomycin (0.1 mg/ml;
Gibco) at 37°C in a 5% CO, incubator. In this work we
used two sublines of this glioma cell line. One subline was
obtained by selection of stable transfected clones with
overexpression of vector, which was used for creation of
dnERNI1. This untreated subline of glioma cells (control
glioma cells) was used as control 1 in the study of the
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effect of hypoxia and glutamine or glucose deprivations
on the expression level of different VEGF genes. Second
subline was obtained by selection of stable transfected
clones with overexpression of ERN1 dominant/negative
constructs (dnERN1) and has suppressed both protein
kinase and endoribonuclease activities of this signaling
enzyme (clone 1C5) [14]. The expression level of VEGF
genes in these cells was compared with cells, transfected
by vector (control 1), but this subline was also used as
control 2 for investigation the effect of hypoxia and
glutamine or glucose deprivations on the expression level
of VEGF genes under blockade ERN1 function.

Hypoxic conditions were created in special incubator
with 3 % oxygen and 5 % carbon dioxide levels; culture
plates with complete DMEM were exposed to these con-
ditions for 16 hrs. For glucose or glutamine deprivation
the growing medium in culture plates was replaced with
a medium without glucose or without glutamine as well
as without FBS and thus exposed for 16 hrs.

The suppression level of ERN1 enzymatic activity in
glioma cells that over express a dominant-negative con-
struct of endoplasmic reticulum-nuclei-1 (dnERN1) was
estimated by analysis of the expression of XBP1 alterna-
tive splice variant (XBP1s), a key transcription factor in
ERNI signaling, and phosphorylated isoform ERN1 using
cells treated by tunicamycin (0.01 mg/ml during 2 hours).

2.2. RNA Isolation

Total RNA was extracted from different tumor tissues and
normal tissue counterparts as described [34]. RNA pellets
were washed with 75% ethanol and dissolved in nucle-
ase-free water.

2.3. Reverse Transcription and Quantitative
PCR Analysis

The expression levels of different vascular endothelial
growth factor (VEGF) mRNA were measured in glioma
cell line U87 and its subline (clone 1CS5) with a deficiency
of endoplasmic reticulum—nuclei-1 by quantitative po-
lymerase chain reaction of complementary DNA (cDNA)
using, Mx 3000P QPCR” (Stratagene, USA) and
SYBRGreen Mix (AB gene, Great Britain). QuaniTect
Reverse Transcription Kit (QIAGEN, Germany) was used
for cDNA synthesis as described previously [34]. Poly-
merase chain reaction was performed in triplicate. For
amplification of VEGFA ¢cDNA we used forward (5’-CC-
TTGCTGCTCTACCTCCAC-3’ and reverse (5’-ATCT-
GCATGGTGATGTTGGA-3’) primers. The nucleotide
sequences of these primers correspond to sequences 1076
- 1095 and 1355 - 1336 of human VEGFA cDNA (Gen-
Bank accession number NM_003376). The amplification
of VEGFB cDNA was performed using forward primer
(5>-GACAGTGCTGTGAAGCCAGA-3’) and reverse
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primer (5’-CCCTGCTGAGTCTGAAAAGC-3"). These
oligonucleotides correspond to sequences 428 - 447 and
734 - 715 of human VEGFB cDNA (GenBank accession
number NM 003377). The amplification of VEGFC
cDNA for real time RCR analysis was performed using
two oligonucleotides primers: forward—5’-TGAACA-
CCAGCACGAGCTAC-3’ and reverse—5’-CATCCA-
GCTCCTTGTTTGGT-3’. The nucleotide sequences of
these primers correspond to sequences 951 - 970 and
1292 - 1273 of human VEGFC ¢DNA (GenBank acces-
sion number NM_005429). The amplification of beta-
actin cDNA was performed using forward—5’-CGTA-
CCACTGGCATCGTGAT-3’ and reverse—5’-GTGTT-
GGCGTACAGGTCTTT-3" primers. The expression of
beta-actin mRNA was used as control of analyzed RNA
quantity. The primers were received from “Sigma”
(USA).

The amplification of XBP1 cDNA was performed us-
ing HotStarTaq Master Mix Kit (“QIAGEN”, Germany),
“MasterCycler Personal” (“Eppendorf”, Germany) and
primers: forward—5’-GGAGTTAAGACAGCGCTTGG
-3’ and reverse—5’-TCACCCCTCCAGAACATCTC-3".
The nucleotide sequences of these primers correspond to
sequences 441 - 460 and 608 - 589 of XBP1 mRNA
(GenBank accession number NM_005080). The size of
amplified fragment is 168 bp for non spliced variant and
142 bp for alternative splice variant (XBP1s). The phos-
phorylated isoform of ERN1 was measured by Western
blot analysis using IRE1p, phosphorylated (Ser724), US
Biological.

The ribonuclease protection assay of VEGF and 18 S
rRNA levels were mainly measured as described previ-
ously [4,12].

The cytosol and nuclear extract fractions from control
glioma cells and cells with ERN1 enzyme loss of function
were received as described previously [35]. VEGFA
protein was measured by Western blot analysis using
polyclonal anti-VEGFA (Santa Cruz Biotechnology) both
in cytosol and nuclear extract from control cells and cells
with ERN1 enzyme loss of function. ACTB (beta-actin)
and Lamin B1 (Santa Cruz Biotechnology) were used as
control of analyzed protein quantity in cytosol and nuclear
extract of glioma cells.

An analysis of quantitative PCR was performed using
special computer program “Differential expression cal-
culator” and statistic analysis — in Excel program. The
values of VEGFA, VEGFB and VEGFC mRNA expres-
sions were normalized to the expression of beta-actin
mRNA and represent as percent of control (100%). All
values are expressed as mean + SEM from triplicate
measurements performed in 4 independent experiments.
The amplified DNA fragments were separated on a 2%
agarose gel and that visualized by 5x Sight DNA Stain
(EUROMEDEA).
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3. RESULTS AND DISCUSSION

3.1. Characteristics of U87 Glioma Cells with
ERN1 Loss of Function

The analysis of the suppression level of the function of
endoplasmic reticulum stress response-signalling endo-
plasmic reticulum to nuclei-1 enzyme in glioma cells that
over express a dominant-negative construct of ERNI1
(dnERN1) was estimated by determining the expression
of XBP1 alternative splice variant (XBP1s), a key tran-
scription factor in ERNI1 signaling, and by the level of the
phosphorylated isoform ERN1 using cells treated by tu-
nicamycin (0.01 mg/ml during 2 hrs). Alternative splice
variant of XBP1 mRNA is a shorter variant which en-
codes a longer protein isoform of the transcription factor.

As shown in Figure 1, treatment of control (trans-
fected by vector) glioma US87 cells with tunicamycin
leads to the formation of an alternative splice variant of
XBP1 while in cells transfected by dnERN1 the alterna-
tive splicing of XBP1 is completely blocked. Moreover,
endoplasmic reticulum stress induced by tunicamycin
enhances phosphorylation of ERNI, this effect of tuni-
camycin, however, is completely eliminated in glioma
cells transfected by dnERN1 as is demonstrated by a
Western blot analysis using antibody against phosphory-
lated IRE1(Ser724). Thus, in fact, the U87 glioma cells
that over express a dominant-negative construct of ERN1
used in this study are cells with an ERN1 enzyme loss of
function, because the ERN1 enzyme is not phosphory-
lated and XBP1 cannot create the alternative splice vari-
ant, which is a key transcription factor in ERN1 signal-
ing in endoplasmic reticulum stress condition.

-_ - - Phospho-
pERN 1

- (Western)

- - e

L —  XBPI,
(RT-PCR)
“ “ -— B-actin
(RT-PCR)
Vector dn

ERNI1

Figure 1. Effect of tunicamycin (0.01 mg/ml
during 2 hr) on the level of phosphoERNI
(Western blot analysis) and expression level
of transcription factor XBP1 and its alterna-
tive splice variant (XBP1s) mRNA (reverse-
transcriptase-mediated PCR analysis) in glio-
ma U87 cells stable transfected with vector and
dnERNI.
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Thus, this data demonstrates that the blockade of the
ERNI1 signaling enzyme function by dnERN1 construct
completely suppresses the formation of alternative splice
variant of XBP1 and the main biological function of
ERNI.

3.2. Expression of Different VEGF Genes in U87
Glioma Cells with ERN1 Loss of Function

We have studied the effect of the blockade the ERNI
enzyme function on the expression of different VEGF
genes in glioma cells using qPCR analysis. As shown in
Figure 2, the expression level of VEGFA, VEGFB and
VEGFC mRNA in glioma cells, deficient in the re-
sponse-signaling enzyme ERNI, decreases compared
with the control U87 cells, transfected by vector: —27%,
—12% and —20%, correspondingly. Decrease of VEGFA
mRNA expression in glioma U87 cells with suppressed
function of signaling enzyme ERN1 (clone 1C5) correlate
with data Drogat et al. [14] which have also found re-
duced level of VEGFA mRNA and protein in other clone
of glioma U87 cells without ERN1 function—C6.

Thus, the mRNA expression level of these genes de-
pends upon the function of the ERN1 signaling enzyme.
These results correlate with the anti-tumor effects (de-
creased neovascularization process and tumor growth) of
complete blockade of ERNI1 signal transduction pathway
[14,15,29].

3.3. Effect of Hypoxia and Ischemic Conditions
on the mMRNA Expression Level of Different
VEGF Genes in U87 Glioma Cells and Its
Dependence upon the ERN1
Response-Signalling Enzyme Function

We have also studied the effect of hypoxia and glutamine
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Figure 2. Effect of signaling enzyme ERN1 blockade (dnERN1)
on the expression levels of VEGFA, VEGFB and VEGFC
mRNA in glioma U87cells measured by qPCR. ‘P < 0.05 as
compared to control (Vector).
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or glucose deprivation conditions (for 16 hrs) on the
mRNA expression level of different VEGF genes in U87
glioma cells as well as the dependence of hypoxic and
ischemic regulation of VEGF transcripts upon the ERN1
response-signalling enzyme function. As shown in Fig-
ure 3(a), the expression level of VEGFA mRNA, meas-
ured by qPCR, significantly increases under hypoxia in
both used glioma cell types: 2.2 fold in control glioma
cells and only +52% in cells with ERN1 enzyme loss of
function. Similar results were received using ribonucle-
ase protection assay (Figures 3(b) and (c)). Thus, hy-
poxia strongly induces VEGFA mRNA expression in
U87 control glioma cells growing in DMEM containing
10 % FBS; however, the change was much less profound
in cells with suppressed function of ERNT1 (clone 1C5).

Similar experiments were provided by Drogat et al.
[14], but they received less profound induction of VEGFA
mRNA expression by hypoxia in control U87 cells
without any significant changes in cells, stably transfected
with dnERN1; however, experiments were carried out
using C6 clone of modified U87 glioma cells growing in
DMEM containing 1% FBS. This discrepancy in the in-
duction of VEGFA expression level under hypoxia is pro-
bably due to differences in experimental conditions: dif-
ferent clones of used cells (C6 and 1C5) and different
levels of FBS (1% and 10%) as well as glucose (1 and 4.5
g/1) in the medium.

We have also found that glutamine and glucose depri-
vation conditions lead to an increase of the expression
level of VEGFA mRNA in control glioma cells only
(+45% and +29%, correspondingly) as compared to con-
trol 1 (Figure 3(a)). Similar changes in VEGFA mRNA
expression in control glioma U87 cells we received using
ribonuclease protection assay (+42% and +31%, corre-
spondingly, for glutamine and glucose deprivation con-
ditions; Figure 3(c)). Thus, VEGFA gene expression is
also sensitive to the glutamine and glucose deprivation
conditions, as model of ischemia; however, the suppres-
sion of the ERNI signaling enzyme function reduces
effect of glutamine and glucose deprivation on the ex-
pression of VEGFA transcript in glioma cells.

The strong induction of VEGFA mRNA expression in
U87 glioma cells under glucose deprivation condition
was previously shown by Drogat ef al. [14]. At the same
time, no significant changes in VEGFA expression were
found in cells expressing a dominant-negative IRE1
transgene. Thus, glioma cells with suppressed IRN1 en-
zyme function were unable to trigger VEGFA up-regu-
lation upon glucose deprivation [14]. It is possible that
less profound induction of VEGFA mRNA expression in
control U87 cells under glucose deprivation condition in
our experiments is probably due to differences in ex-
perimental conditions in experiments of Drogat et al. [14]
and our experiments: different clones of used cells (C6

Copyright © 2012 SciRes.
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Figure 3. Effect of hypoxia and on the expression of VEGFA
mRNA in control (Vector) and signaling enzyme ERN1 loss of
function (dnERN1) glioma U87 cells measured by qPCR (a) and
ribonuclease protection assay (b). P < 0.05 as compared to
control 1; P < 0.05 as compared to control 2. 1: Control 1; 2
and 6: Glutamine deprivation condition; 3 and 7: Glucose dep-
rivation condition; 4 and 8: Hypoxia; 5: Control 2. (c) Quanti-
fication of ribonuclease protection assay; n = 4.

and 1C5) and different levels of glucose (1 and 4.5 g/l) in
the DMEM medium during cells growing as well as dif-
ferent levels of FBS (1% and 0%, correspondingly) under
glucose deprivation condition.

Induction of VEGFA mRNA expression in U87 glioma
cells under glutamine deprivation condition correlates
with data Drogat ef al. [36] which received similar results
using A549/8 human lung carcinoma cells [36]; however,
they did not studied the VEGFA mRNA expression in
glioma cells and in cells with suppressed function of
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ERNI1. Thus, we have shown for the first time that
blockade the ERN1 enzyme function eliminate the in-
duction of VEGFA mRNA expression in U87 glioma
cells under glutamine deprivation condition.

Investigation of VEGFB mRNA expression shows that
exposure of cells to hypoxia also leads to an increase of
this mRNA expression level, but in glioma cells with
suppressed function of the ERN1 signaling enzyme effect
of hypoxia was significantly less: +55% in control glioma
cells, as compared to control 1, and only +16% in cells
with ERNI loss of function, as compared to control 2
(Figure 4). Moreover, these results clearly demonstrated
that VEGFA gene expression is more sensitive to hypoxia
as compared to VEGFB gene.

As shown in Figure 4, exposure of cells to glucose
deprivation condition also leads to an increase in the ex-
pression level of VEGFB transcript in both used glioma
cell types: +77% in control glioma cells, as compared to
control 1, and +61% in cells with suppressed function of
the ERN1 signaling enzyme, as compared to control 2.
At the same time, the expression level of VEGFB tran-
script decreases in control glioma cells exposed to the
glutamine deprivation condition (—25%); however, no
significant changes were found in glioma cells with
ERNI1 signaling enzyme loss of function. Thus, effect of
glutamine and glucose deprivation conditions on the ex-
pression level of VEGFB mRNA was different in control
glioma cells and in cells with ERN1 enzyme loss of
function, while VEGFA mRNA expression level changes
in the same way at these experimental conditions.

The expression level of VEGFC mRNA does not
change significantly under hypoxia both in control glioma
cells and in cells with ERN1 response-signalling enzyme
loss of function (Figure 5). It was also shown that the
exposure of glioma cells to glucose deprivation condition
does not change significantly the expression level of
VEGFC mRNA in control glioma cells, as compared to
control 1, but increases (+48%) in cells with suppressed
function of the response-signalling enzyme ERNI, as
compared to control 2. At the same time, exposure of cells
to glutamine deprivation condition leads to significant
decrease the expression level of VEGFC transcript in both
used glioma cell types: almost 2 fold in control glioma
cells, as compared to control 1, and only —15% in cells
with suppressed function of the ERN1 signaling enzyme,
as compared to control 2 (Figure 5). Thus, hypoxia does
not affect the expression of VEGFC gene in both used cell
types; however, glutamine deprivation condition leads to
suppression of the expression level of VEGFC mRNA in
both used cell types, but the change was more profound in
control glioma cells. At the same time, the exposure of
cells to glucose deprivation condition increases VEGFC
mRNA expression level in cells with ERN1 signaling
enzyme loss of function only.
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The results of this study clearly demonstrated the
downregulation of the expression of all three VEGF
genes in glioma cells with ERNI1 loss of function which
correlates to the suppressed angiogenesis and prolifera-
tion rate of these cells. Moreover, the effect of hypoxia
and glutamine or glucose deprivation condition on the
expression level of all VEGF genes is different and
mainly depends on ERN1 signaling enzyme function.

3.4. Effect of Signaling Enzyme ERN1 Blockade
on the Level of VEGFA Protein in Glioma
Cells

We have also studied the VEGFA protein level in control
glioma U87 cells and glioma cells with ERN1 loss of
function. As shown in Figure 6, two major bands of
VEGFA protein are present in both control glioma cells
and glioma cells with ERN1 loss of function, but there is a
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Figure 6. Effect of signaling enzyme ERN1 blockade on the
expression levels of VEGFA protein in the cytosol and nuclear
extract fractions of control (Vector) and ERN1 loss of function
(dnERNT1) glioma U87 cells measured by Western blot analysis.
The ACTB (fS-actin) and lamin B1 proteins were used as control
of loaded protein quantity of cytosol and nuclear extract frac-
tions, respectively.

significant decrease of both VEGFA proteins in cyto-
plasmic fraction after blockade of ERNI signaling en-
zyme function that correlates with the downregulation of
VEGFA mRNA. These two isoforms of VEGFA proteins
correspond to VEGFA-189 and VEGFA-165 which con-
tains 189 and 165 amino acid residues, respectively.
However, VEGFA-189 variant was also identified in the
nuclear fraction of glioma cells. It was also shown that
blockade the ERNI1 signaling enzyme function leads to
increase VEGFA-189 protein level in the nuclei of glioma
cells. Significant decrease of VEGFA protein under sup-
pression of the ERNI signaling enzyme function was
previously demonstrated in U87 glioma cells and A549
human lung carcinoma cells [14]. This data correlate with
our results, but we studied subcellular distribution of
VEGFA isoforms and demonstrate its cytoplasmic local-
ization as well as nuclear localization of VEGFA-189,
although the biological significance of nuclear VEGFA-
189 remains to be determined.

It is possible that nuclear localization of VEGFA-189
protein is related to its specific role in the nuclei, proba-
bly associated with the regulation of transcription in
glioma cells with suppressed function of the ERN1 sig-
naling enzyme. This phenomenon is probably due to
regulation of angiogenesis and proliferation. Recently,
similar results were received for PFKFB3 enzyme, which
controls glycolysis via regulation the level of fructose-
2,6-bisphosphate, a key regulator of phosphofructokina-
se-1 [3]. This enzyme was found in the nuclei and shown
that nuclear targeting of PFKFB3 increases proliferation
via cyclin-dependent kinase [10]. However, the detailed
molecular mechanisms of regulation of different VEGFA
protein isoforms by ERNI1 signaling system and its bio-
logical significance warrants further study.

Results of these investigations demonstrated that the

Copyright © 2012 SciRes.

expression of genes encoding different VEGF proteins in
glioma cells is mainly regulated by hypoxia, glutamine or
glucose deprivation and depends upon the activity of the
signaling enzyme endoplasmic reticulum to nuclei-1. We
have also shown the different sensitivity of different
VEGF genes to hypoxia as well as to glutamine or glucose
deprivation conditions both in control glioma cells and
cells with ERN1 loss of function. Thus, VEGFA gene is
more sensitive to hypoxia as compared to VEGFB gene
while VEGFC gene is resistant to this experimental con-
dition.

4. CONCLUSION

The major finding reported here is that the expression of
VEGFA, VEGFB and VEGFC genes are dependent on
the function of ERNI signaling enzyme, a major sensor
of endoplasmic reticulum stress, in normal conditions,
under hypoxia and under nutrient (glutamine and glucose)
deprivation conditions and that all three VEGF variants
possibly participate in glioma angiogenesis and prolif-
eration. The decrease of VEGFA mRNA in glioma cells
with ERN1 loss of function correlates with significant
decrease of the VEGFA protein in the cytosolic fraction.
Moreover, we have identified VEGFA-189 in the nuclear
fraction of glioma cells and have shown that the block-
ade the ERNI1 signaling enzyme function leads to an in-
crease its level; although, the biological significance of
this data warrants further study. It is possible that differ-
ent variants of VEGF proteins play different roles in the
ERNI1 signaling system associated with endoplasmic
reticulum stress in hypoxic and nutrient deprivation con-
ditions as well as in tumor angiogenesis and proliferation.
The detailed molecular mechanisms of the regulation of
different VEGF genes by ERN1 signaling system under
hypoxia and ischemic conditions are complex and war-
rant further study.
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