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Abstract 
We have studied the expression of a subset of genes encoding important tu-
mor growth related factors in U87 glioma cells with IRE1 (inositol requiring 
enzyme-1) knockdown as well as their hypoxic regulation. It was shown that 
the expression levels of activating transcription factor 6 (ATF6), clusterin 
(CLU), adhesion G protein-coupled receptor E5 (ADGRE5), transglutaminase 
2, C polypeptide (TGM2), leukemia inhibitory factor (LIF), phosphoserine ami-
notransferase 1 (PSAT1), glyoxalase I (GLO1) and tetraspanin 13 (TSPAN13) are 
significantly down-regulated in glioma cells with the knockdown of IRE1 sig-
naling enzyme. It was also shown that in glioma cells subjected to hypoxia, the 
expression levels of PSAT1, TSPAN13, EIF2AK3, and TGM2 genes were 
up-regulated, whereas the expression of ATF6 gene was down-regulated. At 
the same time, the expression levels of LIF, CLU, and ADGRE5 genes did not 
change in response to hypoxic treatment. Furthermore, inhibition of IRE1, a 
key effector of an unfolded protein response pathway, modified the effect of 
hypoxia on the expression of most studied genes. Present study demonstrates 
that IRE1 knockdown down-regulated the expression of most studied genes 
and modified their hypoxic regulation and that these changes possibly con-
tributed to the suppression of glioma growth in cells without IRE1 signaling 
enzyme function. 
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1. Introduction 
Glioblastoma multiforme is the most morbid type of brain cancer, which is 
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highly aggressive tumor with extremely poor prognosis and to date there is no 
efficient treatment available [1] [2] [3]. Its aggressiveness is due to increased in-
vasion, migration, proliferation, angiogenesis, and a decreased apoptosis [4]. 
The endoplasmic reticulum stress is an important regulator of glioblastoma mul-
tiforme growth [5] [6] [7] [8]. IRE1 signaling is a central and most conservative 
branch of the unfolded protein response and inhibition of this signaling pathway 
leads to a suppression of glioma growth through down-regulation of angiogenesis 
and proliferation processes as a result of metabolic reprogramming of cancer cells 
[5] [9] [10] [11] [12]. The endoplasmic reticulum stress modifies the expression of 
numerous regulatory and proliferation related genes, which are responsible for 
glioma growth [9] [13] [14] [15] [16]. Hypoxia is another important factor to 
glioma development, which promotes a more aggressive tumor behavior [17] 
[18]. A better knowledge of tumor responses to hypoxic condition is required to 
elaborate therapeutically strategies of cell sensibilization, based on the blockade 
of survival mechanisms [19] [20]. Notably, the effect of hypoxia on the expres-
sion levels of a vast number of genes in glioma cells is dependent on IRE1 sig-
naling enzyme function [16] [21] [22]. 

Numerous genes have already been correlated with glioblastoma multiforme 
growth. However, their precise role in the development of this type of cancer, as 
well as the mechanisms by which IRE1 signaling and hypoxia affect their expres-
sion are yet to be clarified. Among them are transglutaminase 2 (TGM2), cluste-
rin (CLU), adhesion G protein-coupled receptor E5 (ADGRE5), leukemia inhibi-
tory factor (LIF), phosphoserine aminotransferase 1 (PSAT1), glyoxalase I 
(GLO1), and tetraspanin 13 (TSPAN13) as well as eukaryotic translation initiation 
factor 2 alpha kinase 3 (EIF2AK3) and activating transcription factor 6 (ATF6), 
which encode important proteins for endoplasmic reticulum stress signaling 
pathways. A multifunctional protein, TGM2, is overexpressed in several tumors 
and cancer cell lines and its high expression level correlates with increased level 
of the long non-coding RNA (LOC107987281) encoded by this gene [23] [24]. 
Recently, it was shown that the chloride intracellular channel protein 3 (CLIC3) 
promotes invasive behavior of endothelial cells to drive angiogenesis and increases 
invasiveness of cancer cells both in vivo and in 3D cell culture models, and this 
requires active transglutaminase 2 [25]. Moreover, TGM2 was shown to be dif-
ferentially expressed in U87 glioma cells with IRE1 inhibition as shown by gene 
expression array [14]. 

Clusterin is a multifunctional heterodimeric glycoprotein with several isoforms 
that can play opposite roles in regard to cell survival and apoptosis. It is overex-
pressed in various types of tumors and its overexpression is believed to promote 
cancer progression [26] [27] [28] [29]. ADGRE5 (CD97 antigen) mediates cell-cell 
interactions, which is involved in angiogenesis and cell migration and is also 
overexpressed in many cancers [30]. The expression of ADGRE5 gene may play 
a role in the progression of several types of cancer [31]. Leukemia inhibitory 
factor is a multifunctional highly glycosylated protein, which downregulates tu-
mor suppressor p53 protein level and function in human colorectal cancer cells 
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[32] [33]. LIF is frequently overexpressed in many types of human tumors and 
promotes the progression and metastasis of tumors [34]. It induces the expres-
sion of microRNA-21, which in turn mediates the promoting effect of LIF on ep-
ithelial-mesenchymal transition. Furthermore, blocking miR-21 function greatly 
abolished the promoting effect of LIF on epithelial-mesenchymal transition and 
the migration ability of cancer cells [34]. 

Phosphoserine aminotransferase PSAT1 plays an important role in the L-serine 
biosynthesis and implicated in colon cancer progression and chemoresistance 
[35]. Its overexpression stimulates cell growth and increases chemoresistance of 
colon cancer cells [35]. Recently was shown that PSAT1, which is overexpressed 
in ER-negative breast cancers, is activated by ATF4 and promotes cell cycle pro-
gression via up-regulation of the cyclin D1 [36]. It should be noted, that a 
transcription factor ATF4, which regulated PSAT1 expression, belongs to the 
PKR-like ER kinase-mediated axis of the endoplasmic reticulum stress path-
way [5] [36]. TSPAN13 mediates signal transduction events that play a role in 
the regulation of cell development, activation, growth and motility. TSPAN13 
gene was characterized as potential oncogene in non-small cell lung cancer [37]. 
This data correlate with high levels of TSPAN13 gene expression in prostate 
cancer and pediatric glioma [38] [39]. Glyoxalase I, a methylglyoxal degrada-
tion enzyme, is implicated in the progression of human malignancies and is 
up-regulated in tumor tissues with high metabolic rate [40] [41]. At the same 
time, there is data that the activity of GLO1 in high stage colorectal cancer is 
lower compared to low stage ones [42]. Furthermore, knockdown of GLO1 in 
the cancer cells significantly reduced tumor-associated properties such as migra-
tion and proliferation, whereas hypoxia caused inhibition of cell growth of all cells 
except of those over-expressing GLO1 [43]. It is possible that over-expression of 
GLO1 supports malignant transformation and proliferation of cells in a hypoxic 
environment. 

Overall, there is an experimental evidence, that transglutaminase 2 (TGM2), 
clusterin (CLU), adhesion G protein-coupled receptor E5 (ADGRE5), leuke-
mia inhibitory factor (LIF), phosphoserine aminotransferase 1 (PSAT1) and te-
traspanin 13 (TSPAN13) either act as oncogene or elicit a cytoprotective function 
on tumor cells. However, not much is known about their role in glioblastoma 
development. 

Eukaryotic translation initiation factor 2 alpha kinase 3 (EIF2AK3), which 
also known as PKR-like ER kinase (PERK), is an elF2alpha kinase that inhibits 
protein translation and is involved in control of cell proliferation and tumorigene-
sis, in mitochondrial function and apoptosis [44] [45] [46]. Both activating 
transcription factor 6 and PKR-like ER kinase (PERK) are also important sig-
naling proteins of endoplasmic reticulum stress pathway [5]. ATF6 activates 
stress responsible gene expressions and regulates cellular senescence, which is 
known as an anti-tumor barrier [5] [47]. 

The aim of this study was investigation the effect of IRE1 knockdown as well 
as hypoxia on the expression of EIF2AK3, ATF6, CLU, PSAT1, TGM2, LIF, 
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TSPAN13, GLO1, and ADGRE5 genes in U87 glioma cells with hopes of eluci-
dating their involvement in the development and progression of glioblastoma. 

2. Materials and Methods 
2.1. Cell Culture 

In this study we used two sublines of U87 glioma cells, which are growing 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), streptomycin (0.1 mg/ml; Gibco) 
and penicillin (100 units/ml; Gibco) at 37˚C in a 5% CO2 incubator. One subline 
was obtained by selection of stable transfected clones with overexpression of vector 
(pcDNA3.1), which was used for creation of dominant-negative constructs 
(dnIRE1). This untreated subline of glioma cells (control glioma cells) was used as 
control 1 in the study of effects of hypoxia on the expression level of EIF2AK3, 
ATF6, CLU, PSAT1, TGM2, LIF, TSPAN13, GLO1, and ADGRE5 genes. Second 
subline was obtained by selection of stable transfected clones with overexpression 
of dnIRE1 and has suppressed both protein kinase and endoribonuclease activi-
ties of this bifunctional sensing and signaling enzyme of endoplasmic reticulum 
stress. The expression level of studied genes in these cells was compared with 
cells, transfected by vector (control 1). The subline, which overexpress dnIRE1, 
was also used as control 2 for investigation the effect of hypoxia on the expres-
sion level of studied genes in cells with inhibited signaling enzyme IRE1 function. 
Clones were grown in the presence of 0.4 mg/ml geneticin (G418). The suppres-
sion level of IRE1 both enzymatic activity in glioma cells that overexpress a domi-
nant-negative construct of inositol requiring enzyme-1 was estimated pre-
viously [27] [38] by determining the phosphorylation of IRE1 and the expres-
sion level of XBP1 alternative splice variant (XBP1s), a key transcription factor 
in IRE1 signaling, using cells treated by tunicamycin (0.01 mg/ml during 2 
hrs). Moreover, the proliferation rate of glioma cells with mutated IRE1 is de-
creased in 2 fold [30]. Thus, the blockade of both kinase and endoribonuclease 
activity of signaling enzyme IRE1 has significant effect on proliferation rate of 
glioma cells. 

In experiments with hypoxia culture plates with complete DMEM were exposed 
in special chamber with 3% oxygen, 92% nitrogen, and 5% carbon dioxide for 16 
hrs. 

2.2. RNA Isolation 

Total RNA was extracted from glioma cells using Trisol reagent (Invitrogen, 
USA) according to manufacturer’s protocol. The RNA pellets were washed with 
75% ethanol and dissolved in nuclease-free water. For additional purification 
RNA samples were re-precipitated with 95% ethanol and re-dissolved again in 
nuclease-free water. RNA concentration and spectral characteristics were meas-
ured using NanoDrop Spectrophotometer. 
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2.3. Reverse Transcription and Quantitative PCR Analysis 

Thermo Scientific Verso cDNA Synthesis Kit (Germany) were used for cDNA 
synthesis according to manufacturer’s protocols. The expression level of EIF2AK3, 
ATF6, CLU, PSAT1, TGM2, LIF, TSPAN13, ADGRE5, and ACTB mRNA were 
measured in glioma cell line U87 and its subline (clone 1C5) by real-time quan-
titative polymerase chain reaction using “QuantStudio 5 Real-Time PCR System” 
(Applied Biosystems) and RotorGene RG-3000” qPCR (Corbett Research, Ger-
many) and Absolute qPCR SYBRGreen Mix (Thermo Fisher Scientific, ABgene 
House, Epsom, Surrey, UK). Polymerase chain reaction was performed in tripli-
cate. For analysis of RNA expression four different RNA samples for each expe-
rimental group as well as pairs of the specific primers (Table 1), which were re-
ceived from “Sigma-Aldrich” (St. Louis, MO, USA), were used. 

The expression of beta-actin mRNA was used as control of analyzed RNA 
quantity. The primers were received from “Sigma-Aldrich” (St. Louis, MO, 
USA). The quality of amplification products was analyzed by melting curves and 
by electrophoresis using 2% agarose gel. An analysis of quantitative PCR was 
performed using special computer program “Differential Expression Calculator”. 
The values of EIF2AK3, ATF6, CLU, PSAT1, TGM2, LIF, TSPAN13, and ADGRE5 
mRNA expressions were normalized to the expression of beta-actin mRNA and 
represented as percent of control 1 (100%). 

2.4. Western Blot Analysis 

The cytosol and nuclear extract fractions from control glioma cells and cells with 
IRE1 signaling enzyme knockdown were received as described previously [48]. 
The levels of PSAT1, ATF6, and LIF proteins were measured in cytosol frac-
tion of U87 glioma cells by Western blot analysis using anti-PSAT1 mouse po-
lyclonal antibody (Abnova), anti-ATF6α mouse monoclonal antibody (Santa 
Cruz Biotechnology), and anti-LIF rabbit polyclonal antibody (Abcam). Rabbit 
polyclonalanti-HIF-1α antibody (Novus Biologicals) was used for detection of 
HIF-1α protein level in nuclear extract by Western blot analysis as described 
previously [49]. The anti-ACTB (β-actin) and anti-lamin B1 antibody (Santa 
Cruz Biotechnology) were used for detection of β-actin and lamin B1 protein 
levels. 

2.5. Statistical Analysis 

All values are expressed as mean ± SEM from triplicate measurements performed 
in 4 independent experiments. Statistical analysis was performed according to 
Student’s t-test using Excel program as described previously [50]. 

3. Results 

We have studied the effect of hypoxia on the expression of genes encoding 
EIF2AK3, ATF6, PSAT1, CLU, TGM2, ADGRE5, TSPAN13, LIF, and GLO1 
proteins in U87 glioma cells in relation to inhibition of IRE1 signaling enzyme,  
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Table 1. Characteristics of the primers used for quantitative real-time polymerase chain reaction. 

Gene symbol Gene name Primer’s sequence 
Nucleotide numbers 

in sequence 
GenBank accession 

number 

EIF2AK3 
Eukaryotic translation intiation factor 2 

alpha kinase 3; PKR-like ER kinase (PERK) 
F: 5’-tctgttcagctctgggttgt  

R: 5’-ccgaagttcaaagtggccaa 
946 - 965  

1103 - 1084 
NM_004836 

ATF6 Activating transcription factor 6 
F: 5’-tgaacttcgaggatgggttc  
R: 5’-tcactccctgagttcctgct 

350 - 369  
604 - 585 

NM_007348 

PSAT1 Phosphoserine aminotransferase 1 
F: 5’-agaatcttgtgcgggaattg  
R: 5’-cccaagtttagggtgaacga 

238 - 257  
455 - 436 

NM_021154 

CLU Clusterin; apolipoprotein J (ApoJ) 
F: 5’-acatttggtgcccagaagtc  
R: 5’-ctgtggtccagggaaaggta 

2199 - 2218  
2388 - 2369 

NM_001831 

TGM2 Transglutaminase 2, C polypeptide 
F: 5’-ctaccagggatccagctttg  
R: 5’-ctgcccaaaattccaaggta 

472 - 491  
652 - 633 

NM_004613 

LIF Leukemia inhibitory factor 
F: 5’-ccctggtccctactcaacaa  
R: 5’-ctggaccctgacaccctaaa 

1850 - 1869  
2083 - 2064 

NM_002309 

TSPAN13 Tetraspanin 13; tetraspan NET-6 
F: 5’-gcaaccacaggttccaagat  
R: 5’-ctcggagactggaaatcagc 

225 - 244  
375 - 356 

NM_014399 

ADGRE5 
Adhesion G protein-coupled receptor E5; 

CD97 antigen 
F: 5’-cctcagaactcctcgtgtgt  
R: 5’-tgttccagcagtccgagaat 

471 - 490  
633 - 614 

NM_001784 

GLO1 Glyoxalase 1 
F: 5’-gcgtagtgtgggtgactcct  
R: 5’-tcactcgtagcatggtctgc 

61 - 80  
240 - 221 

NM_006708 

ACTB Beta-actin 
F: 5’-gacttcgagcaagagatgg  
R: 5’-gcactgtgttggcgtacag 

747 - 766  
980 - 961 

NM_001101 

 
which represents a major signaling pathway of the unfolded protein response. 
It was shown that the knockdown of IRE1 significantly down-regulates the ex-
pression of all studied genes in gene specific manner except EIF2AK3 gene 
(Figure 1). For instance, strong down-regulation was shown for TGM2, LIF, 
GLO1, TSPAN13, and ADGRE5 genes, which expressions have also been asso-
ciated with tumorigenesis and the progression of various malignancies [24] [30] 
[32] [37]. 

We have also studied effect of hypoxia on the expression of EIF2AK3, ATF6, 
PSAT1, TSPAN13, TGM2, CLU, ADGRE5, LIF, and GLO1 genes in control U87 
glioma cells and cells with IRE1 knockdown. As shown in Figure 2(a), in control 
glioma cells (transfected by empty vector) hypoxia significantly down-regulates 
the expression of ATF6 gene (−37%) but in cells with IRE1 knockdown the level 
of this gene expression is significantly increased upon hypoxic conditions 
(+55%; Figure 2(a)). Thus, inhibition of IRE1 signaling reverses direction of the 
changes in hypoxic regulation of ATF6 gene. 

Next, we have shown that hypoxia significantly up-regulates the expression 
level of EIF2AK3 mRNA in control glioma cells (+41%), but in cells without 
functional activity of IRE1 signaling enzyme effect of hypoxia is much smaller 
(+15%; Figure 2(b)). 

As shown in Figure 2(c) and Figure 2(d), hypoxia up-regulates the expres-
sion of genes for TGM2 and TSPAM13 (+52% and +26%, correspondingly) in 
U87 glioma cells transfected by empty vector, but inhibition of IRE1 signaling  
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Figure 1. Effect of IRE1 inhibition on the expression level of EIF2AK3, ATF6, PSAT1, CLU, TGM2, 
ADGRE5, TSPAN13, LIF, and GLO1 genes in U87 glioma cells. Values of these mRNA expressions were 
normalized to beta-actin mRNA level and represented as percent for control (cells transfected be empty 
vector, 100 %); n = 4. 

 

 
(a)                                      (b)                                     (c) 
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(d)                                      (e)                                     (f) 

 
(g)                                      (h)                                     (i) 

Figure 2. Effect of hypoxia on the expression levels of: (a) ATF6 (activating transcription factor 6), (b) EIF2AK3 (eukaryotic 
translation initiation factor 2 alpha kinase 3), (c) TGM2 (transglutaminase 2, C polypeptide), (d) TSPAN13 (tetraspanin 13), (e) 
PSAT1 (phosphoserine aminotransferase 1), (f) LIF (leukemia inhibitory factor), (g) CLU (clusterin), (h) ADGRE5 (adhesion G 
protein-coupled receptor E5), and (i) GLO1 (glyoxalase I) mRNAs in control U87 glioma cells (Vector) and cells with IRE1 
knockdown (dnIRE1). Values of these mRNA expressions were normalized to beta-actin mRNA level and represented as percent 
for control 1 (100 %); n = 4. 

 
enzyme function by dnIRE1 eliminates effect of hypoxia on these gene expres-
sions. 

As shown in Figure 2(e), hypoxia strongly up-regulates the expression of 
phosphoserine aminotransferase 1 gene in control glioma cells (+212%), but in 
IRE1 knockdown cells effect of hypoxia on the expression of this gene is signifi-
cantly reduced (+66%). At the same time, the expression of leukemia inhibitory 
factor is completely resistant to hypoxic condition in both control and IRE1 
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knockdown glioma cells (Figure 2(f)). Next we studied the expression of CLU 
and ADGRE5 genes in both control and IRE1 knockdown glioma cells. As 
shown in Figure 2(g), the expression of CLU gene is resistant to hypoxic condi-
tion in control glioma cells, but inhibition of IRE1 signaling leads to significant 
up-regulation of this gene expression upon hypoxia (+56%). Similar results were 
received with ADGRE5 gene, which expression was resistant to hypoxia in gli-
oma cells transfected by vector, but inhibition of IRE1 introduced the sensitivity 
of adhesion G protein-coupled receptor E5 gene to low oxygen condition: treat-
ment of dnIRE1 transfected glioma cells with hypoxia strongly increased the ex-
pression level of this mRNA (+120%; Figure 2(h)). Exposure of both control 
and IRE1 knockdown U87 glioma cells to hypoxic condition leads to a modest 
down-regulation of GLO1 gene expression: −14% and −16%, correspondingly 
(Figure 2(i)). 

We have also studied the effect of hypoxia on the levels of PSAT1, ATF6, and 
LIF proteins in cytosol fraction as well as HIF-1alpha protein in nuclear extract 
fraction of both control and IRE1 knockdown U87 glioma cells. As shown in 
Figure 3(a), the changes in PSAT1, ATF6, and LIF proteins level in cytosol frac-
tion are similar to that of mRNA expressions. Furthermore, hypoxia up-regulates 
HIF-1alpha protein level in the nuclear extract fraction both control glioma cells 
and cells with inhibited IRE1 signaling in similar way; however, IRE1 knock-
down significantly suppresses the level of this protein (Figure 3(b)). 

Next we aimed to identify the XBP1-responsive motif (XBP1 CCACG-box) in 
the promoter region of TSPAN13, PSAT1, TGM2, ATF6, LIF, CLU, GLO1, and 
ADGRE5 genes. As shown in Table 2, the XBP1 CCACG-box was identified 
previously by Acosta-Alvear et al. [51]. In the promoter region of both PSAT1 
and ATF6 genes we identified two CCACG-boxes, but in TGM2 gene, only one 
(Table 2). Promoter of LIF gene also contains single XBP1-responsive motif. At 
the same time, in the promoter region of three other genes we could not identify 
CCACG-box, a possible XBP1-responsive motif (Table 2). 

Thus, inhibition of the endoplasmic reticulum stress mediated by IRE1 signaling 
enzyme leads to down-regulation of the expression level of most studied prolifera-
tion related genes, including gene encoding transcription factor ATF6, which 
represent signaling branch of the endoplasmic reticulum stress. Most of these 
genes are differentially regulated by hypoxia in gene specific and IRE1 depen-
dent manner preferentially independently from nuclear level of HIF-1alpha pro-
tein. 

4. Discussion 

Results of this investigation clearly demonstrate that inhibition of IRE1, a major 
signaling enzyme of the endoplasmic reticulum stress, down-regulates of the ex-
pression level of proliferation related genes such as PSAT1, CLU, TGM2, 
ADGRE5, TSPAN13, LIF, GLO1, and ATF6, being more prominent for TGM2, 
LIF, TSPAN13, ADGRE5, GLO1, and PSAT1 genes. These genes have a poly-
functional role in the control of tumor growth and their expressions have been  
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(a)                                      (b) 

Figure 3. Effect of hypoxia on the levels of PSAT1, ATF6, and LIF (a) and HIF-1α (b) 
proteins in the cytosol and nuclear extract fractions, correspondingly, of control (Vector) 
and IRE1 knockdown (dnIRE1) U87 glioma cells measured by Western blot analysis. The 
ACTB (β-actin) and lamin B1 proteins were used as control of loaded protein quantity of 
cytosol and nuclear extract fractions, correspondingly. 

 
Table 2. Matches for XBP1 CCACG-box (XBP1-responsive motif) in the promoter region 
of TSPAN13, PSAT1, TGM2, ATF6, LIF, CLU, GLO1, and ADGRE5 genes. 

Gene symbol 
Position relative to the 
transcription start site 

Sequence match 
References/Web site 

of promoter sequence 

TSPAN13 −344 to −340 gCCACGtc [51] 

PSAT1 −555 to −551 tCCACGct 1 

PSAT1 −630 to −626 cCCACGtg 1 

TGM2 −516 to −512 aCCACGta 2 

ATF6 −331 to −327 tCCACGtg 3 

ATF6 −879 to −875 gCCACGct 3 

LIF −423 to −419 tCCACGcc 4 

CLU  Not identified 5 

GLO1  Not identified 6 

ADGRE5  Not identified NC_000019 

1) http://switchdb.switchgeargenomics.com/productinfo/id_713115/; 

2) http://switchdb.switchgeargenomics.com/productinfo/id_722826/;  
3) http://switchdb.switchgeargenomics.com/productinfo/id_711611/;  
4) http://switchdb.switchgeargenomics.com/productinfo/id_719363/;  
5) http://switchdb.switchgeargenomics.com/productinfo/id_720988/;  
6) http://switchdb.switchgeargenomics.com/productinfo/id_718376/. 

 
associated with tumorigenesis and the progression of various malignancies [24] 
[27] [30] [32] [36] [37], possibly through the endoplasmic reticulum stress. 
Therefore, our results concerning strong down-regulation of TGM2, TSPAN13, 
LIF, ADGRE5, CLU, and PSAT1 gene expressions in glioma cells upon inhibition 
of IRE1 completely agree with functional role of these proteins in tumor cells 
[24] [27] [30] [32] [36] [37] as well as with suppression of glioma cell prolifera-
tion after inhibition of IRE1 signaling enzyme function [7] [22] [25] [26]. Analy-
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sis of promoter region of TSPAN13, TGM2, CLU, ATF6, ADGRE5, LIF, GLO1, 
and PSAT1 genes showed the presence of possible XBP1 sites in the promoter of 
6 genes only: TSPAN13, TGM2, ATF6, LIF, and PSAT1. It is possible that 
down-regulation of these genes in IRE1 knockdown glioma cells is connected 
with lack of active XBP1, which is responsible for up-regulation of these genes in 
glioma cells by the endoplasmic reticulum stress through IRE1 signaling [16]. At 
the same time, down-regulation of other studied genes in IRE1 knockdown gli-
oma cells could be connected with lack of protein kinase IRE1 or mediated by 
other mechanisms [9] [15]. Thus, down-regulation of TGM2, CLU, TSPAN13, 
LIF, ADGRE5, and PSAT1 genes in cells with IRE1 knockdown could possibly 
contribute to the suppression of glioma growth [14] through inhibition of proli-
feration, angiogenesis and activation of apoptosis [25] [29] [30] [31] [32] [35] 
[37] [39]. Moreover, our results have shown that knockdown of IRE1 signaling 
suppresses the expression of ATF6 gene, which encodes an important transcrip-
tion factor for the endoplasmic reticulum stress signaling. According to this data 
down-regulation of the expression of some studied genes in IRE1 knockdown 
glioma cells, it can be connected with suppression of ATF6 signaling pathway, 
because transcription factor XBP1 is induced by ATF6 [52]. 

Results of this investigation clearly demonstrated that hypoxia affects different 
studied genes in glioma cells in diverse ways: up-regulates or down-regulates in 
gene specific manner. Moreover, this regulation depends of the IRE1 signaling 
enzyme function. The expression of most of hypoxia responsible genes is regu-
lated through transcription factor HIF [17]. We have shown that hypoxia 
strongly up-regulates the level of HIF-1alpha protein both in control glioma cells 
and cells without the IRE1 signaling enzyme function and that inhibition of 
IRE1 signaling enzyme function decreases the level of this protein. However, 
hypoxia changes the expression of various genes in glioma cells in diverse ways 
[16] [21] [22] [47] and these changes cannot be explained by regulation through 
transcription factor HIF only. Moreover, hypoxic regulation of the expression of 
most in this work studied genes is responsive to IRE1-mediated endoplasmic re-
ticulum stress signaling in gene specific manner. Altogether, hypoxic regulation of 
gene expression is more complex and poly factorial, including regulation through 
transcription factor HIF or/and through IRE1 signaling pathway. It is interesting 
to note that hypoxia caused inhibition of cell growth of all cells except tumor 
cells, which have resistance to toxic effects of hypoxia and used hypoxia for en-
hanced own cell proliferation. It is possible that this hypoxia resistance is ex-
plained by over-expression of GLO1 enzyme, which is implicated in the progres-
sion of human malignancies and is up-regulated in tumor tissues with high me-
tabolic rate [40] [41] [43]. In this study, we have shown that inhibition of the 
IRE1 signaling enzyme leads to strong down-regulation of GLO1 gene expres-
sion in U87 glioma cells. Our results agree well with data Hutschenreuther et al. 
[43] that knockdown of GLO1 in the cancer cells significantly reduced tu-
mor-associated properties such as migration and proliferation, whereas hypoxia 
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caused inhibition of cell growth of all cells except of those over-expressing GLO1. 
Therefore, the changes in expression level of genes encoding PSAT1, CLU, 
TGM2, ADGRE5, TSPAN13, LIF, and ATF6 proteins possibly reflect repro-
gramming of glioma cells by IRE1-mediated endoplasmic reticulum stress sig-
naling and correlate with suppression of glioma cell proliferation upon inhibi-
tion of the IRE1 signaling enzyme. 
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