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ABSTRACT 

The expression of retinoblastoma and several retino-
blastoma-related genes was studied in glioma cell line 
U87 and its subline with knockdown of ERN1 (endo-
plasmic reticulum—nuclei-1), the main endoplasmic 
reticulum stress sensing and signaling enzyme. It was 
shown that a blockade of the ERN1 enzyme function 
increases the expression levels of retinoblastoma, re- 
tinoblastoma-like 1 and most retinoblastoma related 
genes: EID1, JARID1B, E2F1, E2F3, RBAP48 and 
CTIP, does not change RNF40 and RBAP46 and de- 
creases KDM5A. We have also demonstrated that hy- 
poxia reduces the expression levels of retinoblastoma, 
EID1, and E2F1 in ERN1-deficient glioma cells only. 
At the same time, the expression levels of retinoblas- 
toma-like 1, E2F3, RBAP46, RBAP48 and CTIP de- 
crease, while JARID1B and RBBP2 increase in both 
types of cells in hypoxic conditions, but the expression 
is much stronger in cells with suppressed function of 
ERN1. The expression level of JARID1B and KDM- 
5A mRNA is also enhanced in glutamine deprivation 
condition in both tested cell types, moreover, this ef- 
fect is amplified by the blockade of the ERN1 enzyme 
function. The expression levels of retinoblastoma, 
EID1, RBAP48, and E2F3 are decreased in glutamine 
deprivation condition only in ERN1-deficient glioma 
cells, but RBL1, CTIP, RBAP46, and E2F1—in both 
tested cell types with more significant effect in ERN1- 
deficient cells. Glucose deprivation condition leads to 
a decrease of expression levels of retinoblastoma, 
RBL1, E2F3, RBAP46, and RBAP48 in both used cell 
types and of EID1 and E2F1 only in glioma cells with 
suppressed function of signaling enzyme ERN1. Thus, 

expression levels of retinoblastoma and most retino-  
blastoma-related genes are increased under a block- 
ade of ERN1 enzyme function and significantly changed 
in hypoxia, glucose or glutamine deprivation condi- 
tions both in control U87 cells and ERN1-deficient 
cells, but inhibition of the unfolded protein response 
sensor ERN1 predominantly enhances these effects. 
Moreover, it is possible that the induction of the ex- 
pression of retinoblastoma and most retinoblastoma- 
related genes after knockdown of ERN1 plays an im- 
portant role in suppression of glioma proliferation. 
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1. INTRODUCTION 

The endoplasmic reticulum is a key organelle in the cel-
lular response to ischemia, hypoxia, and some chemicals 
which activate a complex set of signaling pathways 
named the unfolded protein response. This adaptive re-
sponse is activated upon the accumulation of misfolded 
proteins in the endoplasmic reticulum and is mediated by 
three endoplasmic reticulum-resident sensors named 
PERK (PRK-like ER kinase), IRE1/ERN1 (Inositol Re- 
quiring Enzyme-1/Endoplasmic Reticulum—Nuclei-1) 
and ATF6 (Activating Transcription Factor 6), however, 
endoplasmic reticulum—nuclei-1 is the dominant sen- 
sor [1-5]. Activation of the unfolded protein response 
tends to limit the de novo entry of proteins in to the en- 
doplasmic reticulum and facilitate both the endoplasmic 
reticulum protein folding and degradation to adapt cells *corresponding author. 
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for survival or, alternatively, to enter cell death programs 
through endoplasmic reticulum-associated machineries 
[1,2,4]. As such, it participates in the early cellular re- 
sponse to the accumulation of misfolded proteins in the 
lumen of the endoplasmic reticulum, occurring under 
both physiological and pathological conditions.  

Two distinct catalytic domains of the bifunctional sig- 
naling enzyme endoplasmic reticulum—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 [6-8]. 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 [1,9-11].  

Recently single mutations were detected in endoplas-
mic reticulum—nuclei-1 gene of different human cancers 
and encoded by this gene enzyme was proposed as a 
major contributor to tumor (including glioblastoma) pro- 
gression among protein kinases [12]. Moreover, the grow- 
ing tumor requires the endoplasmic reticulum stress as 
well as hypoxia and ischemia for own neovascularization 
and growth and the complete blockade of ERN1 signal 
transduction pathway has anti-tumor effects [13-16]. The 
endoplasmic reticulum stress response-signalling path- 
way is linked to the neovascularization process, tumor 
growth and differentiation as well as cell death processes 
[15,17,18]. Thus, the blockade of the main unfolded pro- 
tein response sensor ERN1 is important in studying the 
role of ERN1 signalling pathways in tumor progression, 
especially in malignant gliomas; it is important in deve- 
loping a new understanding concerning molecular me- 
chanisms 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 po- 
tent antitumor drugs. Gliomas are the most frequent pri- 
mary brain neoplasms and represent a major challenge in 
cancer therapy as they are not easily accessible to current 
therapies. 

Retinoblastoma proteins and family of retinoblastoma 
associated and binding proteins participate in the control 
of the cell cycle, proliferation, apoptosis, and differentia-
tion [19,20]. The retinoblastoma-1 (RB1) gene product is 
a tumor suppressor protein that appears to be involved in 
cell cycle regulation, as it is phosphorylated in the S to 
M phase transition and is dephosphorylated in the G1 
phase of the cell cycle. The retinoblastoma protein has 
been shown to interact with cyclin D1 protein [20]. The 
expression of cyclin D1 gene is regulated positively by 
retinoblastoma. This protein negatively regulates the 

G1-S transition by binding to the E2F transcription fac-
tors, until the cyclin-dependent kinases phosphorylate the 
retinoblastoma protein, causing E2F release. For tumor 
growth suppression high-affinity interaction between 
C-terminal domain of retinoblastoma and E2F-differenti- 
ation protein (DP) heterodimer transcription complex is 
required. Retinoblastoma-E2F1 complex plays a critical 
role in ZBRK1 transcriptional repression, the loss of 
which may contribute to cellular sensitivity of DNA da- 
mage, ultimately leading to carcinogenesis [21]. 

Active E2F1/DP1 promotes apoptosis in both a p53- 
dependent and independent manner, induces the expres-
sion of ADP ribosylation factor, which in turn blocks 
MDM2-mediated ubiquination of p53, or enhances p53 
transcriptional activity via direct binding of E2F1 to p53 
[22]. The cyclin D3 protein has been shown to interact 
with and be involved in the phosphorylation of tumor 
suppressor retinoblastoma protein. There is data that reti- 
noblastoma controls nuclear receptor networks critical 
for tumor progression and that it does so via E2F tran-
scription factor 1-mediated regulation of androgen recep- 
tor expression and output [23]. Moreover, the p16(INK4a)/ 
retinoblastoma pathway participates in the regulation of 
cellular senescence caused by damaging agents [24]. The 
protein encoded by retinoblastoma like 1 (RBL1) gene is 
similar in sequence and possibly function to the product 
of the RB1 gene. Both the RB1 protein and the product 
of RBL1 gene can inhibit the transcription of cell cycle 
genes containing E2F binding sites in their promoters. 

The family of retinoblastoma binding or associated 
proteins participates in the control of cell cycle, prolif-
eration, and differentiation, but these proteins have dif-
ferent functions. The 95 kDa retinoblastoma-associated 
protein contains a RING finger, a motif known to be in-
volved in protein-protein and protein-DNA interaction, 
and has E3 ubiquitin-protein ligase activity. The retino-
blastoma binding protein-2 (KDM5A) and retinoblas-
toma binding protein-2H1 (JARID1B or KDM5B) are 
ubiquitously expressed nuclear proteins with lysine-specific 
demethylase activities and exert inhibitory effects on 
multiple genes through direct interaction with their pro-
moters [25]. Thus, PARP-1 regulates chromatin structure 
and transcription through a JARID1B-dependent path- 
way [26]. The histone demethylase JARID1B is involved 
in the proliferation of cancer cells through the E2F/reti- 
noblastoma pathway [27]. The retinoblastoma-binding 
proteins p48 (RBAP48) and p46 (RBAP46) are present 
in protein complexes involved in histone acetylation and 
chromatin assembly as well as is a part of co-repressor 
complexes, which is an integral component of transcrip- 
tional silencing, and seems to be involved in transcrip- 
tional repression of E2F-responsive genes [28]. More- 
over, RBAP46 and RBAP48 interact with estrogen re- 
ceptor alpha at endogenous, estrogen-responsive genes  
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and alter expression of estrogen receptor alpha-activated 
and estrogen receptor alpha-repressed genes in MCF-7 
breast cancer cells [29]. The CTBP-interacting protein 
(CTIP) is a retinoblastoma-binding and ubiquitously ex- 
pressed nuclear protein which has DNA endonuclease 
activity [30]. There is data that double-strand break re- 
section protein CTIP is a SIRT6 interaction partner and 
that SIRT6 promotes DNA end resection through CTIP 
deacetylation [31]. CTIP has been identified as a key 
substrate by which SIRT6 facilitates DSB processing and 
homologous recombination. Moreover, it is associated 
with BRCA1 (breast cancer 1) and is thought to modu-
late the functions of BRCA1 in transcriptional regulation, 
DNA repair, and/or cell cycle checkpoint control. 

The main goal of this work is to study the role of 
ERN1-signaling pathways in tumor progression by in- 
vestigation of the expression of tumor suppressor gene 
retinoblastoma and retinoblastoma-associated or binding 
proteins in U87 glioma cells and its ERN1-deficient sub- 
line under normal, hypoxic and ischemic (glucose or 
glutamine deprivation) conditions. 

2. MATERIALS AND METHODS 

2.1. Cell Lines and Culture Conditions 

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% CO2 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 crea-
tion of dnERN1. This untreated subline of glioma cells 
(control glioma cells) was used as control 1 in the study 
of the effect of hypoxia and glutamine or glucose depri-
vations on the expression level of retinoblastoma and re- 
tinoblastoma-related genes. Second subline was obtained 
by selection of stable transfected clones with overexpres- 
sion of ERN1 dominant/negative constructs (dnERN1) 
and has suppressed both protein kinase and endoribonu- 
clease activities of this signaling enzyme [13]. The ex-
pression level of retinoblastoma and retinoblastoma- 
related 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 hy-
poxia and glutamine or glucose deprivations on the ex-
pression level of retinoblastoma and retinoblastoma- 
related genes under blockade ERN1 function. 

Hypoxic conditions were created in special incubator 
with 3% oxygen and 5% carbon dioxide levels; culture 

plates were exposed to these conditions for 16 hrs. For 
glucose or glutamine deprivation the growing medium in 
culture plates was replaced with a medium without glu- 
cose or without glutamine and thus exposed for 16 hrs. 

2.2. RNA Isolation 

Total RNA was extracted from different tumor tissues 
and normal tissue counterparts as described [32,33]. RNA 
pellets were washed with 75% ethanol and dissolved in 
nuclease-free water. 

2.3. Reverse Transcription and Quantitative 
PCR Analysis 

The expression levels of cyclin retinoblastoma, retino-
blastoma like-1, retinoblastoma associated protein RNF40 
(ring finger protein 40), retinoblastoma associated pro- 
tein EID1 (EP300 interacting inhibitor of differentiation 
1), retinoblastoma binding protein-2 KDM5A (lysines- 
specific demethylase 5A), histone demethylase JARID1B 
or KDM5B, histone binding protein p48 (RBAP48), 
retinoblastoma binding protein p46 (RBAP46) and CTBP- 
interacting protein (CTIP) mRNA were measured in 
glioma cell line U87 and its subline with a deficiency of 
endoplasmic reticulum—nuclei-1 by quantitative poly-
merase chain reaction of complementary DNA (cDNA) 
using “Stratagene Mx 3000P cycler” (USA) and SYBR- 
Green Mix (AB gene, Great Britain). QuaniTect Reverse 
Transcription Kit (QIAGEN, Germany) was used for 
cDNA synthesis as described previously [33]. Polyme- 
rase chain reaction was performed in triplicate. For am- 
plification of retinoblastoma (RB1) cDNA we used for-
ward (5’-TGCATGGCTCTCAGATTCAC-3’ and reverse 
(5’-AAGGCTGAGGTTGCTTGTGT-3’) primers. The 
nucleotide sequences of these primers correspond to se-
quences 1849 - 1868 and 2073 - 2054 of human RB1 
cDNA (GenBank accession number NM_000321). The 
amplification of retinoblastoma like-1 (RBL1) cDNA 
was performed using forward primer (5’-GAAGGG- 
ATGTTCGAGGACAA-3’) and reverse primer (5’- 
TGCGGCATGCAACATATAAT-3’). These oligonucleo- 
tides correspond to sequences 74 - 93 and 284 - 265 of 
human RBL1 cDNA (GenBank accession number NM_ 
002895). The amplification of retinoblastoma associated 
protein RNF40 (ring finger protein 40) cDNA for real 
time RCR analysis was performed using two oligonu-
cleotides primers: forward-5’-TTATTGCTGGAGCT- 
GCCTTT-3’ and reverse-5’-CTCTGGTGGGTTGAGG- 
AGAG-3’. The nucleotide sequences of these primers 
correspond to sequences 1366 - 1385 and 1589 - 1570 of 
human RNF40 cDNA (GenBank accession number 
NM_014771). Two other primers were used for real time 
RCR analysis of the expression of retinoblastoma associ-
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ated protein EID1 (EP300 interacting inhibitor of differ-
entiation 1) cDNA: forward-5’-GCGGGTTTCAGATG- 
CATTAT-3’ and reverse-5’-AGTTGGGTCCCTCCTCA- 
AGT-3’. The nucleotide sequences of these primers cor-
respond to sequences 518 - 537 and 696 - 677 of human 
EID1 cDNA (GenBank accession number NM_ 014335). 
For amplification of retinoblastoma binding protein-2 
(KDM5A; lysines-specific demethylase 5A) cDNA we 
used forward (5’-CAACGGAAAGGCACT-CTCTC-3’ 
and reverse (5’-CAAAGGCTTCTCGAGG-TTTG-3’) 
primers. The nucleotide sequences of these primers cor-
respond to sequences 1204 - 1223 and 1420 - 1401 of 
human KDM5A cDNA (GenBank accession number 
NM_005056). For amplification of histone demethylase 
5B (JAKID1B; lysines-specific demethylase 5B) cDNA 
we used forward (5-GGTGAGCCAAAAACCTGGTA- 
-3’ and reverse (5’-AATCACAAACTCCCCAGCAC-3’) 
primers. The nucleotide sequences of these primers cor-
respond to sequences 1656 - 1675 and 1856 - 1837 of 
human JAKID1B cDNA (Gen-Bank accession number 
NM_006618). For real time RCR analysis of transcrip-
tion factor E2F1 (retinoblastoma binding protein-3) 
cDNA expression we used next primers: forward 
-5’--GGGCTCTAACTGCACTTTCG-3’ and reverse-5’- 
AGGGAGTTGGGGTATCAACC-3’. The nucleotide se- 
quences of these primers correspond to sequences 1830 - 
1849 and 2096 - 2077 of human E2F1 cDNA (GenBank 
accession number NM_005225). For real time RCR 
analysis of transcription factor E2F3 cDNA expression 
we used next primers: forward-5’-GATGGGGTCAGAT- 
GGAGAGA-3’ and reverse-5’-GAGACACCCTGGCA- 
TTGTTT-3’. The nucleotide sequences of these primers 
correspond to sequences 2931 - 2950 and 3141 - 3122 of 
human E2F3 cDNA (GenBank accession number NM_ 
001949). For amplification of histone binding protein 
p48 (RBAP48; chromatin assembly factor) cDNA we 
used forward (5’-GATGACCCATGCTCTGGAGT-3’ 
and reverse (5’-CGCATCAAACTGAGCATCAT-3’) pri- 
mers. The nucleotide sequences of these primers corre-
spond to sequences 264 - 283 and 444 - 425 of human 
RBAP48 cDNA (GenBank accession number NM_ 
005610). The amplification of retinoblastoma binding 
protein p46 (RB-AP46; histone acetyltransferase type B, 
subunit 2) cDNA we used forward (5’-TTCAGTGG- 
CCCAGTCTTACC-3’ and reverse (5’-CAGAACCAA- 
AGCCACCAAAT-3’) primers. The nucleotide sequences 
of these primers correspond to sequences 474 - 493 and 
686 - 667 of human RBAP46 cDNA (GenBank accession 
number NM_ 002893). Two other primers were used for 
real time RCR analysis of CTBP-interacting protein 
(CTIP; DNA endonuclease) cDNA: forward (5’- CCG- 
AACATCCAAAAGGAAGA-3’ and reverse (5’-CCTT- 
GGCTTTTCTCTTGACG-3’) primers. The nucleotide 

sequences of these primers correspond to sequences 1657 
- 1676 and 1854 - 1835 of human CTIP cDNA (GenBank 
accession number NM_002894). The amplification of 
beta-actin cDNA was performed using forward-5’-CGT- 
ACCACTGGCATCGTGAT-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). 

An analysis of quantitative PCR was performed using 
special computer program “Differential expression cal-
culator” and statistic analysis—in Excel program. The 
amplified DNA fragments were separated on a 2% aga-
rose gel and that visualized by 5x Sight DNA Stain 
(EUROMEDEA). 

3. RESULTS 

In this study, we have used the human glioma cell line 
U87 and a genetically modified variant of these cells 
(deficient in the signaling enzyme ERN1) to investiga- 
tion the expression of different genes that encode retino- 
blastoma and retinoblastoma binding or associated pro- 
teins as well as the involvement of endoplasmic reticu- 
lum stress signaling system in the effect of hypoxia and 
glutamine or glucose deprivation on the expression of 
these gene. The level of suppression of the enzymatic 
activity of ERN1 was estimated by analysis of the ex- 
pression of XBP1 and its splice variant (XBP1s) in U87 
glioma cells that overexpress a dominant-negative con-
struct of endoplasmic reticulum-nuclei-1 as compared to 
control glioma cells transfected with a vector. As shown 
in Figure 1, inductor of endoplasmic reticulum stress, 
tunicamycin (10 g/ml), strongly induces the alternative 
splicing of XBP1 only in control glioma cells, while 
having no effect on this process in transfected by dn- 
ERN1 subline cells.  

We have found that retinoblastoma and retinoblastoma 
like-1 genes as well as genes that encode retinoblastoma 
associated and binding proteins are expressed in the hu- 
man glioma cell line U87 and the levels of expression of 
most of the studied genes are significantly depend from 
ERN1 signaling enzyme function. As shown in Figures 2 
and 3, the expression levels of retinoblastoma and reti-
noblastoma like-1 mRNA in glioma cells, deficient in 
signaling enzyme ERN1, are increased by 31% and 96%, 
respectively, as compared to control 1. Exposure of cells 
to hypoxia for 16 hrs as well as to glutamine or glucose 
deprivation conditions leads to a decrease of retinoblas-
toma mRNA expression levels, but only in glioma cells 
with suppressed function of the signaling enzyme ERN1: 
–21%, –46%, and –54%, respectively, as compared to 
control 2 (Figure 2). However, no significant changes 
were found in control cells under these experimental 
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Figure 1. Effect of tunicamicin (10 μg/ml) on 
the expression of transcription factor XBP1 and 
its alternative splice variant (XBP1s) mRNA in 
glioma cell line U87 stable transfected with vec-
tor and its subline with blockade of signaling en- 
zyme endoplasmic reticulum-nuclei-1 (ERN1) 
stable transfected with dnERN1. 

 

 

Figure 2. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of retinoblastoma (RB1) mRNA in 
glioma cell line U87 (Vector) and its subline with a deficiency 
of the signaling enzyme ERN1 (dnERN1) measured by quanti-
tative polymerase chain reaction. Values of RB1 mRNA expre- 
ssions were normalized to the expression of beta-actin mRNA 
and represent as percent of control (100 %); n = 3; *P < 0.05 as 
compared to control 1; **P < 0.05 as compared to control 2. 
 
conditions. 

At the same time, the level of retinoblastoma like-1 
mRNA expression significantly decreased in both tested 
cell types under hypoxia, as well as under glutamine or 
glucose deprivation conditions: in control glioma cells: 
–69%, –55%, and –50%, respectively, as compared to 
control 1 and in the glioma cells subline with suppressed 
activity of signaling enzyme ERN1: –56%, –70%, and 
–60%, respectively, as compared to control 2 (Figure 3). 

It was also shown that blockade of the signaling enzy- 
me ERN1 does not change the expression level of mRNA 
of 95 kDa retinoblastoma associated protein RNF40 (ring 
finger protein 40) which contains a RING finger, a motif 
known to be involved in protein-protein and protein-  

 

Figure 3. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of retinoblastoma-like 1 (RBL1) mRNA 
in glioma cell line U87 (Vector) and its subline with a defi-
ciency of the signaling enzyme ERN1 (dnERN1) measured by 
quantitative polymerase chain reaction. Values of RBL1 mRNA 
expressions were normalized to beta-actin mRNA expression 
and represent as percent for control (100%); n = 3; *P < 0.05 as 
compared to control 1; **P < 0.05 as compared to control 2. 
 
DNA interactions, and represents the E3 ubiquitin-pro- 
tein ligase BRE1B (Figure 4). At the same time, we have 
also observed an increase (+37%) of the expression level 
of 21 kDa retinoblastoma-associated and apoptosis re-
lated protein EID-1 (EP300 interacting inhibitor of dif-
ferentiation) mRNA in cells with knockdown of ERN1 as 
compared to control 1 (Figure 5). In glucose deprivation 
conditions no significant changes were found in the ex-
pression level of RNF40 mRNA in both glioma cell types, 
however, the expression level of this mRNA increases 
significantly in glutamine deprivation conditions in glio- 
ma cells with suppressed function of ERN1 enzyme (+51%) 
(Figure 4). No significant changes were found in the ex- 
pression level of EID1 mRNA in control glioma cells 
under hypoxia as well as in glutamine or glucose depri- 
vation conditions, but significantly decreased in glioma 
cells with suppressed function of ERN1enzyme: –12%, 
–33%, and –36%, respectively (Figure 5). 

As shown in Figures 6 and 7, the blockade of the fun- 
ction of the signaling enzyme ERN1 in glioma cells leads 
to a decrease of the expression level of mRNA of 
KDM5A (lysine-specific demethylase-5A) and a strong 
increase of histone demethylase JARID1B (lysine-spe- 
cific demethylase-5B) mRNA, as compared to control 1. 
The expression levels of these mRNAs increase signifi- 
cantly in both tested cell types under hypoxia and in glu- 
tamine deprivation conditions. Thus, the expression lev-
els of JARID1B mRNA increase in hypoxic and gluta- 
mine deprivation conditions in control glioma cells much 
more then in KDM5A: +67% and +96%, respectively, 
for JARID1B and +17% and +18%, respectively, for 
KDM5A as compared to control 1. Moreover, blockade 
of the function of the signaling enzyme ERN1 in glioma 
cells enhances the effect of hypoxia on the expression  
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Figure 4. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of retinoblastoma-associated protein 
RNF40 (ring finger protein 40) mRNA in glioma cell line U87 
(Vector) and its subline with a deficiency of the signaling en-
zyme ERN1 (dnERN1) measured by quantitative polymerase 
chain reaction. Values of RNF40 mRNA expressions were 
normalized to beta-actin mRNA expression and represent as 
percent for control (100%); n = 3; *P < 0.05 as compared to 
control 1; **P < 0.05 as compared to control 2. 
 

 
Figure 5. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of retinoblastoma protein-associated 
protein EID1 (EP300 interacting inhibitor of differentiation 1) 
mRNA in glioma cell line U87 (Vector) and its subline with a 
deficiency of the signaling enzyme ERN1 (dnERN1) measured 
by quantitative polymerase chain reaction. Values of EID1 mRNA 
expressions were normalized to beta-actin mRNA expression 
and represent as percent for control (100%); n = 3; *P < 0.05 as 
compared to control 1; **P < 0.05 as compared to control 2. 
 
levels of JARID1B mRNA (+126% in ERN1 knockdown 
cells and +18% in control glioma cells; Figure 7). 

More significant changes were found in the expression 
levels of the transcription factor E2F1 mRNA, a retino- 
blastoma binding protein-3, in glioma cells with sup- 
pressed activity of signaling enzyme ERN1 (Figure 8). 
Thus, the expression level of E2F1 mRNA in these cells 
was more than 3 fold higher than in control glioma cells. 
Exposing cells to glutamine and glucose deprivation 
conditions leads to a decrease in the expression levels of 
E2F1 mRNA in both investigated cell types: –60% and 
–12%, respectively, in control cells and –62% and –10%,  

 

Figure 6. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of KDM5A (lysine-specific demethylase 
5A; retinoblastoma binding protein-2) mRNA in glioma cell 
line U87 (Vector) and its subline with a deficiency of the sig-
naling enzyme ERN1 (dnERN1) measured by quantitative po-
lymerase chain reaction. Values of KDM5A mRNA expressions 
were normalized to beta-actin mRNA expression and represent 
as percent for control (100%); n = 3; *P < 0.05 as compared to 
control 1; **P < 0.05 as compared to control 2. 
 

 

Figure 7. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of JARD1B (lysine-specific demethylase 
5B; retinoblastoma binding protein-2H1) mRNA in glioma cell 
line U87 (Vector) and its subline with a deficiency of the sig-
naling enzyme ERN1 (dnERN1) measured by quantitative po-
lymerase chain reaction. Values of JARD1B mRNA expres-
sions were normalized to beta-actin mRNA expression and 
represent as percent for control (100%); n = 3; *P < 0.05 as 
compared to control 1; **P < 0.05 as compared to control 2. 
 
respectively, in ERN1 knockdown cells. The results pre- 
sented in Figure 8 have also shown that there is a 2 fold 
decreases in the expression levels of E2F1 mRNA under 
hypoxic conditions, but only in glioma cells with sup-
pressed activity of the signaling enzyme ERN1 as com- 
pared to control 2. 

As shown in Figure 9, the expression level of mRNA 
of transcription factor E2F3 significantly increased (2 
fold) in glioma cells with suppressed activity of the sig- 
naling enzyme ERN1 as compared to control glioma cells 
(control 1). Exposing cells to glucose deprivation condi-
tion leads to a decrease in the expression levels of E2F3  
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Figure 8. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of transcription factor E2F1 mRNA in 
glioma cell line U87 (Vector) and its subline with a deficiency 
of the signaling enzyme ERN1 (dnERN1) measured by quanti-
tative polymerase chain reaction. Values of E2F1 mRNA ex-
pressions were normalized to beta-actin mRNA expression and 
represent as percent for control (100%); n = 3; *P < 0.05 as 
compared to control 1; **P < 0.05 as compared to control 2. 
 

 

Figure 9. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of transcription factor E2F3 mRNA in 
glioma cell line U87 (Vector) and its subline with a deficiency 
of the signaling enzyme ERN1 (dnERN1) measured by quanti-
tative polymerase chain reaction. Values of E2F3 mRNA ex-
pressions were normalized to beta-actin mRNA expression and 
represent as percent for control (100%); n = 3; *P < 0.05 as 
compared to control 1; **P < 0.05 as compared to control 2. 
 
mRNA in both investigated cell types: –13% in control 
cells and –45% in ERN1 knockdown cells. However, 
glutamine deprivation condition leads to decrease in the 
expression levels of this mRNA in glioma cells with 
suppressed activity of signaling enzyme ERN1 only. The 
results presented in Figure 9 also show that the expres-
sion levels of E2F3 mRNA decrease under hypoxic con-
ditions both in control and ERN1 knockdown glioma 
cells, but inhibition of the ERN1 function enhances this 
effect.  

Results of the investigation of expression levels of 
retinoblastoma binding proteins p48 (RBAP48) and p46 
(RBAP46) mRNA are shown in Figures 10 and 11. Here, 
it was shown that the blockade of the activity of the sig-

naling enzyme ERN1 leads to a significant induction of 
RBAP48 mRNA expression levels (+84%) as compared 
to control glioma cells, which lack a significant change 
in the RBAP46 mRNA expression. We have, also, shown 
that the mRNA expression level of CTBP-interaction pro- 
tein (CTIP) in glioma cells with suppressed activity of 
the signaling enzyme ERN1 significantly increases (+50 
%) as compared to control glioma cells (Figure 12). Ex-
posure of glioma cells to medium without glutamine 
leads to decrease the expression levels of RBAP46 and 
 

 

Figure 10. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of RBAP48 (histone binding protein p48; 
chromatin assembly factor) mRNA in glioma cell line U87 
(Vector) and its subline with a deficiency of the signaling en-
zyme endoplasmic reticulum-nuclei-1 (dnERN1) measured by 
quantitative polymerase chain reaction. Values of RBAP48 
mRNA expressions were normalized to beta-actin mRNA ex-
pression and represent as percent for control (100%); n = 3; *P 
< 0.05 as compared to control 1; **P < 0.05 as compared to 
control 2. 
 

 

Figure 11. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of RBAP46 (retinoblastoma binding 
protein p46; histone acetyltransferase type B) mRNA in glioma 
cell line U87 (Vector) and its subline with a deficiency of the 
signaling enzyme endoplasmic reticulum – nuclei-1 (dnERN1) 
measured by quantitative polymerase chain reaction. Values of 
RBAP46 mRNA expressions were normalized to beta-actin 
mRNA expression and represent as percent for control (100%); 
n = 3; *P < 0.05 as compared to control 1; **P < 0.05 as com-
pared to control 2. 
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CTIP mRNA in control glioma cells (–21% and –22%, 
respectively) as well as RBAP48, RBAP46, and CTIP 
mRNA in genetically modified cells: –30%, –33%, and 
–33%, respectively. However, during glucose deprivation 
conditions we have observed the decrease of the expres-
sion levels of mRNA of RBAP48 and RBAP46 only in 
both cell types: –33% and –18%, respectively, in control 
cells and –34% and –21%, respectively, in glioma cells 
with a blockade of the activity of ERN1 signaling en-
zyme (Figures 10 and 11). We have also shown that the 
expo- sure of glioma cells to hypoxic conditions leads to 
a significant decrease in the expression levels of 
RBAP48, RBAP46, and CTIP mRNA both in control 
glioma cells (–26%, –27%, and –32%, respectively) and 
in ERN1 knockdown cells (–26%, –24%, and –46%, 
respectively; Figures 10-12).  

4. DISCUSSION 

Bifunctional transmembrane signaling enzyme endopla- 
smic reticulum-nuclei-1 is a major proximal sensor of the 
unfolded protein response and participates in the early 
cellular response to the accumulation of misfolded pro-
teins in the endoplasmic reticulum [15,17]. It has been 
known that the endoplasmic reticulum stress sensing, and 
signal transduction pathways are linked to the neovascu-
larization process, tumor growth, and cellular death 
processes [17]. Moreover, the growing tumor requires 
endoplasmic reticulum stress, as well as ischemia and 
hypoxia both of which initiate endoplasmic reticulum 
stress, for own neovascularization and growth and for 
inhibition of apoptosis [15]. Therefore, in this work, we 
studied the expression of several genes that encode reti-
-noblastoma proteins and retinoblastoma binding or asso- 
 

 
Figure 12. Effect of hypoxia and glucose or glutamine depriva-
tion on the expression of CTIP (CTBP-interacting protein; 
DNA endonuclease) mRNA in glioma cell line U87 (Vector) 
and its subline with a deficiency of the signaling enzyme endo-
plasmic reticulum-nuclei-1 (dnERN1) measured by quantitative 
polymerase chain reaction. Values of CTIP mRNA expressions 
were normalized to beta-actin mRNA expression and represent 
as percent for control (100%); n = 3; *P < 0.05 as compared to 
control 1; **P < 0.05 as compared to control 2. 

ciated proteins in glioma cells with ERN1 knockdown 
for the purpose of evaluating the dependence of these 
genes upon the ERN1 signaling enzyme function. Re-
sults of this investigation clearly demonstrated that the 
expression levels of retinoblastoma proteins and most re- 
tinoblastoma binding or associated proteins, which form 
a complex with and function as a part of co-repressor 
complexes, increase in glioma cells without ERN1 sig- 
naling enzyme function. This data correlates with anti- 
tumor effects of this ERN1 blockade [15,17,35]. It is 
well known that retinoblastoma proteins, retinoblastoma 
binding and associated proteins as well as E2F transcrip- 
tion factors, cyclins, cyclin-dependent kinases and its in- 
hibitors participate in the control of the cell cycle and 
proliferation and are the components of endoplasmic 
reticulum stress system [14,19,22,36]. 

In this study we have studied the expression of genes 
that encode two retinoblastoma proteins and the family of 
retinoblastoma binding or associated proteins. These pro- 
teins are ubiquitously expressed nuclear proteins, among 
them E2F transcription factors, E3 ubiquitin-protein li- 
gase BRE1B (RNF40), EP300 interacting inhibitor of di- 
fferentiation EID1, lysine-specific histone demethylases 
KDM5A and JARD1B, histone acetyl transferase RBAP- 
46 and DNA endonuclease CTIP, which participate in the 
control of cell cycle, proliferation, differentiation, and 
apoptosis and they play an important role in the control of 
malignant tumor growth [14,15,23]. 

We have shown that blockade of the signaling activity 
of the enzyme endoplasmic reticulum-nuclei-1 leads to a 
significant induction of the expression of genes that en-
code tumor suppressor proteins retinoblastoma and tran-
scription factors E2F1 and E2F3 which are possibly re-
sponsible for suppression of cell proliferation and tumor 
growth [15,20,21]. Thus, our data completely agrees with 
previous results where we showed that the complete blo- 
ckade of endoplasmic reticulum-nuclei-1 signal trans-
duction pathway had anti-tumor effects [13,14]. The anti- 
tumor effect of retinoblastoma proteins is mediated by the 
interaction with the cyclin D1 protein and the induction of 
its expression as well as by binding to the E2F transcrip- 
tion factors and growth suppression. Moreover, active 
complex E2F1 with differential protein-1 promotes apo- 
ptosis [22]. Thus, E2F1/DP1 induces the expression of 
ADP ribosylation factor, which in turn blocks ubiquina-
tion of p53. However, E2F1/DP1 complex can mediate 
p53-dependent apoptosis in the absence of ADP ribosy- 
lation factor through the upregulation of the ATM kinase 
and by enhancing p53 transcriptional activity.  

We have also shown that the complete blockade of 
ERN1 signal transduction pathway leads to the induction 
of the expression of several genes which encode for re- 
tinoblastoma binding and associate proteins (EID1, 
JARID1B, RBAP48 and DNA endonuclease CTIP) that 
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bind directly to retinoblastoma proteins to regulate cell 
proliferation, apoptosis, and tumor growth via retinobla- 
stoma suppressor pathways [15,23,24]. These results also 
agree with anti-tumor effects of the complete blockade of 
ERN1 signaling pathway as well as with biological func-
tions of the studied proteins [13,14,25]. The RBAP48 is 
present in protein complexes involved in histone acetyla-
tion and has been implicated in chromatin remodeling 
and transcriptional repression associated with histone 
deacetylation. It is important that this protein is also a 
part of the co-repressor complexes, which is an integral 
component of transcriptional silencing of oncogenes and 
suppression of carcinogenesis. We have also shown that 
DNA endonuclease CTIP mRNA expression is increased 
in ERN1 knockdown glioma cells and possibly contribu- 
tes to suppression of glioma growth, because it is among 
several proteins that bind directly to the retinoblastoma 
protein, which regulates cell proliferation. CTIP is also 
associated with BRCA1 and is thought to modulate the 
functions of this protein: transcriptional regulation, DNA 
repair, and/or cell cycle checkpoint control [25].  

In this study we have also shown that the exposure of 
cells to hypoxia and to a medium without glutamine or 
glucose leads to decrease in the expression level of 
mRNAs which encode for retinoblastoma like-1 protein 
and most of retinoblastoma binding proteins in control 
and in ERN1-deficient glioma cells. The expression lev-
els of KDM5A (lysine-specific demethylase 5A) and 
JARD1B (lysine-specific demethylase 5B) increase mainly 
in control and ERN1 knockdown glioma cells exposed to 
hypoxia and glutamine deprivation condition. This phe-
nomenon is probably due to induction of endoplasmic 
reticulum stress in hypoxic and nutrient starvation condi-
tions and results in suppression of anti-proliferative pro- 
teins via endoplasmic reticulum stress signaling systems. 
It is possible that the expression levels of genes, which 
encode retinoblastoma proteins and most of retinoblas-
toma binding proteins, depends not only on ERN1 sig-
naling enzyme, but also on two other signaling pathways: 
PERK (PKR-like endoplasmic reticulum kinase) and 
ATF6 (activating transcription factor 6), at least partly [4, 
17].  

The major finding reported here is that the expression 
of most tested genes that encode the retinoblastoma pro- 
teins and most of retinoblastoma binding proteins are 
dependent on the function of ERN1 signaling enzyme – 
both in normal and hypoxic or nutrient deprivation con-
ditions. It is possible that the retinoblastoma proteins and 
most of retinoblastoma binding or associated proteins 
participate in cell adaptive response to endoplasmic re-
ticulum stress associated with ischemia or nutrient dep-
rivation. However, the detailed molecular mechanisms of 
regulation of genes, which encode retinoblastoma pro-
teins and retinoblastoma binding or associated proteins, 

by ERN1 signaling system under ischemic and nutrient 
deprivation conditions is complex and warrants further 
study. 
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