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endoplasmic reticulum stress and hypoxia are necessary components of malignant tumors growth 
and suppression of erN1 (from endoplasmic reticulum to nuclei-1) signalling pathway, which is linked to the 
apoptosis and cell death processes, significantly decreases proliferative processes. Glioma cells with ERN1 
knockdown were used in order to investigate the effect of erN1 blockade on the expression of TP53, MDM2, 
PerP, and USP7 genes and its hypoxic regulation. We have studied the expression of TP53 (tumor protein 
53), MDM2 (TP53 e3 ubiquitin protein ligase homolog), PerP (TP53 apoptosis effector), and USP7 (ubiquitin 
specific peptidase 7) genes, which are related to cell proliferation and apoptosis, in glioma cells with ERN1 
knockdown under hypoxic condition. It was shown that blockade of erN1 gene function in U87 glioma cells 
intensified the expression of TP53 and USP7 genes, but decreased the expression of MDM2 and PERP genes. 
Thus, an enhanced expression of TP53 gene in erN1 knockdown glioma cells correlates with the decreased 
level of ubiquitin ligase MDM2 and increased expression level of USP7 which deubiquitinates TP53 and 
MDM2 and induces TP53-dependent cell growth repression and apoptosis. at the same time, the expression 
levels of TP53, MDM2, and USP7 genes do not change significantly in glioma cells with suppression of 
endoribonuclease activity only, but PerP gene expression is strongly increased. Moreover, the expression of 
TP53 and UPS7 genes is decreased in hypoxic conditions in control glioma cells only; however, MDM2 and 
PERP gene expressions are increased in both cell types, being more significant in ERN1 knockdown cells. 
Thus, the expression of genes encoding TP53 and related to TP53 factors depends upon the endoplasmic 
reticulum stress signaling as well as on hypoxia, and correlates with suppression of glioma growth under 
erN1 knockdown.
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E ndoplasmic reticulum stress and hypoxia are 
necessary components of malignant tumors 
growth [1–3]. Moreover, the endoplasmic 

reticulum stress response ERN1 (from endoplasmic 
reticulum to nuclei-1) signalling pathway is linked 
to the apoptosis and cell death processes and sup-
pression of its function significantly decreases the 
glioma growth [4, 5]. Malignant gliomas are highly 
aggressive tumors and are characterized by marked 
angiogenesis, extensive tumor cell invasion into the 
normal brain parenchyma and to date there is no ef-
ficient treatment available. The very poor prognosis 
and the moderate efficacy of conventional clinical 
approaches therefore emphasize the need for new 
therapeutic strategies. 

Hypoxia is associated with glioma development 
and locally induces an adaptive response which pro-
vides to tumor cells an enhanced survival and more 
agressive behaviour. A better knowledge of tumor 
responses to hypoxia is required to elaborate thera-
peutical strategies of cell sensibilization based on 
the blockade of survival mechanisms [1, 4]. The 
endoplasmic reticulum is a key organelle in the 
cell response to hypoxia, ischemia, and chemicals, 
which activate a complex set of signaling pathways 
named the unfolded protein response. This adap-
tive response is activated upon the accumulation of 
misfolded proteins in the endoplasmic reticulum and 
is mediated by three endoplasmic reticulum-resi-
dent sensors named ERN1, also known as inositol 
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requiring  enzyme-1, PERK (PRK-like ER kinase), 
and ATF6 (Activating Transcription Factor 6); howe-
ver, ERN1 is the dominant sensor of the unfolded 
protein response to the accumulation of misfolded 
proteins and represents a key regulator of life and 
death processes [1, 6, 7]. Misfolded proteins in the 
endoplasmic reticulum lumen activate two distinct 
catalytic domains of IRE1, which display serine/
threonine trans-autophosphorylation and endori-
bonuclease activities, respectively. ERN1-associated 
endoribonuclease activity is involved in the degra-
dation of a specific subset of mRNA and also initia-
tes the cytosolic splicing of the pre-XBP1 (X-box 
binding protein 1) mRNA whose mature transcript 
encodes a transcription factor that stimulates the ex-
pression of unfolded protein response specific genes 
[2, 8].

Tumor protein 53 (TP53) coordinates diverse 
cellular functions through the regulation of the ex-
pression of target genes, thereby inducing cell cy-
cle arrest and apoptosis [9]. Despite the intensity of 
TP53 investigation the molecular mechanisms by 
which it coordinates diverse cellular functions re-
main enigmatic. More than 100 physical or genetic 
interactions with TP53 have been identified to date 
[9]. The TP53 protein responds to diverse cellular 
stresses to regulate expression of target genes, there-
by inducing cell cycle arrest, apoptosis, senescence, 
DNA repair, or changes in metabolism. This protein 
is involved in cell cycle regulation as a trans-activa-
tor that acts to negatively regulate cell division by 
controlling a set of genes required for this process, 
including an inhibitor of cyclin-dependent kinases, 
via binding to gene specific response elements, but 
induction of necrosis by TP53 seems to be largely 
independent of transcription regulation [10, 11]. 

Activation of TP53 begins through a number of 
mechanisms including phosphorylation by different 
protein kinases as well as methylation and acetyla-
tion [12]. Phosphorylation of the amino terminus of 
p53 leads to a conformational change that prevents 
MDM2 (TP53 E3 ubiquitin protein ligase homolog) 
binding, resulting in its stabilization and allowing 
for increased interaction and acetylation by CBP/
p300 which enhance its transcriptional activity [9, 
13]. Moreover, the stability as well as functional ac-
tivity of TP53 depends upon multiple different fac-
tors [14–21].

Protein MDM2 is an E3 ubiquitin protein ligase 
that binds TP53 and targets TP53 for proteasomal 
degradation, but phosphorylation, cyclin-dependent  

kinase inhibitor 2A (CDKN2A) and ubiquitin spe-
cific peptidase 7 (USP7) prevent MDM2-TP53 
interac tions, leading to an increase in stable TP53 
tetramers in the cytoplasm. Moreover, MDM2 is 
thought to inhibit TP53 activity in two ways, firstly 
by ubiqui tinating TP53, resulting in its proteasomal 
degradation, and secondly by binding to a region that 
prevents the interaction of TP53 with TP300/CBP, 
thus inhibiting its transcriptional activity. Recently, 
the inhibition of the interaction between TP53 and 
MDM2 by a novel Aurora-A-mediated TP53 phos-
phorylation was identified [22].

The MDM2 oncogene has an important role in 
human carcinogenesis and various MDM2 inhibi-
tors, including antisense oligonucleotides, siRNA, 
and small molecule MDM2 inhibitors, have antitu-
mor activity in in vitro and in vivo human cancer 
models. Interestingly, the antisense MDM2 inhibi-
tors have a broad spectrum of antitumor activities in 
human cancers, showing the p53-independent func-
tions of MDM2 [23]. Thus, MDM2 promotes pro-
teasome-dependent ubiquitin-independent degrada-
tion of retinoblastoma RB1 protein. Non-degradable 
ubiquitination of the NOTCH1 receptor by the E3 
ubiquitin protein ligase MDM2 which activates the 
intracellular domain of NOTCH1 and its signalling 
pathway [24] was recently shown. 

The deubiquitinating enzyme USP7 (ubiquitin 
specific peptidase 7) also known as Herpes virus-
associated ubiquitin-specificprotease (HAUSP) is 
related to cell proliferation and apoptosis because it 
deubiquitinates TP53 and MDM2 and strongly sta-
bilizes TP53 even in the presence of excess MDM2, 
and also induces TP53-dependent cell growth repres-
sion and apoptosis [25]. Moreover, activity and func-
tion of deubiquitinating enzymes, including USP7 
enzyme, were regulated via post-translational modi-
fications [26]. Recently it was shown that deubiquiti-
nation of K (lysine) acetyltransferase 5 (KAT5) also 
known as TIP60 by USP7 determines the activity of 
the TP53-dependent apoptotic pathway in response 
to genotoxic stress [27]. Moreover, USP7 is a regula-
tor of ubiquitin-conjugating enzyme UbE2E1 in cells 
as well as together with DAXX regulate mitosis pro-
gression and taxane sensitivity by affecting stability 
of Aurora-A kinase [28, 29]. USP7 is also necessary 
for PTEN deubiquitination and trafficking in acute 
myeloid leukemia via interaction with nucleophos-
min as well as for NF-κB deubiquitination and TLR- 
and TNFR-induced transcription activation [30, 31].

Protein PERP, an apoptosis-associated target of 
TP53 tumor suppressor, which is selectively induced 
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during apoptosis, and the apoptotic pathway media-
ted by PERP is a critical mechanism employed by 
uveal melanoma tumours to modulate susceptibili-
ty to apoptosis [32, 33]. Moreover, loss of the TP53 
regu lated protein PERP promotes tumorigenesis 
[34]. Recently it was shown that PERP is reduced 
in human breast cancer cell lines and its deficiency 
alters mammary gland homeostasis and promotes 
cancer [35]. Moreover, PERP expression stabilizes 
active TP53 via modulation of TP53-MDM2 interac-
tion in melanoma cells [36].

The aim of this study was investigation of the 
effect of ERN1 knockdown on the expression of 
TP53, MDM2, PerP, and USP7 genes, which related 
to cell proliferation and apoptosis, and its hypoxic 
regulation in glioma cells.

materials and methods

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; Gib-
co, Invitrogen, USA) supplemented with glutamine 
(2 mM), 10% fetal bovine serum (Equitech-Bio, Inc., 
USA), penicillin (100 units/ml; Gibco) and strepto-
mycin (0.1 mg/ml; Gibco) at 37 °C in a 5% CO2 in-
cubator. In this work we used two sublines of this 
glioma cell line. One subline was obtained by selec-
tion of stable transfected clones with overexpression 
of vector (pcDNA3.1), which was used for creation 
of dominant-negative constructs (dnERN1). This un-
treated subline of glioma cells (control glioma cells) 
was used as control 1 in the study of effects of hy-
poxia on the expression level of TP53, MDM2, USP7, 
and PerP genes. Second subline was obtained by 
selection of stable transfected clones with overex-
pression of dnERN1 and suppressed both protein 
kinase and endoribonuclease activities of this bi-
functional sensing and signaling enzyme of endo-
plasmic reticulum stress. These cells were obtained 
from prof. M. Moenner (France) [4]. The expression 
level of studied genes in these cells was compared 
with cells, transfected by vector (control 1), but the 
subline which overexpressed dnERN1 was also used 
as control 2 for investigation of the effect of hypoxia 
condition on the expression level of these genes un-
der 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 conditions 
for 16 hrs.

The suppression level of ERN1 both enzymatic 
activity in glioma cells that overexpress a dominant-
negative construct of endoplasmic reticulum–
nuclei-1 (dnERN1) was previously shown by 
analysis of the expression of XBP1 alternative splice 
variant (XBP1s), a key transcription factor in ERN1 
signaling, and the level of ERN1 phosphorylated 
isoform using cells treated by tunicamycin (0.01 mg/
ml for 2 hours) [37]. Moreover, the proliferation rate 
of ERN1 knockdown glioma cells is decreased more 
than twice [4].

The dominant-negative ERN1 endoribonuclease 
mutant (GenBank accession number JQ425696) was 
obtained by truncation of the carboxy-terminal 78 
amino acids of ERN1. The mutant was obtained 
by inserting a “GATC” motif at position 2812 
of the BglII restriction site –2799-tctgtcagagatc 
“GATC” tcctccgagccatgagaaataa-2833. The frame 
shift insertion generates a stop codon 19 bases 
later. The wild type ERN1 amino acids sequence 
at positions 896-907 is –SvRDLLRAMRNK- 
and the C-terminal sequence of the mutant is 
–SvRDRSPPSHEKCOO-. The final sequence was 
cloned in a pcDNA3.1 plasmid and was controlled 
by DNA sequencing before transfection in U87 
glioma cells. Clones were received by selection at 
0.8 mg/ml G418 (neomycin).

The analysis of ERN1 functional activity in 
glioma cells that overexpress a dnrERN1 (ERN1  
with mutated endoribonuclease) has estimated by 
determining the expression level of XBP1  alterna-
tive splice variant (XBP1s), a key transcription factor 
in ERN1 signaling, using cells treated by tunicamy-
cin (0.01 mg/ml during 2 hrs). As shown in Fig. 1, 
treatment of control (transfected by vector) glioma 
U87 cells with tunicamycin leads to the formation 
of an alternative splice variant of XBP1 while in 
cells transfected by dnrERN1 the alternative splic-

Fig. 1. effect of tunicamycin (0.01 mg/ml – 2 hrs) 
on the mrNa level of transcription factor XBP1 and 
its alternative splice variant (XBP1s) in glioma U87 
cells stable transfected with vector and dnrerN1: 
reverse-transcriptase-mediated Pcr analysis
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ing of XBP1 is completely blocked. Alternative 
splice variant of XBP1 mRNA is a shorter variant 
which encodes a longer protein isoform of the tran-
scription factor. Moreover, the proliferation rate of 
glioma cells with mutated ERN1 endoribonuclease 
is decreased more than 5 times (Fig. 2). Thus, the 
blockade of endoribonuclease activity of signaling 
enzyme ERN1 has more strong effect on prolifera-
tion rate of glioma cells than the blockade of both 
kinase and endoribonuclease activities.

rNa isolation. Total RNA was extracted from 
glioma cells as previously described [38]. 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. 

reverse transcription and quantitative Pcr 
analysis. QuaniTect Reverse Transcription Kit 
(QIAGEN, Germany) was used for cDNA synthesis 
as described previously [37]. The expression level 
of TP53, MDM2, USP7, and RERP mRNA were 
measu red in glioma cell line U87 and its subline 
(clone 1C5) by real-time quantitative polymerase 
chain reaction using “Mx 3000P QPCR” (Stratagene, 
USA) and Absolute qPCR SyBRGreen Mix (Ther-
mo Fisher Scientific, ABgene House, UK). Polymer-
ase chain reaction was performed in triplicate. 

For amplification of tumor protein 53 (TP53) 
cDNA we used next primers: forward 5′-GGCC-
CACTTCACCGTACTAA-3′ and reverse 5′-GTG-
GTTTCAAGGCCAGATGT-3’. The nucleotide se-
quences of these primers correspond to sequences 
1694-1713 and 1849-1830 of human TP53 cDNA 
(GenBank accession number NM_000546). The size 
of amplified fragment is 159 bp. 

The amplification of the cDNA of MDM2 p53 
binding protein homolog(MDM2) also known as p53 
E3 ubiquitin protein ligase homolog was performed 
using forward primer (5′-CAGCTTCGGAACAA-
GAGACC-3′) and reverse primer (5′-GTCCGAT-
GATTCCTGCTGAT-3′). These oligonucleotides 
correspond to sequences 364-383 and 656-637 of 
human MDM2 cDNA (GenBank accession num-
ber NM_002392). The size of amplified fragment is 
293 bp. 

The amplification of the ubiquitin specific 
peptidase 7(USP7) also known as Herpes virus-as-
sociated ubiquitin-specific protease (HAUSP) cDNA 
for real time RCR analysis was performed using two 
oligonucleotides primers: forward – 5′-GTTATAGG-
GATGGCCCAGGT-3′ and reverse – 5′-TCCACG-

Fig. 2. Proliferation rate of control glioma U87 cells 
stable transfected with vector (Vector), erN1 knock-
down cells (dnerN1) and glioma cells with blockade 
only endoribonuclease activity of erN1 (dnrerN1). 
results represented as percent of control (100%); 
n = 5; * P < 0.05 as compared to control (Vector)

GCCTTTTTACATTC-3′. The nucleotide sequences 
of these primers correspond to sequences 2730-2749 
and 2988-2969 of human USP7 cDNA (GenBank ac-
cession number NM_003470). The size of amplified 
fragment is 259 bp. 

For amplification of TP53 apoptosis effector 
(PERP) also known as p53-induced protein (PIGPC1) 
cDNA we used forward 5′-CATGCTCTTCTGTG-
GCTTCA-3′ and reverse 5′-AAAGCCGTAGGC-
CCAGTTAT-3′ primers. The nucleotide sequences 
of these primers correspond to sequences 420-439 
and 648-810 of human PERP cDNA (GenBank ac-
cession number NM_022121). The size of amplified 
fragment is 229 bp.

The amplification of β-actin (ACTB) cDNA 
was performed using forward – 5′-GGACTTC-
GAGCAAGAGATGG-3′ and reverse - 5′-AGCACT-
GTGTTGGCGTACAG-3′ primers. These primers 
nucleo tide sequences correspond to 747-766 and 
980-961 of human acTB cDNA (GenBank accession 
number NM_001101). The size of amplified frag-
ment is 234 bp. The expression of β-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 Expres-
sion Calculator. Statistical analysis was performed 
according to Student’s test using OriginPro 7.5 soft-
ware. The values of TP53, MDM2, USP7, and PERP 
mRNA expressions were normalized to the expres-
sion of β-actin mRNA and represented as percent of 
control (100%). All values are expressed as mean ± 
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SEM from triplicate measurements performed in 4 
independent experiments. 

Results and discussions

It was shown that blockade of ERN1 signaling 
enzyme function in U87 glioma cells has increased 
the expression of TP53 and USP7 genes (P < 0.05), 
being more significant for TP53 gene (Fig. 3). At the 
same time, the expression of MDM2 and PerP genes 
is significantly decreased (P < 0.05) in glioma cells 
with ERN1 knockdown. Thus, an enhanced expres-
sion of TP53 gene correlates with a decreased level 
of ubiquitin ligase MDM2 and increased expres-
sion level of USP7 which deubiquitinates TP53 and 
MDM2 and induces TP53-dependent cell growth 
repression and apoptosis.

As shown in Fig. 4, the expression level of TP53 
gene did not change significantly in glioma cells 
with suppressed endoribonuclease activity of ERN1 
signaling enzyme compared to control glioma cells, 
but tunicamycin, the inductor of endoplasmic reticu-
lum stress, strongly induced TP53 gene expression 
(P < 0.05) in these glioma cells. Similar result was 
received with MDM2 gene (Fig. 5). Thus, blockade 
of ERN1 endoribonuclease activity did not change 
significantly the expression level of MDM2 gene and 
tunicamycin also induced its expression (P < 0.05), 
but not too strongly. Moreover, endoribonuclease 

Fig. 3. expression of TP53, MDM2, USP7, and PerP mrNa in glioma cell line U87, transfected with vector, 
and its subline with a deficiency of the signaling enzyme ERN1 (dnERN1) measured by qPCR. values of TP53, 
MDM2, USP7, and PERP mRNa expressions were normalized to β-actin mRNa expression and represented 
as percent of control (100%); n = 4; * P < 0.05 as compared to control (0)
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ERN1 knockdown did not affect USP7 gene ex-
pression; however, tunicamycin had negative effect 
on USP7 gene expression (P < 0.05) in these cells 
(Fig. 6).

At the same time, the expression level of PerP 
gene is strongly (3 fold; P < 0.05) induced in glioma 
cells upon blockade of ERN1 endoribonuclease ac-
tivity (Fig. 7). Moreover, cells with endoribonucle-
ase ERN1 knockdown treated by tunicamycin have 
shown a decreased level of PerP gene expression 
compared to non-treated cells.

As shown in Fig. 8, the expression level of TP53 
gene is decreased in control glioma cells but was re-
sistant to hypoxic condition in ERN1 knockdown 
glioma cells. At the same time, hypoxia significantly 
up-regulated MDM2 gene expression (P < 0.05) in 
both types of glioma cells (Fig. 9). Thus, the effect of 
hypoxia on the expression of MDM2 gene depends 
upon blockade of ERN1 endoribonuclease activi ty. 
The expression of USP7 and PerP genes are re-
sponsible for hypoxia, but in different ways (Fig. 10 
and 11). Thus, hypoxia decreased the expression of 
USP7 gene (P < 0.05) and increased the expression 
of PerP gene (P < 0.05) in control glioma cells; 
however, the blockade of ERN1 signaling enzyme 
function  eliminated the effect of hypoxia on the ex-
pression of USP7 gene and enhanced its effect on the 
expression of PerP gene.
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Fig. 4. expression of tumor protein (TP53) mrNa in glioma cell line U87 (Vector) and its subline with a de-
ficiency of both enzymatic activities of the signaling enzyme ERN1 (dnERN1) or without endoribonuclease 
activity only (dnrerN1) measured by qPcr. dnrerN1+t – dnrerN1 cells treated by tunicamycin (0.01 mg/
ml – 2 hrs). values of TP53 mRNa expressions were normalized to β-actin mRNa expression and represented 
as percent of control (100%); n = 4; * P < 0.05 as compared to control; ** P < 0.05 as compared to dnrerN1

Fig. 5. The expression of MDM2 p53 binding protein homolog (MDM2) mrNa in glioma cell line U87 (Vector) 
and its subline with a deficiency of both enzymatic activities of the signaling enzyme ERN1 (dnERN1) or with-
out endoribonuclease activity only (dnrerN1) measured by qPcr. dnrerN1+t – dnrerN1 cells treated by 
tunicamycin (0.01 mg/ml – 2 hrs). values of MDM2 mRNa expressions were normalized to β-actin mRNa ex-
pression and represented as percent of control (100%); n = 4; * P < 0.05 as compared to control; ** P < 0.05 
as compared to dnrerN1

In this study we have shown that blockade of 
ERN1 signaling enzyme function in U87 glioma 
cells affected the expression level of TP53 and TP53-
relatedgenes in different ways: increased the expres-
sion of TP53 and USP7 genes and decreased MDM2 
and PerP genes. Thus, an enhanced expression of 
TP53 gene correlates with a decreased level of ubi-

quitin ligase MDM2 and increased expression level 
of USP7 which deubiquitinates TP53 and MDM2 
and induces TP53-dependent cell growth repression 
and apoptosis. These results agree with data of [4, 5] 
that the suppression of ERN1 signaling enzyme 
function significantly decreases the glioma growth 
and that the endoplasmic reticulum stress response 
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Fig. 6. Expression of ubiquitin specific peptidase 7 (USP7) mRNa in glioma cell line U87 (vector) and its sub-
line with a deficiency of both enzymatic activities of the signaling enzyme ERN1 (dnERN1) or without endori-
bonuclease activity only (dnrerN1) measured by qPcr. dnrerN1+t – dnrerN1 cells treated by tunicamycin 
(0.01 mg/ml – 2 hrs). values of USP7 mRNa expressions were normalized to β-actin mRNa expression and 
represented as percent of control (100 %); n = 4; * P < 0.05 as compared to control; ** P < 0.05 as compared 
to dnrerN1

Fig. 7. TP53 apoptosis effector (PerP) mrNa expression in glioma cell line U87 (Vector) and its subline 
with a deficiency of both enzymatic activities of the signaling enzyme ERN1 (dnERN1) or without endoribo-
nuclease activity only (dnrerN1) measured by qPcr. dnrerN1+t – dnrerN1 cells treated by tunicamycin 
(0.01 mg/ml – 2 hrs). values of PERP mRNa expressions were normalized to β-actin mRNa expression and 
represented as percent of control (100%); n = 4; * P < 0.05 as compared to control; ** P < 0.05 as compared 
to dnrerN1
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ERN1 signalling pathway is linked to the apoptosis 
and cell death processes and is a necessary compo-
nent of malignant tumors growth [1–3].

However, results of our investigation demon-
strate that the expression level of TP53 gene as well 
as MDM2 and USP7 genes did not change signifi-
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Fig. 8. effect of hypoxia on the expression of TP53 mrNa in glioma cell line U87 (Vector) and its subline with 
a deficiency of the signaling enzyme ERN1 (dnERN1) measured by qPCR. values of TP53 mRNa expressions 
were normalized to β-actin mRNa expression and represented as percent of control (100%); n = 4; * P < 0.05 
as compared to control 1; ** P < 0.05 as compared to control 2

Fig. 9. The expression of MDM2 mRNa in glioma cell line U87 (vector) and its subline with a deficiency of the 
signaling enzyme ERN1 (dnERN1): effect of hypoxia. values of MDM2 mRNa expressions were normalized to 
beta-actin mrNa expression and represented as percent of control (100%); n = 4; * P < 0.05 as compared to 
control 1; ** P < 0.05 as compared to control 2
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cantly in glioma cells with suppressed endoribo-
nuclease activity of ERN1 signaling enzyme only 
compared to control glioma cells. Thus, the changes 
in the expression level of TP53, MDM2 and USP7 
genes in glioma cells with blockade of both enzy-
matic activities of ERN1 are possibly mediated by 
ERN1 kinase activity, but not ERN1 endoribonu-
clease activity. At the same time, the blockade of 
ERN1 endoribonuclease activity in glioma cells 

significantly enhances the expression of PerP gene 
while complete ERN1 knockdown (both enzymatic 
activities) leads to suppression of this gene expres-
sion. We have also shown that the expression level 
of PERP mRNA in glioma cells is significantly de-
creased compared to normal human astrocytes and 
these results correlate with reduced expression of 
PerP gene in human breast cancer cell lines [35]. 
Moreover, in glioma cells with ERN1 endoribonu-
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Fig. 10. effect of hypoxia on the expression of USP7 mrNa in glioma cell line U87 (Vector) and its subline with 
a deficiency of the signaling enzyme ERN1 (dnERN1) measured by qPCR. values of USP7 mRNa expressions 
were normalized to β-actin mRNa expression and represented as percent of control (100%); n = 4; * P < 0.05 
as compared to control 1; ** P < 0.05 as compared to control 2

Fig. 11. TP53 apoptosis effector mrNa expression in glioma cell line U87 (Vector) and its subline with a de-
ficiency of the signaling enzyme ERN1 (dnERN1): effect of hypoxia. values of PERP mRNa expressions were 
normalized to β-actin mRNa expression and represented as percent of control (100%); n = 4; * P < 0.05 as 
compared to control 1; ** P < 0.05 as compared to control 2

clease knockdown the expression level of PerP 
gene is increased up to level in normal astrocytes 
and this data argues with strong suppression of these 
cells proliferation by stabilization of active TP53 
via modulation of TP53-MDM2 interaction [32]. It 
is possible that both enzymatic activities of ERN1 
contribute to the regulation of PerP gene expres-
sion. Thus, the exact mechanism of the regulation of 

PerP gene expression by ERN1 signaling system 
requires further investigation.

In this study we have shown that hypoxia af-
fects the expression level of TP53 and TP53–related 
genes in different ways, being more significant for 
MDM2 and PerP genes. Thus, hypoxia modifies 
these gene expressions in control glioma cells but 
the effect of hypoxia on MDM2 and PerP gene ex-
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pressions depends on ERN1 activity like many other 
genes [37, 39, 40]. 

Results of this investigation clearly demon-
strated that the expression of genes encoding TP53, 
MDM2, USP7, and PerP depended on the endoplas-
mic reticulum stress signaling via ERN1 enzyme 
and correlated with suppression of tumor growth. 
Moreover, the expression of TP53, MDM2, and USP7 
genes was not responsible for blockade of ERN1 en-
doribonuclease activity in glioma cells, but PerP 
gene is strongly overexpressed in these cells as com-
pared to control glioma cells. Moreover, the blocka-
de of ERN1 endoribonuclease activity increases 
PerP gene expression close to its level in normal 
astrocytes. The expression of TP53 and USP7 genes 
is decreased by hypoxia in control glioma cells only, 
but MDM2 and PerP gene expressions is increased 
in both types of glioma cells being more significant 
in cells with suppressed function of ERN1 signaling  
enzyme. Thus, the expression of genes encoding 
TP53 and related to TP53 factors depended on endo-
plasmic reticulum stress signaling as well as hypoxia 
and correlate with suppression of glioma growth un-
der ERN1 knockdown.

Пригнічення ERN1 модифікує 
регуляцію ексПресії генів TP53, 
MDM2, USP7 та PERP у клітинах 
гліоми лінії U87 за гіПоксії

С. В. Даніловський1, Д. o. Мінченко1,2,
О. С. Молявко1, Л. Л. Карбовський1, 
o. В. Ковалєвська1, o. Г. Мінченко1

1інститут біохімії ім. о. В. палладіна 
нан України, київ;

e-mail: ominchenko@yahoo.com;
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ім. о. о. богомольця, київ, Україна

Стрес ендоплазматичного ретикулума і 
гіпоксія є необхідними компонентами росту 
злоякісних пухлин і пригнічення ERN1 (від ендо-
плазматичного ретикулума до ядра-1) сигналь-
ного шляху, який пов’язує апоптоз із процесами 
смерті клітин, значно зменшує інтенсивність 
процесів проліферації. нами досліджено 
експресію генів TP53 (tumor protein53), MDM2 
(TP53 E3 ubiquitin protein ligase homolog), PerP 
(TP53 apoptosis effector) та USP7 (ubiquitin 
specific peptidase 7), які мають безпосереднє 
відношення до процесів проліферації та апопто-
зу в клітинах гліоми із пригніченою функцією 

ERN1 в умовах гіпоксії. Встановлено, що бло-
када функції ERN1 у клітинах гліоми лінії U87 
посилює експресію генів TP53 та USP7, але 
зменшує рівень експресії генів MDM2 та PerP. 
таким чином, посилена експресія гена TP53 
в клітинах гліоми із пригніченою функцією 
ERN1 повністю узгоджується зі зниженим 
рівнем експресії убіквітинлігази MDM2 та 
підвищеним рівнем USP7, яка деубіквітинує 
TP53 та MDM2, індукуючи, таким чином, TP53-
залежну репресію росту пухлинних клітин та 
їх апоптоз. У той самий час, рівень експресії 
генів TP53, MDM2 та USP7 у клітинах гліоми 
із пригніченою лише ендорибонуклеазною 
активністю ERN1 істотно не змінюється, але 
рівень експресії гена PerP при цьому силь-
но збільшується. більше того, експресія генів 
TP53 та UPS7 зменшується за гіпоксії лише в 
контрольних клітинах гліоми, тоді як експресія 
генів MDM2 та PerP посилюється в обох ти-
пах клітин, хоча значно сильніше в клітинах із 
пригніченим ERN1. результати роботи проде-
монстрували, що експресія генів TP53, MDM2, 
UPS7 та PerP залежить від сигнального шля-
ху стресу ендоплазматичного ретикулума та 
гіпоксії і корелює зі зниженням росту гліоми за 
пригнічення функції ERN1.

к л ю ч о в і  с л о в а: експресія мрнк, TP53, 
MDM2, USP7, PERP, ERN1, клітини гліоми, 
гіпоксія.

угнетение ERN1 модифицирует 
гиПоксическую регуляцию 
эксПрессии генов TP53, MDM2, 
USP7 и PERP в клетках глиомы 
линии U87 
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Стресс эндоплазматического ретикулума и 
гипоксия являются необходимыми компонента-
ми роста злокачественных опухолей и угнете-
ние ERN1 (от эндоплазматического ретикулума 
к ядру-1) сигнального пути, который связывает 
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апоптоз с процессами смерти клеток, значитель-
но уменьшает интенсивность процессов про-
лиферации. мы исследовали экспрессию генов 
TP53 (tumor protein 53), MDM2 (TP53 E3 ubiquitin 
protein ligase homolog), PerP (TP53 apoptosis 
effector) и USP7 (ubiquitin specific peptidase 7), 
которые имеют непосредственное отношение 
к процессам пролиферации и апоптоза, в клет-
ках глиомы с угнетенной функцией ERN1 при 
гипоксии. Установлено, что блокада функции 
ERN1 в клетках глиомы линии U87 усилива-
ет экспрессию генов TP53 и USP7, но снижает 
уровень экспрессии генов MDM2 и PerP. та-
ким образом, усиленная экспрессия гена TP53 в 
клетках глиомы с угнетенной функцией ERN1 
полностью согласуется со снижением уровня 
экспрессии убиквитинлигазы MDM2 и повыше-
нием уровня USP7, которая деубиквитинирует 
TP53 и MDM2, индуцируя, таким образом, TP53-
зависимую репрессию роста опухолевых клеток 
и их апоптоз. В то же время, уровень экспрессии 
генов TP53, MDM2 и USP7 в клетках глиомы с 
блокадой лишь эндорибонуклеазной активности 
ERN1 существенно не изменяется, но уровень 
экспрессии гена PerP при этом сильно увели-
чивается. больше того, экспрессия генов TP53 
и UPS7 уменьшается при гипоксии лишь в кон-
трольных клетках глиомы, тогда как экспрессия 
генов MDM2 и PerP усиливается в обоих типах 
клеток, хотя значительно сильнее в клетках с по-
давленной активностью ERN1. результаты рабо-
ты продемонстрировали, что экспрессия генов 
TP53, MDM2, UPS7 и PerP зависит от сигналь-
ного пути стресса эндоплазматического ретику-
лума и гипоксии и коррелирует со снижением 
роста глиомы при блокаде функции ERN1.

к л ю ч е в ы е  с л о в а: экспрессия мрнк, 
TP53, MDM2, USP7, PERP, ERN1, клетки глио-
мы, гипоксия.

References

1. Moenner M., Pluquet o., Bouchecareilh M., 
chevet e. Integrated endoplasmic reticulum 
stress responses in cancer // Cancer Res. – 
2007. – 67, N 22. – P. 10631–10634.

2. Schröder M. Endoplasmic reticulum stress 
responses // Cell. Mol. Life Sci. – 2008. – 65, 
N 6. – P. 862–894. 

3. Wang S., kaufman r. J. The impact of the 
unfolded protein response on human disease // J. 
Cell. Biol.– 2012. – 197, N 7. – P. 857–887.

4. auf G., Jabouille a., Guerit S., Pineau R., 
Delugin M., Bouchecareilh M., Favereaux a., 
Maitre M., Gaiser T., von Deimling a., 
Czabanka M., vajkoczy P., Chevet E., Bikfalvi a. 
Moenner M. A shift from an angiogenic to 
invasive phenotype induced in malignant glioma 
by inhibition of the unfolded protein response 
sensor IRE1 // Proc. Natl. Acad. Sci. USA. – 
2010. – 107, N 35. – P. 15553–15558.

5. Drogat B., auguste P., Nguyen D. T., Bouche-
careilh M., Pineau r., Nalbantoglu J., 
kaufman r. J., chevet e., Bikfalvi a., Moenner M. 
IRE1 signaling is essential for ischemia-induced 
vascular endothelial growth factor-A expression 
and contributes to angiogenesis and tumor 
growth in vivo // Cancer Res. – 2007. – 67, 
N 14. – P. 6700–6707.

6. Schröder M., kaufman r. J. The mammalian 
unfolded protein response // Annu. Rev. 
Biochem. – 2005. – 74. – P. 739–789.

7. Zhang k., kaufman r. J. The unfolded protein 
response: a stress signaling pathway critical for 
health and disease // Neurology. – 2006. – 66, 
N 2 (Suppl. 1). – P. S102–S109.

8. hollien J., lin J. h., li h., Stevens N., Walter P., 
Weissman J. S. Regulated Ire1-dependent decay 
of messenger RNAs in mammalian cells // J. 
Cell. Biol. – 2009. – 186, N 3. – P. 323–331.

9. Mills k. D. Tumor suppression: putting p53 
in context // Cell Cycle. – 2013. – 12, N 22. – 
P. 3461–3462.

10. Golubovskaya v. M., Cance W. G. Targeting 
the p53 pathway // Surg. Oncol. Clin. N. Am. – 
2013. – 22, N 4. – P. 747–764. 

11. Dent P. Non-canonical p53 signaling to promote 
invasion // Cancer Biol. Ther. – 2013. – 14, 
N 10. – P. 879–880.

12. lee S. k., kim y. S. Phosphorylation of eIF2α 
attenuates statin-induced apoptosis by inhibiting 
the stabilization and translocation of p53 to the 
mitochondria // Int. J. Oncol. – 2013. – 42, N 3. – 
P. 810–816. 

13. chen D., Zhang J., li M., rayburn e. r., 
Wang h., Zhang r. RyBP stabilizes p53 by 
modulating MDM2 // EMBO Rep. – 2009. – 10, 
N 2. – P. 166–172. 

екСпериментальні роботи



ISSN 0201 — 8470. Ukr. Biochem. J., 2014, Vol. 86, N 4 101

14. Shahbazi J., lock R., liu T. Tumor protein 
53-induced nuclear protein 1 enhances p53 
function and represses tumorigenesis // Front. 
Genet. – 2013. – 4. – P. 80. 

15. Thomas S. E., Malzer E., ordonez a., Dal-
ton l. e., van’t Wout e. F., liniker e., 
crowther D. c., lomas D. a., Marciniak S. J. 
p53 and translation attenuation regulate distinct 
cell cycle checkpoints during ER stress // J. Biol. 
Chem. – 2013. – 288, N 11. – P. 7606–7617. 

16. yang X., li h., Zhou Z., Wang W. h., 
Deng a., andrisani o., liu X. Plk1-mediated 
phosphorylation of Topors regulates p53 stability 
// J. Biol. Chem. – 2009. – 284, N 28. – P. 18588–
18592. 

17. Budanov a. V., karin M. p53 target genes sestrin1 
and sestrin2 connect genotoxic stress and mTOR 
signaling // Cell. – 2008. – 134, N 3. – P. 451–460.

18. Shinbo y., Taira T., Niki T., Iguchi-ariga S. M., 
ariga h. DJ-1 restores p53 transcription activi-
ty inhibited by Topors/p53BP3 // Int. J. Oncol. – 
2005. – 26, N 3. – P. 641–648.

19. Weger S., hammer e., heilbronn r. Topors acts 
as a SUMO-1 E3 ligase for p53 in vitro and 
in vivo // FEBS Lett. – 2005. – 579, N 22. – 
P. 5007–5012. 

20. Velasco-Miguel S., Buckbinder l., Jean P., 
Gelbert l., Talbott R., laidlaw J., Seizinger B., 
kley N. PA26, a novel target of the p53 tumor 
suppressor and member of the GADD family of 
DNA damage and growth arrest inducible genes 
// Oncogene. – 1999. – 18, N 1. – P. 127–137.

21. apostolidis P. a., lindsey S., Miller W. M., 
Papoutsakis e. T. Proposed megakaryocytic 
regulon of p53: the genes engaged to control 
cell cycle and apoptosis during megakaryocytic 
differentiation // Physiol. Genomics. – 2012. – 
44, N 12. – P. 638–650.

22. Hsueh k. W., Fu S. l., Chang C. B., ChangчY. l., 
lin c. h. A novel Aurora-A-mediated phospho-
rylation of p53 inhibits its interaction with 
MDM2 // Biochim. Biophys.Acta. – 2013. – 
1834, N 2. – P. 508–515.

23. Zhang Z., Zhang Z., cheng J., li M., Wang W., 
Xu W., Wang h., Zhang r. Transcription 
factor NFAT1 activates the mdm2 oncogene 
independent of p53 // J. Biol. Chem. – 2012. – 
287, N 36. – P. 30468–30476.

24. Pettersson S., Sczaniecka M., Mclaren l.  Non-
degradative ubiquitination of the Notch1 receptor 
by the E3 ligase MDM2 activates the Notch 

signalling pathway // Biochem. J. – 2013. – 450, 
N 3. – P. 523–536.

25. Nicholson B., Suresh kumar k. G. The 
multifaceted roles of USP7: new therapeutic 
opportunities // Cell. Biochem. Biophys. – 
2011. – 60, N 1–2. – P. 61–68.

26. kessler B. M., edelmann M. J. PTMs in 
conversation: activity and function of 
deubiquitinating enzymes regulated via post-
translational modifications // Cell. Biochem. 
Biophys. – 2011. – 60, N 1–2. – P. 21–38.

27. Dar a., Shibata e., Dutta a. Deubiquitination 
of Tip60 by USP7 determines the activity of the 
p53-dependent apoptotic pathway // Mol. Cell. 
Biol. – 2013. – 33, N 16. – P. 3309–3320. 

28. Sarkari F., Wheaton k., la Delfa a., Moha-
med M., Shaikh F., khatun r., arrowsmith c. h., 
Frappier l., Saridakis V., Sheng y. Ubiquitin-
specific protease 7 is a regulator of ubiquitin-
conjugating enzyme UbE2E1 // J. Biol. Chem. – 
2013. – 288, N 23. – P. 16975–16985.

29. Giovinazzi S., Morozov v. M., Summers M. k., 
reinhold W. c., Ishov a. M. USP7 and Daxx 
regulate mitosis progression and taxane 
sensitivity by affecting stability of Aurora-A 
kinase // Cell Death Differ. – 2013. – 20, N 5. – 
P. 721–731.

30. Noguera N. I., Song M. S., Divona M., cata-
lano G., Calvo k. l., García F., ottone T., 
Florenzano F., Faraoni i., Battistini l., 
Colombo E., amadori S., Pandolfi P. P., lo-
coco F. Nucleophosmin/B26 regulates PTEN 
through interaction with HAUSP in acute 
myeloid leukemia // Leukemia. – 2013. – 27, 
N 5. – P. 1037–1043.

31. colleran a., collins P. e., o’carroll c., 
ahmed a., Mao X., McManus B., kiely P. a., 
Burstein e., carmody r. J. Deubiquitination 
of NF-κB by Ubiquitin-Specific Protease-7 
promotes transcription // Proc. Natl. Acad. Sci. 
USA. – 2013. – 110, N 2. – P. 618–623.

32. Davies l., Gray D., Spiller D., White M. R., 
Damato B., Grierson i., Paraoan l. P53 apoptosis 
mediator PERP: localization, functionn and 
caspase activation in uveal melanoma // J. Cell. 
Mol. Med. – 2009. – 13, N 8B. – P. 1995–2007. 

33. Ihrie r. a., attardi l. D. Perp-etrating p53-
dependent apoptosis // Cell Cycle. – 2004. – 3, 
N 3. – P. 267–269.

34. Beaudry v. G., Jiang D., Dusek R. l., 
Park E. J., knezevich S., Ridd k., vogel H., 

S. v. DANILOvSKyI, D. O. MINCHENKO, O. S. MOLIAvKO et al.



ISSN 0201 — 8470. Ukr. Biochem. J., 2014, Vol. 86, N 4102

Bastian B. c., attardi l. D. Loss of the p53/p63 
regulated desmosomal protein Perp promotes 
tumorigenesis // PLoSGenet. – 2010. – 6, N 10. – 
P. E1001168.

35. Dusek r. l., Bascom J. l., Vogel h., Baron S., 
Borowsky a. D., Bissell M. J., attardi l. D. 
Deficiency of the p53/p63 target Perp alters 
mammary gland homeostasis and promotes 
cancer // Breast Cancer Res. – 2012. – 14, N 2. – 
P. R65.

36. Davies l., Spiller D., White M. R., Grierson i., 
Paraoan l. PERP expression stabilizes active 
p53 via modulation of p53-MDM2 interaction in 
uveal melanoma cells // Cell Death Dis. – 2011. – 
2. – P. e136. 

37. Minchenko D. О., kubajchuk К.І., Ratushna o. o., 
komisarenko S. V., Minchenko o. h. The effect 
of hypoxia and ischemic condition on the 
expression of vEGF genes in glioma U87 cells is 
dependent from ERN1 knockdown // Adv. Biol. 
Chem. – 2012. – 2, N 2. – P. 198–206.

38. Minchenko o. h., opentanova I. l., Minchen-
ko D. o., ogura T., esumi h. Hypoxia induces 
transcription of 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase 4 gene via hypoxia-
inducible factor-1alpha activation // FEBS Lett. – 
2004. – 576, N 1–2. – P. 14–20.

39. Minchenko D. О., karbovskyi l. l., Danilovs-
kyi S. V., kharkova a. P., Minchenko o. h. 
Expression of casein kinase genes in glioma 
cell line U87: effect of hypoxia and glucose or 
glutamine deprivation // Nat. Sci. – 2012. – 4, 
N 1. – P. 38–46.

40. Minchenko D. О., karbovskyi l. l., Danilovs-
kyi S. V., Moenner M., Minchenko o. h. 
Effect of hypoxia and glutamine or glucose 
deprivation on the expression of retinoblastoma 
and retinoblastoma-related genes in ERN1 
knockdown glioma U87 cell line // Am. J. Mol. 
Biol. – 2012. – 2, N 1. – P. 21–31.

Received 04.12.2013

екСпериментальні роботи


