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Inhibition of IREI (inositol requiring enzyme-1), the major signaling pathway of endoplasmic reticu-
lum stress, significantly decreases glioma cell proliferation and tumor growth. We have studied the expression
of TNFo-related genes and effect of glucose deprivation on these gene expressions in U87 glioma cells over-
expressing dominant-negative IREI defective in both kinase and endonuclease (dn-IRE]I) activity of IREI with
hopes of elucidating its contribution to IREI mediated glioma growth. We have demonstrated that glucose
deprivation condition leads to down-regulation of the expression of TNFRSFI11B, TNFRSFI1A, TNFRSFI10D/
TRAILR4, and LITAF genes and up-regulation of TNFRSFIOB/TRAILR2/DRS5 gene at the mRNA level in
control glioma cells. At the same time, the expression of TNFRSF21/DR6, TNFAIPI, TNFAIP3, TRADD, and
CD70/TNFSF7 genes in control glioma cells is resistant to glucose deprivation condition. The inhibition of
IRE] modifies the effect of glucose deprivation on LITAF, TNFRSF21, TNFRSF1IB, and TRADD gene expres-
sions and induces sensitivity to glucose deprivation condition the expression of TNFRSFI10B, TNFRSFI1A, and
CD70 genes. We have also demonstrated that the expression of all studied genes is affected in glioma cells
by inhibition of IREI, except TNFRSFIA gene, as compared to control glioma cells. Moreover, the changes
in the expression of TNFRSFIA, TNFRSFIOD/TRAILR4, and LITAF genes induced by glucose deprivation
condition have opposite orientation to that induced by inhibition of IREI. The present study demonstrates that
fine-tuning of the expression of TNFa-induced proteins and TNF receptor superfamily genes, which related
to cell death and proliferation, is regulated by IREI, an effector of endoplasmic reticulum stress, as well as
depends on glucose deprivation in gene specific manner. Thus, the inhibition of kinase and endoribonuclease
activity of IREI correlates with deregulation of TNFo-induced protein genes and TNF receptor superfamily
genes in gene specific manner and thus slower the tumor growth.
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he endoplasmic reticulum (ER) is the prima-

I ry organelle able to activate a distinct cel-
lular stress response, termed the Unfolded
Protein Response (UPR), in which a moiety of fac-
tors (typically aggregates of misfolded proteins) trig-
gers activation of a complex set of signaling path-
ways to execute a resolution to the causative stress.
Malignant tumors utilize the endoplasmic reticulum
stress response to adapt to stressful, environmental
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conditions [1-3]. Moreover, the circadian rhythms
in cancer are controlled by endoplasmic reticulum-
mediated mechanisms [4]. The rapid growth of solid
tumors generates micro-environmental changes in
association to hypoxia, nutrient deprivation and aci-
dosis, which induce formation of new blood vessels
and cell proliferation and surviving [2, 3, 5]. Those
processes rely on the activation of endoplasmic re-
ticulum stress signalling pathways [2, 3]. UPR is
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mediated by three interconnected, endoplasmic
reticulum-resident sensors. IRE1 (inositol requiring
enzyme-1) is the most evolutionary conserved sen-
sor that responds to protein misfolding with a highly
tuned program aimed either to resolve the stress or
direct the cell towards apoptosis in the case rectifica-
tion is not viable, thus making it a key regulator of
life and death processes [1, 6-9].

The IREI enzyme contains two distinct cata-
lytic domains: protein kinase and endoribonuclease.
Kinase activity is responsible for autophosphoryla-
tion of IREI and controls the expression of some
genes [10]. Endoribonuclease activity is involved
in the degradation of a specific subset of mRNA
targeted to the ER to lessen the load of protein syn-
thesis on the already stressed ER [11-13]. Endonu-
clease activity also initiates the cytosolic splicing
of the pre-XBP1 (X-box binding protein 1) mRNA,
whose mature transcript encodes for a transcription
factor that stimulates the expression of numerous
UPR-specific genes, namely other key transcription
factors [14, 15]. Moreover, activation of the IRE1
branch of the endoplasmic reticulum stress response
is intimately linked to apoptosis. The ablation of this
sensor’s function by a dominant-negative construct
of IRE1 (dn-IRE1) has been shown to result in a sig-
nificant anti-proliferative effect in glioma growth
[2, 10, 16]. This is due to down-regulation of preva-
lent pro-angiogenic factors and up-regulation of
anti-angiogenic genes, both in vitro and in the CAM
(chorio-allantoic membrane) model, as well as in
mice engrafted intracerebrally with U87 glioma cell
clones [10, 17, 18]. However, the executive mecha-
nisms of the exhibited anti-proliferative effects are
not yet known. It is possible that anti-proliferative
effect is also realized through mediation by tumor
necrosis factor (TNF) and its receptors signaling,
which are integrated into the UPR signaling path-
ways, to regulate cell apoptosis and proliferation
[19-23]. Possible involvement of tumor necrosis fac-
tor receptor superfamily (TNFRSF) proteins such
as TNFRSF21/DR6, TNFRSF10B/DRS5/TRAILR?2,
TNFRSF10D/TRAILR4, TNFRSF11B, and TNFRS-
F1A as well as TNFa-induced proteins was made
evidently pertinent through transcriptomic analysis
of U87 glioma cells expressing the dominant-nega-
tive mutant of IRE1 [18].

The TRAIL (TNF-related apoptosis-inducing
ligand) and TRAIL receptors are members of a sub-
set of the TNF receptor superfamily known as death
receptors (DR). The interaction between the TRAIL
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and TRAIL receptors (TRAILRI or TRAILR?2) ini-
tiates the extrinsic apoptotic pathway characterized
by the recruitment of death domains, assembly of the
death-inducing signaling complex (DISC), caspase
activation and ultimately apoptosis. Conversely the
decoy receptors TRAILR3 and TRAILR4, which
lack the pro-apoptotic death domain, function to
dampen the apoptotic response by competing for
TRAIL ligand. TRAILR4 does not induce apopto-
sis, and has been shown to play an inhibitory role in
TRAIL-induced cell apoptosis [20, 21, 24].

To date, the overwhelming majority of studies
on TRAIL receptors have explored the role of these
receptors as initiators of apoptosis. However, spo-
radic reports also suggest that engagement of the
TRAIL receptors can lead to other outcomes such as
cytokine and chemokine production, cell prolifera-
tion, cell migration and differentiation. Indeed, al-
though transformed cells frequently express TRAIL,
most do not undergo apoptosis upon engagement of
these receptors and significant effort has been de-
voted toward exploring how to sensitize such cells
to the pro-apoptotic effects of death receptor stimu-
lation [25-29]. Moreover, the expression of TRAIL
receptors is greatly elevated in many cancer types
such as hepatocellular carcinoma, renal carcinoma
and ovarian cancer, suggesting that such tumors be-
nefit from the expression of these receptors [25, 6].
It is becoming increasingly clear that death recep-
tor engagement, especially in the context of cancer,
can lead to outcomes, other than apoptosis, that be-
come subverted by certain tumors to their benefit
[23, 25, 30].

It is shown that TNFRSF21/DR6 has induced
apoptosis through a new pathway that is different
from the type I and type Il pathways through in-
teracting with Bax protein [19]. B-cells lacking
TNFRSF21 show increased proliferation, cell divi-
sion and cell survival upon mitogenic stimulation
(anti-CD40 and LPS); however, this gene is highly
expressed in many tumor cell lines and tumor sam-
ples [25, 26]. Thus, the role of TNFRSF21/DR6 as
an apoptosis-inducing receptor is less clear and per-
haps cell type dependent. Nuclear death receptor
TNFRSF10B/DRS/TRAILR2 inhibits maturation
of the microRNA let-7 and increases proliferation
of pancreatic cancer cell lines and other tumor cells
[22]. Moreover, pancreatic tumor samples have in-
creased levels of nuclear TRAILR2, which corre-
late with poor outcome of patients. Recently, it was
shown that TNFRSF10B expression was essential
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for endoplasmic reticulum stress-mediated apopto-
sis in human lung cancer cells [20]. TNF receptor
signaling is controlled by a set of adaptor molecules
and has significant potential to exert pro-survival
and protective roles in several diseases [31]. The
mechanism of these receptors signal transduction is
poorly understood. It was shown that mitochondrial
aminopeptidase P3 (APP3m) as a new member of
the TNF-TNFR2 signaling complex exerts an anti-
apoptotic function and induces activation of JNKI
and JNK2 [31].

The adaptor protein TRADD (TNFRSF1A-as-
sociated via death domain) contains a death domain
and interacts with TNFRSF1A. Overexpression of
TRADD leads to two major TNF-induced responses:
programmed cell death signaling and activation of
NF-kB. It was shown that knockdown of TRADD
gene expression by an antisense oligonucleotide
resulted in a decrease of TRADD protein by 60%,
coinciding with the increase of apoptotic cell death
of up to 30% [32]. Moreover, microRNA-30c-2-3p
down-regulates of TRADD and CCNEI in breast
cancer and leads to negative regulation of NF-xB
signaling as well as cell cycle progression [33]. Great
significance in TNFa signaling belongs to cytokine
TNFSF7/CD70, a ligand for TNFRSF27/CD27,
which can specifically activate TRAIL receptors and
induce proliferation [36, 37]. Its expression is signifi-
cantly increased in renal cell carcinoma relative to
normal kidney tissue [38].

Biological effects of TNFa are realized by in-
duction of specific genes through TNF receptors.
The TNFa-induced proteins such as TNFAIP1 and
TNFAIP3, which have different biological activi-
ties, are among them. Thus, miRNA-372, which
plays crucial roles in gastric tumorigenesis by tar-
geting the mRNA of TNFAIP1, an immediate-early
response gene of the endothelium induced by TNFa.,
is up-regulated in gastric adenocarcinoma tissue
and gastric carcinoma cell lines when compared to
normal gastric tissues [39]. The overexpression of
miR-373 in the gastric cancer cells increased cell
proliferation and reduced the levels of TNFAIP1
mRNA and protein levels [39]. Moreover, a tumor
suppressor RhoB interacts with TNFAIP1 to regu-
late apoptosis in HeLa cells via a SAPK/JNK-me-
diated signal transduction mechanism [40]. At the
same time, TNFAIP3 is a zinc finger protein and
ubiquitin-editing enzyme, and has been shown to
inhibit NF-kB activation as well as TNF-mediated
apoptosis and its expression is increased in a num-
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ber of solid human tumors [41]. At the same time,
TNFAIP3 itself is also a NF-kB dependent gene, that
has also been shown to exert cell-type specific anti-
or pro-apoptotic functions. Moreover, TNFAIP3 has
both ubiquitin ligase and deubiquitinase activities,
suppresses TP53 protein levels and is involved in
the cytokine-mediated immune and inflammatory
responses [42].

The LITAF (lipopolysaccharide-induced TNFa
factor), which is also known as SIMPLE (small inte-
gral membrane protein of lysosome/late endosome)
and PIG7 (p53-induced gene 7 protein), is an impor-
tant factor in the regulation of the TNFa expression
by direct binding to the promoter region of this gene.
Its altered expression is associated with cancer and
obesity [34, 35, 44]. The transcription of LITAF gene
is induced by tumor suppressor p53 and has been im-
plicated in the TP53-induced apoptotic pathway [45].

The aim of this study was to investigate the
effects of glucose deprivation on the expression of
genes encoding for tumor necrosis factor receptor
superfamily and TNFa induced proteins, which
participate in the regulation of apoptosis and cell
proliferation, in glioma cells, as well as the contribu-
tion of endoplasmic reticulum stress sensor IRE1 to
fine tune their expression with hopes of elucidating
its role in the progression of certain cancers.

Materials and Methods

Cell lines and culture conditions. The glioma
cell line U87 (HTB-14) was obtained from ATCC
(USA) and grown in high glucose (4.5 g/l) Dulbec-
co’s modified Eagle’s minimum essential medium
(DMEM; Gibco, Invitrogen, USA) supplemented
with glutamine (2 mM), 10% fetal bovine serum
(Equitech-Bio, Inc., USA), penicillin (100 units/ml;
Gibco, USA) and streptomycin (0.1 mg/ml; Gibco) at
37 °C in a 5% CO, incubator.

In this work we used sublines of U87 glio-
ma cells, which were described previously [10,
18, 46]. One subline was obtained by selection of
stable transfected clones overexpressing vector
(pcDNA3.1), which was used for creation of do-
minant-negative constructs of IRE1 (dn-IRE1). This
untreated subline of glioma cells was used as a con-
trol (control glioma cells) in the study of the effects
of inhibition of IREI, in regards to the expression of
the TNF receptor superfamily members and TNFa-
induced proteins of interest. The second sub-line
was obtained by the selection of stable transfected
clones overexpressing dn-IRE1, having suppression
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of both the protein kinase and endoribonuclease ac-
tivities of IRE1 [18]. It has recently been shown that
these cells have a low rate of proliferation and do not
express spliced XBP1, a key transcription factor in
IREL1 signaling, after induction of endoplasmic re-
ticulum stress by tunicamycin [18]. The expression
of the studied genes was compared with cells trans-
fected with the previously mentioned, empty vector
(control glioma cells, pcDNA3.1).

Reverse transcription and qPCR analysis.
QuaniTect Reverse Transcription Kit (QIAGEN,
Germany) was used for cDNA synthesis according
to manufacturer’s protocol. The expression le-
vel of TNFRSF21, TNFRSF10B, TNFRSF10D,
TNFRSF11B, TNFRSF1A, LITAF/PIG7, TNFAIPI1,
TNFAIP3, TNFSF7/CD70, TRADD, and ACTB
mRNA were measured in U87 glioma cells by real-
time quantitative polymerase chain reaction using
Mx 3000P QPCR (Stratagene, USA) and Absolute
gPCR SYBRGreen Mix (Thermo Fisher Scientific,
ABgene House, UK). Polymerase chain reaction was
performed in triplicate using specific primers, which
were received from Sigma-Aldrich, USA.

RNA isolation. Total RNA was extracted from
glioma cells using Trizol reagent according to manu-
facturer’s protocols (Invitrogen, USA) as described
previously [10]. The RNA pellets were washed with
75% ethanol and dissolved in nuclease-free wa-
ter. 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 (QIA-
GEN, Germany) was used for cDNA synthesis ac-
cording to manufacturer’s protocol. The expression
level of TNFRSF21, TNFRSF10B, TNFRSF10D,
TNFRSF11B, TNFRSF1A, LITAF/PIG7, TNFAIPI1,
TNFAIP3, TNFSF7/CD70, TRADD, and ACTB
mRNA were measured in U87 glioma cells by real-
time quantitative polymerase chain reaction using
Mx 3000P QPCR (Stratagene, USA) and Absolute
gPCR SYBRGreen Mix (Thermo Fisher Scientific,
ABgene House, UK). Polymerase chain reaction was
performed in triplicate using specific primers, which
were received from Sigma-Aldrich, USA.

For amplification of TNFRSF21 (tumor necrosis
factor receptor superfamily, member 21), also known
as death receptor 6 (DR6), cDNA we used next for-
ward and reverse primers: 5-TGATTGTGCTTTTC-
CTGCTG-3'" and (5-CTCACTGGCATTGCAAA-
GAA-3', correspondingly. The nucleotide sequences
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of these primers correspond to sequences 1491-1510
and 1759-1740 of human TNFRSF21 cDNA (Gen-
Bank accession number NM_0014452). The size of
amplified fragment is 250 bp.

The amplification of TNFRSF10B (tumor ne-
crosis factor receptor superfamily, member 10B),
also known as TNF-related apoptosis-inducing li-
gand receptor 2 (TRAILR?2) and death receptor 5
(DR5), cDNA was performed using forward primer
(5"-TGCAGCCGTAGTCTTGATTG-3') and reverse
primer (5-TCCTGGACTTCCATTTCCTG-3").
These oligonucleotides correspond to sequences
953-972 and 1171-1152 of human TNFRSF10B
cDNA (GenBank accession number NM_003842).
The size of amplified fragment is 219 bp.

The amplification of TNFRSF10D (tumor ne-
crosis factor receptor superfamily, member 10D),
also known as TNF-related apoptosis-inducing li-
gand receptor 4 (TRAILR4), cDNA for real time
RCR analysis was performed using two oligonucle-
otides primers: forward — 5—-CAGGAAATCCAA-
GGTCAGGA-3'" and reverse — 5— AGCCTGCCT-
CATCTTCTTCA-3'". The nucleotide sequences of
these primers correspond to sequences 969—988 and
1233-1214 of human TNFRSF10D cDNA (GenBank
accession number NM_003840). The size of ampli-
fied fragment is 265 bp.

For amplification of TNFRSF11B (tumor ne-
crosis factor receptor superfamily, member 101B)
cDNA we used next forward and reverse primers: 5'—
TGCAGTGTCTTTGGTCTCCT-3" and 5'- TTCTT-
GTGAGCTGTGTTGCC-3', correspondingly. The
nucleotide sequences of these primers correspond
to sequences 819—-838 and 1067-1048 of human
TNFRSF11B ¢cDNA (GenBank accession number
NM_002546). The size of amplified fragment is
249 bp.

The amplification of TNFRSF1A (tumor necro-
sis factor receptor superfamily, member 1A) cDNA
for real time RCR analysis was performed using
two oligonucleotides primers: forward — 5'-TGT-
GCCTACCCCAGATTGAG-3" and reverse — 5'—
GACTGAAGCTTGGGTTTGGG-3". The nucleotide
sequences of these primers correspond to sequences
884-903 and 1126-1107 of human TNFRSF1A
cDNA (GenBank accession number NM_001065).
The size of amplified fragment is 243 bp.

For amplification of TRADD (TNFRSF1A-
associated via death domain) cDNA we used for-
ward (5-TGCAGATGCTGAAGATCCAC-3' and
reverse (5-GCTCAGCCAGTTCTTCATCC-3")
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primers. The nucleotide sequences of these primers
correspond to sequences 256275 and 543-524 of
human TRADD cDNA (GenBank accession num-
ber NM_003789). The size of amplified fragment is
288 bp.

The amplification of TNFSF7 (tumor necrosis
factor ligand superfamily, member 7), also known as
CD70 molecule (CD70), cDNA was performed using
forward primer (5'-CTGCTTTGGTCCCATTG-
GTC-3") and reverse primer (5—-CAGTATAGC-
CTGGGGTCCTG-3'). These oligonucleotides
correspond to sequences 212-231 and 374-355 of
human TNFRSF10 cDNA (GenBank accession num-
ber NM_001252). The size of amplified fragment is
163 bp.

The amplification of TNFAIP1 (tumor necrosis
factor a-induced protein 1, endothelial) cDNA for
real time RCR analysis was performed using two
oligonucleotides primers: forward — 5-GGCTG-
GTGAATATGTGCCAG-3' and reverse — 5'-GG-
GAGAGCTTGTCAAACAGC-3". The nucleotide
sequences of these primers correspond to sequences
793-812 and 1020—-1001 of human TNFAIP1 cDNA
(GenBank accession number NM_021137). The size
of amplified fragment is 228 bp.

For amplification of TNFAIP3 (tumor necro-
sis factor a-induced protein 3) cDNA we used next
forward and reverse primers: 5-CAAGGAAA-
CAGACACACGCA-3" and 5-AAAGGGGC-
GAAATTGGAACC-3', correspondingly. The
nucleotide sequences of these primers correspond
to sequences 712-731 and 1002-983 of human
TNFAIP3 cDNA (GenBank accession number
NM_006290). The size of amplified fragment is
291 bp.

The amplification of LITAF (lipopolysaccha-
ride-induced TNF factor), also known as PIG7 (p53-
induced gene 7 protein), cDNA for real time RCR
analysis was performed using two oligonucleotides
primers: forward — 5-GATCGTGAGTCAGCT-
GTCCT-3' and reverse — 5S-TGAAGCTGGATGA-
GAGGTGG-3". The nucleotide sequences of these
primers correspond to sequences 539558 and 785—
766 of human LITAF cDNA (GenBank accession
number NM_004862). The size of amplified frag-
ment is 247 bp.

The amplification of B-actin (ACTB) cDNA
was performed using forward — 5-GGACTTCGAG-
CAAGAGATGG-3'" and reverse — 5~AGCACTGT-
GTTGGCGTACAG-3' primers. These primer nucle-
otide sequences correspond to 747-766 and 980—-961
of human ACTB cDNA (GenBank accession num-
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ber NM_001101). The size of amplified fragment is
234 bp. The expression of beta-actin mRNA was
used as control of analyzed RNA quantity.

An analysis of quantitative PCR was per-
formed using special computer program Differential
Expression Calculator. The values of the expres-
sion of TNFRSF21, TNFRSF10B, TNFRSF10D,
TNFRSF11B, TNFRSF1A, LITAF/PIG7, TNFAIPI1,
TNFAIP3, TNFSF7/CD70, TRADD and ACTB
mRNA were normalized to B-actin mRNA expres-
sions and represented as percent of control (100%).

Statistical analysis. Statistical analysis was
performed according to Student's 7-test using Excel
program as described previously [47]. All values are
expressed as mean = SEM from triplicate measure-
ments performed in 4 independent experiments.

Results and Discussion

To determine if glucose deprivation affects the
expression of a subset of genes encoding for tumor
necrosis factor-related proteins through the IRFEI
branch of endoplasmic reticulum stress response,
we investigated the effect of glucose deprivation
condition on mRNA expression levels of different
members of TNF receptor superfamily and TNFa
induced proteins as well as LITAF/PIG7, which
can mediate the TNFa expression and implicated in
the TNF-induced apoptotic pathway. As shown in
Fig. 1, 4, the exposure of control glioma cells (trans-
fected by empty vector pcDNA3.1) upon glucose
deprivation condition does not change significantly
the expression level of TNFRSF21/DR6 mRNA, but
the inhibition of IREI induces the sensitivity of this
gene expression to glucose deprivation: the level
of TNFRSF21/DR6 mRNA expression is 1.8-fold
decreased. Moreover, the expression level of this
mRNA strongly increased (7.5-fold) in glioma cells
without IREI signaling enzyme function as com-
pared to control glioma cells (Fig. 1, 4). At the same
time, the expression of gene encoding for TNFRS-
F10B/DRS, which is also known as TNF-related
apoptosis-inducing ligand receptor 2 (TRAILR?2) is
slightly increased in control glioma cells upon glu-
cose deprivation condition; however, the inhibition
of IRE1 significantly enhances the effect of glu-
cose deprivation on this gene expression (39% up-
regulation) (Fig. 1, B). Furthermore, in glioma cells
without IREI signaling enzyme function the expres-
sion level of TNFRSF10B mRNA is strongly down-
regulated (2.3-fold) as compared to control glioma
cells (Fig. 1, B).
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Fig. 1. Effect of glucose deprivation condition on the expression levels of TNFRSF21 (A), TNFRSFI10B (B),
TNFRSFIA (C), and TNFRSF1IB (D) mRNAs (by gPCR) in glioma cells with a deficiency of IREI (dn-IREI).
These mRNA expressions values were normalized to f-actin mRNA expression and represented as percent of
control 1 (control glioma cells transfected by vector, 100%); mean + SEM; n = 4

As shown in Fig. 1, C, glucose deprivation
down-regulates (-19%) the expression level of
TNFRSFIA gene in control glioma cells and up-
regulates (+34%) in cells overexpressed dn-IRE1
(without IREI signaling enzyme function). Moreo-
ver, the inhibition of IRE] in glioma cells does not
change significantly the expression of this mRNA as
compared to control cells (Fig. 1, C). We also studied
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the effect of glucose deprivation condition on the
expression of TNFRSF11B mRNA in control glio-
ma cells and cells without IREI activity. As shown
in Fig. 1, D, glucose deprivation down-regulates the
expression level of TNFRSFI0B gene both in con-
trol glioma cells and cells overexpressed dn-IREl:
-38 % in control glioma cells and more significantly
(5.3-fold) in glioma cells without IRE1 activity. At
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the same time, the inhibition of IRE1 in glioma cells
strongly induces the expression of TNFRSF10B
mRNA as compared to control cells (Fig. 1, D).

The expression level of another TNF-related
apoptosis-inducing ligand receptor, TRAILR2,
encoded by TNFRSFI10D gene, is changed in con-
trol glioma cells in reverse direction upon glucose
deprivation condition as compared to TRAILR2
(TNFRSF10B) (Fig. 2, 4 and 1, B). Thus, glucose
deprivation leads to down-regulation of the exp-
ression of TNFRSFI0D gene in control glioma cells
(-32%), but inhibition of IREI signaling enzyme
eliminates this effect of glucose deprivation. Howe-
ver, in glioma cells with IRE1 knockdown the ex-
pression level of TNFRSF10D mRNA is strongly
up-regulated (4-fold) as compared to control cells
(Fig. 2, A). We also investigated the sensitivity to
glucose deprivation of the expression of TRADD,
an adaptor protein that interacts with TNFRSF1A
and mediates programmed cell death signaling, and
shown that in control glioma cells this gene expres-
sion is resistant to glucose deprivation condition, but
inhibition of IRE1 enzyme introduces sensitivity of
TRADD gene expression to this experimental con-
dition: there is 46% up-regulation in cells with dn-
IRE1 (Fig. 2, B). At the same time, the expression
level of TRADD gene is strongly suppressed (2.5-
fold) in glioma cells without IRE1 signaling enzyme
function as compared to control cells (Fig. 2, B).
Furthermore, we studied the effect of glucose dep-
rivation on the expression of CD70/TNFSF7 gene,
which encodes a ligand molecule for TNFRSF27/
CD27, which can specifically activate TRAIL re-
ceptors and induce proliferation. As shown in Fig. 2,
C, TNFSF7 gene expression is resistant to glucose
deprivation in control glioma cells, but inhibition of
IRELI introduces sensitivity of this gene expression
to this experimental condition and strongly up-regu-
lates TNFSF7 mRNA level.

We next tested whether glucose deprivation
can affect the expression level of TNFa-induced
proteins. We demonstrate that glucose deprivation
does not change significantly both TNFAIP1 and
TNFAIP3 mRNA levels in control glioma cells, but
inhibition of IREI changes the expression of both
these genes, but in opposite ways (Fig. 3, 4 and B).
Thus, treatment of glioma cells harboring dn-IRE1
by glucose deprivation decreases the expression level
of TNFAIP1 mRNA (-27%) and slightly increases
TNFAIP3 mRNA (+15%). It is interesting to note
that expression level of these mRNA is affected by
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IRE1 inhibition in regular growing condition (with
glucose) also in opposite ways: +42% for TNFAIPI1
mRNA and slightly stronger for TNFAIP3 mRNA
(3.2-fold down-regulation) (Fig. 3, 4 and B).

As shown in Fig. 4, the inhibition of IREI sig-
nificantly enhances the effect of glucose deprivation
on the expression of TNFRSFI10B/DRS5, TNFRSF11B,
TNFRSFIA, and LITAF/PIG7 genes. We normalized
here the expression levels of studied genes in control
and IREI knockdown cells to corresponding con-
trols and compared these relative changes.

Thereafter, we tested how IRE1 inhibition
modulates the effect of glucose deprivation on the
expression of LITAF/PIG7, which can mediate the
TNFa expression and implicated in the TP53-in-
duced apoptotic pathway. As shown in Fig. 3, C, the
expression of LITAF gene is down-regulated upon
glucose deprivation in control glioma cells, but in
cells without IRE1 signaling enzyme function the
expression of LITAF gene is significantly up-regu-
lated (+52%) (Fig. 3, C). However, the inhibition
of IRE1 strongly increases LITAF gene expression
upon regular growing condition (+66%).

This study has demonstrated that the inhibition
of both endoribonuclease and kinase activities of
IREI1 signaling enzyme in U87 glioma cells, causes
a strong (more than 8-fold) increase in the levels of
TNFRSF21 mRNA, which is known as death re-
ceptor 6, and introduces sensitivity of these cells
to glucose deprivation (Fig. 1, 4). Thus, this gene
resistance to glucose deprivation in control glio-
ma cells is possibly mediated by IRE1 (Fig. 1, 4).
Moreover, the changes observed in the above stu-
died gene, which has relation to TNF-directed apo-
ptosis, correlate well with slower cell proliferation
in cells harboring dn-IRE1 [10, 18, 48], attesting to
the fact that endoplasmic reticulum stress is a neces-
sary component of malignant tumor growth and cell
survival [2, 3, 6]. There is data that TNFRSF21/DR6
induced apoptosis through a new pathway that is dif-
ferent from the type I and type II pathways through
interacting with Bax protein [19]. Moreover, B-cells
lacking TNFRSF21/DR6 show the increased prolife-
ration rate and cell survival upon mitogenic stimula-
tion [25]. However, this gene is highly expressed in
many tumor cell lines and tumor samples [25, 26].
Thus, the role of TNFRSF21/DR6 as an apoptosis-
inducing receptor is less clear and perhaps cell type
dependent and needs further investigation.

Another death receptor, DRS/TNFRSF10B, is a
receptor for TNF-related apoptosis-inducing ligand
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Fig. 2. Effect of glucose deprivation condition on the expression levels of TNFRSFI10D (4), TRADD (B), and
TNFSF7/CD70 (C) mRNAs (by gPCR) in glioma cells with a deficiency of IREI (dn-IREI). These mRNA exp-
ressions values were normalized to p-actin mRNA expression and represented as percent of control I (control
glioma cells transfected by vector, 100%),; mean = SEM; n = 4

(TRAILR2) and can initiate the extrinsic apoptotic
pathway characterized by the recruitment of death
domains, assembly of the death-inducing signaling
complex (DISC), caspase activation and ultimately
apoptosis. At the same time, in this study we have
shown that TNFRSF10B/DRS5 mRNA expression is
up-regulated upon glucose deprivation in both types
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of glioma cells and down-regulated by inhibition of
IREI signaling enzyme (Fig. 1, B). Thus, the changes
observed in the TNFRSF10B gene as the apoptosis
initiator do not correlate well with slower cell pro-
liferation in cells harboring dn-IREI. It is possible
that TNFRSF10B/DRS5 facilitates only stress-media-
ted apoptosis of endoplasmic reticulum, and inhibi-
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tion IRE1 signaling causes down-regulation of this
gene expression, because it was recently shown that
DDIT3 and KAT2A proteins regulate TNFRSF10B
expression in endoplasmic reticulum stress-mediated
apoptosis in human lung cancer cells [20]. However,
glucose deprivation has an opposite effect on this
gene expression. Recently it was also shown that
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TNFRSF10B/TRAILR2 inhibits maturation of the
microRNA let-7 and increases proliferation of pan-
creatic cancer cell lines and other tumor cells [22].
Moreover, the expression of TRAIL receptors is
greatly elevated in many cancer types, suggesting
that tumors benefit from the expression of these re-
ceptors [25, 26]. To date, the majority of studies on
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TRAIL receptors have explored the role of these re-
ceptors as initiators of apoptosis. However, sporadic
reports also suggest that TRAIL receptors can lead
to other outcomes such as cytokine and chemokine
production, cell proliferation and cell migration.
Indeed, although transformed cells frequently exp-
ress TRAIL, most do not undergo apoptosis upon
engagement of these receptors and significant effort
has been devoted toward exploring how to sensitize
such cells to the pro-apoptotic effects of death recep-
tor stimulation [25-29].

At the same time, we have observed a signifi-
cant up-regulation of TRAILR4/TNFRSF10D in
glioma cells upon inhibition of IREl and down-
regulation upon glucose deprivation only in control
glioma cells, because the inhibition of IREI elimi-
nates this effect (Fig. 2, 4). In this case we also have
opposite effects of glucose deprivation and IREI
inhibition. There is data that TNFRSF10D lacking
the pro-apoptotic death domain, cannot induce apo-
ptosis and has been shown to play an inhibitory role
in TRAIL-induced cell apoptosis [21, 24]. The in-
duction of TNFRSF10D mRNA in glioma cells upon
inhibition of IREI correlates with down-regulation
of TNFRSF10B/DRS5. Similar negative correlation

ISSN 2409-4943. Ukr. Biochem. J., 2015, Vol. 87, N 6

was observed in breast cancer cells treated by short-
hairpin RNA for suppression of adenine nucleo-
tide translocase-2 (ANT?2) [49]. The suppression of
ANT?2 restores susceptibility of breast cancer cells
to TRAIL-induced apoptosis by activating JNK and
modulating TRAIL receptor expression: up-regula-
ting the expression of TRAIL death receptors 4 and 5
(DR4 and DR5) and down-regulating the TRAILR4
[49]. Interestingly, the silencing of TNFRSF10D is
related to melanoma genesis [50, 51]. It is possible
that TRAILR4/TNFRSF10D as well as TRAILR2/
TNFRSF10B has relation to regulation of endoplas-
mic reticulum stress-mediated apoptosis. Moreover,
modulation of CCAAT/enhancer binding protein
homologous protein (CHOP)-dependent TRAILR2/
TNFRSF10B/DR5 expression by nelfinavir sensi-
tizes glioblastoma multiform cells to tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)
[52]. Therefore, a better understanding of the mecha-
nisms underlying TRAILR4/TNFRSF10D as well as
TRAILR2/TNFRSF10B is required.

Glucose deprivation also down-regulates the
expression of TNFRSFIA and TNFRSFI11B genes in
control glioma cells; however, the inhibition of IREI1
modifies this effect: induces TNFRSF14 and strong-
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ly reduces TNFRSF11B gene expressions (Fig. 1, C
and D). Thus, the inhibition of IRE1 up-regulates
TNFRSF1A and possibly contributes to suppressed
cell proliferation [10, 18]. At the same time, the sup-
pression of TNFRSF11B gene in glioma cells without
IRE1 function is not clear yet and warrants further
study.

We have also demonstrated that the expres-
sion of TRADD (TNFRSF1A-associated via death
domain) is significantly up-regulated upon glucose
deprivation, but only in glioma cells when IREI
function is inhibited (Fig. 2, B). However, inhibi-
tion of IRE1 down-regulated this gene expression
in glioma cells in regular growing condition. There
is data that TRADD protein is adaptor molecule,
which interacts with TNFRSF1A and participates in
programmed cell death signaling. It is interesting to
note that our results are consistent with recent data
of Witort et al. [32] about induction of apoptotic cell
death after knockdown of TRADD gene expression
by an antisense oligonucleotide. Moreover, Shukla
et al. [33] have recently shown that microRNA-30c-
2-3p down-regulates TRADD and CCNEI in breast
cancer and leads to negative regulation of cell cycle
progression. Thus, our data about the suppression of
TRADD gene expression in IREI knockdown glio-
ma cells may contribute to the suppression of pro-
liferation of these cells as well as glioma growth by
increased cell death and negative regulation of cell
cycle progression. However, the inhibition of IREI
modifies the sensitivity of TRADD gene expression
to glucose deprivation.

An important role in TNFa signaling is
played by a cytokine TNFSF7/CD70, a ligand for
TNFRSF27/CD27, which can specifically activate of
TRALIL receptors and induce proliferation [36, 37].
Its expression is significantly increased in renal cell
carcinoma relative to normal kidney tissue [38]. This
data has confirmed our results. We have shown that
IRE1 inhibition strongly down-regulated TNFSF7/
CD70 gene expression in glioma cells and that glu-
cose deprivation had additional suppressive effect
(Fig. 2, C). Thus, down-regulation of this gene ex-
pression should contribute to suppression of cell pro-
liferation and tumor growth.

It is interesting to note that the inhibition of
IREI via dn-IRE1 overexpression up-regulates the
expression of lipopolysaccharide-induced TNFa
factor gene (LITAF), which encodes an important
factor in the regulation of the TNFa expression by
direct binding to the promoter region and is induced
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by TP53; however, glucose deprivation has opposite
effects: down-regulates in control glioma cells and
up-regulates in cells with inhibited IRE1 (Fig. 3,
C). These results correlate well with our previous
data that the inhibition of IRE1 up-regulates TP53
expression [48] and glucose deprivation can contri-
bute to this pro-apoptotic effect of IREI inhibition.
Thus, an increased expression of LITAF gene can
induce TNFa expression and TNFa-mediated apo-
ptosis. Furthermore, this data correlates well with
changes in the expression profile of TNFa-induced
genes (increased expression of TNFAIP1 and de-
creased expression of TNFAIP3 in glioma cells har-
boring dn-IRE1 (Fig. 3, 4 and B). Thus, TNFAIPI
is pro-apoptotic protein, which is decreased in can-
cer cells and regulates apoptosis through interaction
with tumor suppressor RhoB [40]. At the same time,
TNFAIP3 is a zinc finger protein and ubiquitin-
editing enzyme, which preferentially inhibits TNF-
mediated apoptosis and its expression increased in
a number of solid human tumors [41, 42]. Thus, this
data also correlates well with slower cell prolifera-
tion in cells harboring dn-IREI1 [10, 18, 48]. Endo-
plasmic reticulum stress also mediates both apop-
tosis and autophagy induced by cyclosporine A in
malignant glioma cells via mTOR/p70S6K1 pathway
[53].

In conclusion, glucose deprivation suppresses
the expression of TNFRSFIA, TNFRSF11B, TNFRS-
FI10D, and LITAF genes in control glioma cells and
induces only TNFRSFI0B/DR5 gene, but the expres-
sion of other studied genes is resistant to this ex-
perimental condition. However, inhibition of IRE1
signaling enzyme modifies sensitivity of all studied
genes to glucose deprivation. These results clearly
demonstrate that the expression of TNF receptor
superfamily members and TNF-inducible proteins,
which are important for control of apoptosis and
proliferation, is responsive to glucose deprivation
preferentially through IREl signaling pathway of
endoplasmic reticulum stress, but the mechanisms
of its activation or deactivation are variable. Moreo-
ver, these gene expressions are also responsible to
IRE1 inhibition upon regular growing condition and
possibly contribute to suppression of tumor growth
by induction of apoptosis and inhibition of cell pro-
liferation. Thus, the changes observed in the above
TNF-related factors and receptors correlate well
with slower cell proliferation in cells harboring dn-
IREL1, attesting to the fact that endoplasmic reticu-
lum stress is a necessary component of malignant
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tumor growth and cell survival and targeting of the
unfolded protein response is a perspective way in
cancer therapy [2, 3, 6, 11, 54, 55].

IHTIBYBAHHS IRE1 MOJAU®PIKYE
E®EKT JEPINUTY IVIIOKO3U
HA EKCITPECIIO I'EHIB, IO
MAIOTH BITHOIIEHHA 10 TNFa,
Y KJITUHAX I'JTIOMU JITHIT U87
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JI. JI. Kapboscoruil!, O. I Minuenxo'
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[purnivenns IRE1 (3anexHOTO BiJ iHO3UTOILY
€H3UMY-1), OCHOBHOTO CUTHAJIPHOTO IIISIXY CTPECY
€H/I0MJIa3MaTHYHOIO PETUKYIYMa, ICTOTHO 3HUXKYE
piBeHb mpodmideparii KIITHH Ta picT TiaioMu. Mu
BUBYAJIM €KCIPECiIO TeHiB, 1110 MalOTh BiJIHOLICHHS
10 TNFa, i edext nedinuTy riroKo3u Ha eKCIPecito
LUX 'eHIB y KiiTuHax ririomu JdiHii U87, mo ekcrpe-
cytoTh nomiHaHT-HeratuBHy IRE]1, nedexTuBny sx
3a aKTHUBHICTIO KiHA3HW, TaK i €HIOPHOOHYKJICA3H
(dn-IRE1) 3 Haxmiero MpOSICHATH X BHECOK Y OIIOCE-
penkoBanuit IREI pict rmiomu. BeranosieHo, mio
32 YMOB JAC(IIUTY TIIFOKO3M CIIOCTEPIra€ThCsl 3HU-
xeHHst ekcripecii reHiB TNFRSFI11B, TNFRSFIA,
TNFRSFIOD/TRAILR4 ta LITAF 1 mnocuieH-
Ha reHa — TNFRSFIOB/TRAILR2/DR5 wna piBHi
MPHK y koHTpodpHUX KiiTHHaX riiomMu. BomHo-
yac, ekcrpecis reHiB TNFRSF21/DR6, TNFAIPI,
TNFAIP3, TRADD ta CD70/TNFSF7 y KOHTPOIb-
HUX KIJITHHAX TJIIOMH BUSIBHJIACS PE3UCTEHTHOIO
0 YMOB JAe(iIIUTy TIIIOKO3W, ajie IPUTHIUYCHHS
IRE1 momudikyBano edext nedinnuty TIoKo3u Ha
excrpecito reHiB LITAF, TNFRSF2I, TNFRSFI1IB i
TRADD Ta iHIyKyBaJo Yy TJIMBICTh EKCIPECii TeHiB
TNFRSFI0B,TNFRSFI1AtaCD70n0ymoB nedinnurty
[JIIOKO3M. MM TakoX II0Ka3ajiu, IO EKCIpecis
BCIX JIOCHI/DKEHMX TEHIB y KIITHHAX TIIIOMH
3MmiHIOBanack 3a npurHidends [IRE1, 3a pukitoden-
HaM reHa TNFRSFIA (3a OpiBHAHHS 3 KOHTPOIb-
HUMH KJIITHHAMH TJIioMH). bineire toro, 3miHU B
ekcnpecii rediB TNFRSFIA, TNFRSFI0D/TRAILR4
ta LITAF, o iHAyKyIOThCS 32 YMOB Ae(PIIIUTY TITIO0-
KO3H, MaJIH IPOTUJICKHY CIIPSIMOBAHICTb J0 THX, IO
cnoctepiratotecst 3a npurHideHHs [REIL. Pesyms-

ISSN 2409-4943. Ukr. Biochem. J., 2015, Vol. 87, N 6

TaTH 1iel poOOTH MPOJAEMOHCTPYBAIH, IO PiBEHb
eKcIIpecii TeHiB MpoTeiHiB, mo iHAyKyThes TNFa,
ta cyneppoaunn penentopiB TNF, saxi maroTh
BiJTHOIICHHS JI0 CMEPTi KIIITHH 1 iX mpomideparii,
perymorotbes IREL, edexropom cTpecy enjomnias-
MaTHYHOTO PETHKYJIyMa, a TAKOXK MeHOCTICITU(ITHO
3ajIekaTh BiJl ACPILUTY TIFOKO3U. TaKUM YHUHOM,
NPUTHIYECHHS aKTUBHOCTI KiHA3W Ta CHJOPHOOHY-
kieasu IRE1 kopenroe 3i 3HHKSHHSIM POCTY ITY XJIH-
HU 1 JIeperylisilielo ekcrpecii TeHiB MPOoTeiHiB, 1m0
inayKytoTecest TNFa Ta cyneppoanHoro pernenTopiB
TNF crieriudiuHO /10 KOXKHOTO 13 TCHIB.

KnwuyoBi cmoBa: ekcnpecis MPHK,
cTpec €H/JI0IIa3MaTHYHOTO peTUKYIIyMa,
LITAF, TNFAIP1, TNFAIP3, TNFRSF21/DR6,
TNFRSF10B/DR5, TNFRSF10D, TNFRSF11B,
TNFRSF1A, TRADD, npurniuenns IRE, kiaituan
TIIOMH, TeQIIUT TIOKO3U.

MHI'MBUPOBAHMUE IRE1
MOJNOULUPYET DOPEKT
JAEOULHUTA TVIIOKO3bI HA
IKCITPECCHIO 'EHOB, UMEIOIINUX
OTHOLIEHHUE K TNFa, B KIIETKAX
IVIMOMbI JIMHUUA U87
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VYruerenue IRE1 (3aBucumoro ot mHO3UTONA
9H3UMa-1), OCHOBHOT'O CHUTHAJILHOTO IYTH CTpecca
SHJIOTIA3MAaTUYECKOT0 PETUKYIyMa, CYyIIeCTBEHHO
CHUKaeT YPOBEHb MpoJudEepanuyl KIETOK U POCT
TIHOMBI. MBI M3y4Yalld 3KCIPECCUIO TEHOB, UMEIO-
mux ortHomenne K TNFa, u spdexr nepuuura
TJTIOKO3bI Ha DKCIPECCHI0 ATUX TEHOB B KJIETKAX
oMbl TUHUU U&7, KOTOPBIE KCIPECCUPYIOT JI0-
MmuHaHT-HeraTuBHBINA IRE], medekTHBHBIN Kak IO
AKTUBHOCTU KHHA3bl, TaK M SHJIOPHUOOHYKJICa3bl
(dn-IRE1) ¢ Hamex10# BBIICHHTH WX BKJaj B OIO-
cpenoBanabii IRE1 pocT ramomsbl. YcTaHOBIEHO,
4TO MPU JCPUITUTE TIIOKO3bI HAOII0IaeTCs CHUXKE-
HHue »Kcnpeccuu TeHoB INFRSFI1IB, TNFRSFIA,
TNFRSFI0D/TRAILR4 w LITAF w ycuneHue reHa —
TNFRSFI10B/TRAILR2/DR5 wa yposHe MPHK B
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KOHTPOJIBHBIX KJIETKaxX MIMOMBL. B To ke Bpewms,
akcipeccust rteHoB TNFRSF21/DR6, TNFAIPI,
TNFAIP3, TRADD w CD70/TNFSF7 B KOHTPOIIb-
HBIX KJIETKaX IJIMOMBI Obljla PE3UCTEHTHOH K Aedu-
Ty TIIOK036I, HO yrHeTeHue IRE1 Mommdummpo-
Basio 3(p¢deKxT neduuuTa rIoKOo3bl Ha HKCIPECCUIO
reHoB LITAF, TNFRSF21, TNFRSFI1IB n TRADD
U MHAYIUPOBAJIO YYBCTBUTEIBHOCTH 3KCIIPECCHU
reHoB TNFRSFI10B, TNFRSFIA n CD70 x ycinoBu-
AM AeQuIuTa TII0KO3bl. MBI TakKe MMOKa3alH, 9TO
9KCIPECCHUsI BCEX MCCIEJOBAHHBIX T'€HOB B KJIET-
Kax TrJaMoMbl u3MeHsiach npu yruereHun IREI,
3a uckirodeHueM reHa ITNFRSFIA (o cpaBHe-
HUIO ¢ KOHTPOJBHBIMU KJIETKaMHU ITTMOMBI). bonee
TOT0, U3MEHEHUS B IKcrpeccuu TeHoB TNFRSFIA,
TNFRSFIOD/TRAILR4 w LITAF, xotopble WHIY-
LUPYIOTCS B YCIOBUAX A€(UIIUTA TIFOKO3bI, UMEIH
IIPOTHBOIIOJIOKHYIO HAIPaBJIEHHOCTh MO OTHOIIIE-
HUIO K TEM, KOTOpbIe HaOII0NAIOTCS IPU yTHETCHUH
IREIL. Pe3ynbraThl 3T0# pabOTHI MPOAEMOHCTPHPO-
BAJIM, YTO yPOBEHb DKCIPECCUU T€HOB MPOTEHHOB,
unayuupyembix TNFa, u cynepcemericTBa peren-
TopoB TNF, KoTOpbIE UMEIOT OTHOLIECHUE K CMEPTHU
KJIETOK W uX nponudepanuu, peryiaupyercs IREL,
3¢ dhekTopoM cTpecca IHI0MIA3MATHIESCKOTO PETH-
KyJIyMa, a TakKKe IeHOCIEeHU(HUECKH 3aBUCUT OT
neunuTa TIOKO3bl. Takum o0pa3oMm, yrHeTeHue
AKTHBHOCTH KWHa3bl W dHAopuOoHykieassl IREIL
KOPPEIUPYET CO CHUKEHHEM POCTa OMYXOJIU U C
JUCPETYJISIIIUeH SKCIpecCuy IeHOB MPOTEUHOB, HH-
nyuupyembix TNFo u cynepcemeiicTBoM penenTo-
poB TNF crieninpuyHO K KaK10My U3 TEHOB.

KnoueBbsie cinoBa: skcnpeccus MPHK,
cTpecc 9HJIONJIa3MaTHIECKOTO peTuKyiIyma,
LITAF, TNFAIP1, TNFAIP3, TNFRSF21/DR6,
TNFRSF10B/DR5, TNFRSF10D, TNFRSF11B,
TNFRSF1A, TRADD, yruerenue IRE, kierku
TJIMOMBI, IS(DPUIIUAT TIFOKO3bI.
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