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Objective. The aim of the present investigation was to study the expression of genes encoding
polyfunctional proteins insulinase (insulin degrading enzyme, IDE) and pitrilysin metallopepti-
dase 1 (PITRM1) in U87 glioma cells in response to inhibition of endoplasmic reticulum stress
signaling mediated by ERN1/IRE1 (endoplasmic reticulum to nucleus signaling 1) for evaluation
of their possible significance in the control of metabolism through ERN1 signaling as well as hy-
poxia, glucose and glutamine deprivations.

Methods. The expression level of IDE and PITRMI genes was studied in control and ERN1
knockdown U87 glioma cells under glucose and glutamine deprivations as well as hypoxia by
quantitative polymerase chain reaction.

Results. It was found that the expression level of IDE and PITRM]I genes was down-regulated
in ERN1 knockdown (without ERN1 protein kinase and endoribonuclease activity) glioma cells in
comparison with the control glioma cells, being more significant for PITRM1 gene. We also found
up-regulation of microRNA MIR7-2 and MIRLET7A2, which have specific binding sites in 3’-un-
translated region of IDE and PITRM1 mRNAs, correspondingly, and can participate in posttran-
scriptional regulation of these mRNA expressions. Only inhibition of ERN1 endoribonuclease did
not change significantly the expression of IDE and PITRM1 genes in glioma cells. The expression
of IDE and PITRM1 genes is preferentially regulated by ERN1 protein kinase. We also showed that
hypoxia down-regulated the expression of IDE and PITRM]I genes and that knockdown of ERN1
signaling enzyme function modified the response of these gene expressions to hypoxia. Glucose
deprivation increased the expression level of IDE and PITRMI genes, but ERN1 knockdown en-
hanced only the effect of glucose deprivation on PITRM1 gene expression. Glutamine deprivation
did not affect the expression of IDE gene in both types of glioma cells, but up-regulated PITRM
gene and this up-regulation was stronger in ERN1 knockdown cells.

Conclusions. Results of this investigation demonstrate that ERN1 knockdown significantly de-
creases the expression of IDE and PITRMI genes by ERN1 protein kinase mediated mechanism.
The expression of both studied genes was sensitive to hypoxia as well as glucose deprivation and
dependent on ERN1 signaling in gene-specific manner. It is possible that the level of these genes
expression under hypoxia and glucose deprivation is a result of complex interaction of variable en-
doplasmic reticulum stress related and unrelated regulatory factors and contributed to the control
of the cell metabolism.
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The insulin degrading enzyme (IDE), which is also
known as insulinase, insulin protease, insulysin, and
Abeta-degrading protease, is a zinc metallopeptidase,
which has been initially discovered as the enzyme
responsible for insulin catabolism; therefore, its
involvement in the onset of diabetes has been largely
investigated (Pivovarova et al. 2016; Tundo et al. 2017;
Zhang et al. 2018). IDE is a multi-functional protein
and present in the cytoplasm and different subcel-
lular structures, including mitochondrion, as well as
in extracellular matrix. This enzyme degrades intra-
cellular insulin, and thereby terminates its activity.
However, IDE also degrades glucagon, which elevates
glucose levels and opposes the effect of insulin. The
insulin degrading enzyme has ability to degrade
several other polypeptides, such as amylin, brady-
kinin, atrial natriuretic peptide, kallidin, and
B-amyloid, has participating in intercellular peptide
signaling (da Costa et al. 2017; Kurochkin et al. 2017).
At the same time, the extracellular matrix enriched
with insulin-degrading enzyme suppresses the depo-
sition of amyloid-beta peptide in Alzheimer’s disease
cell models (Zhang et al. 2019). Structural and
biochemical analyses revealed the molecular basis for
IDE-mediated destruction of amyloidogenic peptides
and this information has been exploited to develop
promising inhibitors of IDE to improve glucose
homeostasis; however, the inhibition of IDE can also
lead to glucose intolerance (Tang 2016).

Deficiencies in this protein’s function are associ-
ated with type 2 diabetes mellitus and Alzheimer’s
disease. Thus, Ohyagi et al. (2019) have revealed
that apomorphine treatment improves neuronal
insulin resistance and activates insulin-degrading
enzyme, a major AP-degrading enzyme. There are
data indicating that liver-specific ablation of insulin-
degrading enzyme causes hepatic insulin resistance
and glucose intolerance (Villa-Perez et al. 2018) and
that pancreatic B-cell-specific deletion of insulin-
degrading enzyme leads to dysregulated insulin
secretion (Fernandez-Diaz et al. 2019). Furthermore,
insulin deprivation in rats with streptozotocin-
induced diabetes down-regulates insulin degrading
enzyme level in the cerebral cortex (Kazkayasi et al.
2018). There are also data indicating that ablation of
amyloid precursor protein (APP) increases insulin-
degrading enzyme levels and activity in brain and
other tissues, which clearly demonstrate a novel role
for APP as an upstream regulator of IDE in vivo and
represents a new molecular link connecting APP to
metabolic homeostasis (Kulas et al. 2019). The level of
IDE is also controlled by microRNA-7 (Fernandez-de
Frutos et al. 2019).

Recently, it was shown that somatostatin receptor
subtype-4 agonists, which have been proposed for
AD treatment, increased in 15-fold expression of
insulin degrading enzyme (Sandoval et al. 2019).
Thus, insulin-degrading enzyme represents a patho-
physiological link between type 2 diabetes and
Alzheimer’s disease because insulin regulates the
degradation of AP by inducing expression of IDE
in astrocytes (Pivovarova et al. 2016; Yamamoto et
al. 2018). However, because of the pleiotropic IDE
action, the use of IDE modulators for the treatment of
certain pathologies should be carefully considered to
protect from possible adverse effects associated with
multiplicity of IDE targets.

It was also shown that insulin-degrading enzyme
is applied to catalyze hydrolysis of Nociceptin/
Orphanin 1-16 (OFQ/N) indicating the involvement
of the enzyme in the degradation of neuropeptides
engaged in pain transmission (Zingale et al. 2019).
Moreover, IDE degradative action towards insulin
was inhibited by the OFQ/N fragments, suggesting a
possible regulatory mechanism in the central nervous
system. It has been found that OFQ/N and insulin
affect each other degradation by IDE, although in
a different manner. IDE cleaves neuropeptides and
their released fragments act as inhibitors of IDE
activity toward insulin. It is possible that IDE enzyme
indirectly participates in neural communication of
pain signals and that neuropeptides involved in pain
transmission may contribute to the regulation of IDE
activity (Zingale et al. 2019).

Insulin-degrading enzyme plays a multi-func-
tional role in the interconnecting several basic
cellular processes. In particular, the latest advances
indicate that IDE behaves as a heat shock protein
and modulates the ubiquitin-proteasome system,
suggesting a major implication in proteins turnover
and cell homeostasis, which is thought to be tightly
linked to the malfunction of the “quality control”
machinery of the cell (Tundo et al. 2017).

Atthistime, mitochondrial dysfunctionandaltered
proteostasis are central features of neurodegenerative
diseases. The pitrilysin metallopeptidase 1 (PITRM1)
is an ATP-dependent mitochondrial matrix enzyme,
which functions in peptide cleavage and degrada-
tion rather than in protein processing, it binds zinc
and can also degrade the mitochondrial fraction of
amyloid beta A4 protein, suggesting a possible role
in Alzheimer’s disease (Falkevall et al. 2006; King et
al. 2014; Pinho et al. 2014). This metalloendopepti-
dase specifically cleaves oligopeptides, including the
mitochondrial targeting sequences that are cleaved
from proteins imported across the inner mitochon-
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drial membrane (Chow et al. 2009; King et al. 2014).
Defective mitochondrial peptidase PITRMI is associ-
ated with AB-positive amyloid deposits, because this
enzyme is responsible for significant AP degradation
and impairment of its activity results in AB accumu-
lation and amyloidotic neurodegeneration (Brunetti
et al. 2016; Smith-Carpenter and Alper 2018).

The both insulin-degrading enzyme and pitri-
lysin metallopeptidase 1 play an important role in
the normal brain including glial cell function as well
as many diseases, such as insulin resistance, type 2
diabetes, neurodegenerative disorders, and cancer.
An important feature of all these diseases is endo-
plasmic reticulum stress, which is linked to the main-
tenance of cellular homeostasis and the fine balance
between health and disease (Almanza et al. 2019;
Marciniak et al. 2019). This stress is an integrator of
the signal transduction pathway in both normal and
pathological cells, including diabetic, AB-positive,
and malignant cells because endoplasmic reticulum
stress signaling pathways have connections with
other plasma membrane receptor signaling networks
and with numerous metabolic pathways (Moenner et
al. 2007; Auf et al. 2010; Bravo et al. 2013; Hetz et al.
2013; Lee and Ozcan 2014; Manie et al. 2014; Chevet
etal. 2015; Wang and Kaufman et al. 2016; Doultsinos
et al. 2017; McMahon et al. 2017).

The endoplasmic reticulum stress plays a key role
in the regulating of protein misfolding and neuro-
degeneration and targeting of the unfolded protein
response in Alzheimer’s disease is emerging as an
interesting therapeutic approach (Garcia-Gonzalez et
al. 2018; Gerakis and Hetz 2018; Mercado et al. 2018;
Hughes and Mallucci 2019; Martinez et al. 2019).
Furthermore, there are data (Hassler et al. 2015) that
the IRE1/XBP1 pathway is essential for the glucose
response and protection of § cells. Malignant tumors
use endoplasmic reticulum stress response and its
signaling pathways to adapt and to enhance tumor
cells proliferation under stressful environmental
conditions (Manie et al. 2014; Papaioannou et al.
2018; Almanza et al. 2019). It is well known that the
activation of IRE1/ERNI (inositol requiring enzyme
1/endoplasmic reticulum to nucleus signaling 1)
branch of the endoplasmic reticulum stress response
is tightly linked to apoptosis and cell death, and
suppression of its function has been demonstrated to
result in significant anti-proliferative effect in glioma
growth (Auf et al. 2010; Minchenko et al. 2014, 2015a;
Hetz et al. 2019). Furthermore, inhibition of ERN1
endoribonuclease has more strong anti-proliferative
effect on glioma cells and leads to specific changes
in the expression of genes related to ERN1 signaling

pathway (Auf et al. 2013; Minchenko et al. 2015¢).

It is interesting to note that endoplasmic reticulum
stress and hypoxia as well as glucose deprivation are
very important and complementary factors for tumor
growth and that ERN1 mediated stress signaling
can significantly modify the effects of hypoxia and
glucose deprivation on gene expressions (Minchenko
et al. 2014, 2015b, 2016, 2017; 2019; Zhao et al. 2017).
However, the detailed molecular mechanisms of the
interaction of hypoxia and glucose deprivation with
ERN1 mediated stress signaling pathway are complex
and requires further study.

The aim of this study was to examine the expression
of genes encoding polyfunctional proteins insulin-
degrading enzyme (IDE) and pitrilysin metallopep-
tidase 1 (PITRM1) in response to complete inhibition
of ERN1 activity (protein kinase and endoribonu-
clease) or only its endoribonuclease for evaluation of
their possible significance in the control of metabolic
processes in U87 glioma cells through endoplasmic
reticulum stress signaling mediated by IREI as well as
through hypoxia, glucose and glutamine deprivation.

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/1) Dulbecco’s modified Eagle’s
minimum essential medium (Gibco, Invitrogen,
Carlsbad, CA, USA) supplemented with glutamine
(2 mM), 10% fetal bovine serum (Equitech-Bio, Inc.,
USA), penicillin (100 units/ml; Gibco) and strep-
tomycin (0.1 mg/ml; Gibco) at 37°C in incubator
with 5% CO,. In this work we used three sublines of
these cells, which were described previously (Auf et
al. 2010, 2013; Minchenko et al. 2015¢). One subline
was obtained by selection of stable transfected clones
with overexpression of vector pcDNA3.1, which was
used for creation of dnERNI and dnrERNI. This
untreated subline of glioma cells (control glioma
cells) was used as control 1 in the study of the effect
of hypoxia, glucose and glutamine deprivation on
the expression level of these genes. Second subline
was obtained by selection of stable transfected clones
with overexpression of ERN1 dominant/negative
construct (dnERN1), having suppression of both the
protein kinase and endoribonuclease activities of this
signaling enzyme (Auf et al. 2010). The third sub-line
was obtained by the selection of stable transfected
clones with the overexpression of dominant-negative
ERNI1 endoribonuclease mutant (dnrERNI), which
was obtained by truncation of the carboxy-terminal
78 amino acids of ERN1 (Auf et al. 2013; Minchenko
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et al. 2015¢). It has been shown that these cells have a
low proliferation rate, do not express spliced XBP1, a
key transcription factor in ERN1 signaling, and have
not the phosphorylated isoform ERN1 after induction
of endoplasmic reticulum stress by tunicamycin (Auf
et al. 2013; Minchenko et al. 2015c¢). The expression of
the studied genes in cells with a deficiency of ERN1,
introduced by dnERN1 and dnrERNI, was compared
with cells transfected with the previously mentioned,
empty vector (control glioma cells, pcDNA3.1). All
used in this study sublines of glioma cells are grown
in the presence of geneticin (G418) while these
cells carrying empty vector pcDNA3.1, dnERN1 or
dnrERNI constructs. Hypoxic condition was created
in special incubator with 3% oxygen and 5% carbon
dioxide levels; culture plates with complete DMEM
were exposed to these conditions for 16 h. Glucose
and glutamine deprivation conditions were created by
changing the complete DMEM medium into culture
plates on DMEM medium without glucose or gluta-
mine and plates were exposed to this condition for
16 h. For induction of endoplasmic reticulum stress
in glioma cells with dnrERN1 we used tunicamycin
(0.01 mg/ml for 2 h).

RNA isolation. Total RNA was extracted from
glioma cells using the Trizol reagent according to
manufacturer’s protocol (Invitrogen, Carlsbad, CA,
USA). The RNA pellets were washed with 75% ethanol
and dissolved in nuclease-free water. For additional
purification RNA samples were re-precipitated with
95% ethanol and re-dissolved again in nuclease-free
water. RNA concentration and spectral characteris-
tics were measured using NanoDrop Spectrophotom-
eter ND1000 (PEQLAB, Biotechnologie GmbH).

Reverse transcription and quantitative PCR
analysis. The expression levels of IDE and PITRM1
mRNAs as well as ACTB mRNA were measured in
control U87 glioma cells and cells with a deficiency
of ERNI, introduced by dnERNI and dnrERNI,

by quantitative polymerase chain reaction using
SYBRGreen Mix (ABgene, Thermo Fisher Scientific,
Epsom, Surrey, UK) and “QuantStudio 5 Real-Time
PCR System” (Applied Biosystems, USA). Thermo
Scientific Verso cDNA Synthesis Kit (Germany) was
used for reverse transcription as described previously
(Minchenko et al. 2019). For polyadenylation and
reverse transcription of miRNAs we used NCode™
miRNA First-Strand cDNA Synthesis Kit MIRC-10
(Invitrogen) as described previously (Minchenko et
al. 2018b). Polymerase chain reaction was performed
in triplicate. The expression of beta-actin mRNA
was used as control of analyzed RNA quantity. The
pair of primers specific for each studied gene was
received from Sigma-Aldrich (St. Louis, MO, U.S.A.)
and used for quantitative polymerase chain reaction
(Table 1).

Quantitative PCR analysis was performed using
a special computer program “Differential expres-
sion calculator” and statistical analysis using Excel
program and OriginPro 7.5 software as described
previously (Minchenko et al. 2015¢). Comparison of
two means was performed by the use of two-tailed
Student’s t-test. p<0.05 was considered significant in
all cases. The values of IDE and PITRMI gene expres-
sions were normalized to the expression of beta-actin
mRNA and represent as percent of control (100%).
All values are expressed as mean = SEM from trip-
licate measurements performed in 4 independent
experiments. The amplified DNA fragments were
also analyzed on a 2% agarose gel and that visualized
by SYBR* Safe DNA Gel Stain (Life Technologies,
Carlsbad, CA, USA).

Results
To investigate a possible role of endoplasmic retic-

ulum stress signaling mediated by ERNI1 bifunc-
tional enzyme in the expression level of mRNA

Table 1
Characteristics of the primers used for quantitative real-time polymerase chain reaction.
., Nucleotide numbers GenBank accession
Gene symbol Gene name Primer’s sequence .
in sequence number

. . . F: 5’-aggccttcatacctcagcte 1220-1239

IDE insulin degrading enzyme R: 5"-getgacttggaaggagaggt 2361-2342 NM_004969.4
s ofTecref . F: 5’-acccaccatacctgtcacag 1708-1727
PITRM]1 pitrilysin metallopeptidase 1 R: 5-tgcteccaptagtcaagang 1914-1895 NM_014889.4
o F: 5’-ggacttcgagcaagagatgg 747-766

ACTB beta-actin R: 5’-agcactgtgttggcgtacag 980-961 NM_o01101
MIR7-2 hsa-miR-7-5p F: 5’-tggaagactagtgattttgttgtt 32-55 NR_029606
MIRLET7A2 hsa-let-7a-5p F: 5’-tgaggtagtaggttgtatagtt 5-26 NR_029477
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for insulin degrading enzyme (IDE) and pitrilysin
metallopeptidase 1 (PITRM1) in U87 glioma cells,
we used cells with a full deficiency of ERN1, intro-
duced by dnERNT (cells without both protein kinase
and endoribonuclease activities), and with deficiency
in ERNI endoribonuclease, introduced by dnrERN1
(cells without endoribonuclease activity only). As
shown in Figure 1, the expression of IDE mRNA in
U87 glioma cells, transfected by dnERN1, is down-
regulated (-17%) in comparison with control glioma
cells, transfected by empty vector. At the same time,
inhibition of ERN1 endoribonuclease does not
significantly change the expression level of this gene
(Figure 1). We next investigated the effect of endo-
plasmic reticulum stress induced by tunicamycin on
the expression of gene encoding insulin degrading
enzyme in glioma cells with mutation in ERNI1
endoribonuclease. As shown in Figure 1, the expres-
sion of IDE mRNA is significantly up-regulated
(+43%) in U87 glioma cells without ERN1 endoribo-
nuclease activity after treatment with tunicamycin in
comparison with no treated cells.

Furthermore, the expression level of PITRMI
mRNA in U87 glioma cells without both protein

kinase and endoribonuclease activities is also down-
regulated in comparison with control glioma cells,
transfected by empty vector, but these changes were
more significant (-45%; Figure 2). We have also
shown that the expression level of pitrilysin metal-
lopeptidase 1 mRNA in glioma cells with inhibition
of ERN1 endoribonuclease, introduced by dnrERNI,
does not significantly change as compared to control
glioma cells (Figure 2). Moreover, as shown in
Figure 2, induction of endoplasmic reticulum stress
in glioma cells with suppressed ERN1 endoribonu-
clease by tunicamycin up-regulates the expression
level of pitrilysin metallopeptidase 1 mRNA (+15%).
We also studied the expression of microRNAs
MIR7-2 (miR-7; has-miR-7-5p) and MIRLET7A2
(miR-7a; has-let-7a-5p) in control U87 glioma cells
(Vector) and cells with a blockade of the ERN1 by
dnERNI in relation to suppression of functional
activity of ERNI signaling enzyme. Bioinformatics
analysis of the 3’-untranslated region of IDE and
PITRM1 mRNAs identified possible target sites for
MIR7-2 and MIRLET7A2, correspondingly, which
can participate in posttranscriptional regulation
of these mRNA expressions. As shown in Figure 3,
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Figure 1. Insulin degrading enzyme (IDE) gene expression level
in control U87 glioma cells (Vector) and cells with a blockade
of the ERN1 by dnERNI and dnrERN1 as well as in dnrERN1
cells treated by tunicamycin measured by qPCR. Values of IDE
mRNA expression were normalized to beta-actin mRNA level
and represented as percent for control 1 (100%); n=4.
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Figure 2. Pitrilysin metallopeptidase 1 (PITRM]I) gene expres-
sion level in control U87 glioma cells (Vector) and cells with
a blockade of the ERN1 by dnERN1 and dnrERNI as well as
in dnrERN1 cells treated by tunicamycin measured by qPCR.
Values of PITRM1 mRNA expression were normalized to be-
ta-actin mRNA level and represented as percent for control 1
(100%); n=4.
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Figure 3. The expression level of microRNA MIR7-2 (miR-7;
has-miR-7-5p) and MIRLET7A2 (miR-7a; has-let-7a-5p) in
control U87 glioma cells (Vector) and cells with a blockade
of the ERN1 by dnERN1 measured by qPCR. Values of these
mRNA expressions were normalized to beta-actin mRNA level
and represented as percent for control 1 (100%); n=4.

Figure 4. Effect of hypoxia on the expression level of insulin
degrading enzyme (IDE) mRNA in control U87 glioma cells
(Vector) and cells with a blockade of the ERN1 by dnERNI
measured by qPCR. Values of IDE mRNA expression were nor-
malized to beta-actin mRNA level and represented as percent
for control 1 (100%); n=4.
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Figure 5. Effect of hypoxia on the expression level of pitrilysin
metallopeptidase 1 (PITRM1) mRNA in control U87 glioma
cells (Vector) and cells with a blockade of the ERN1 by dnERN1
measured by qPCR. Values of PITRM1 mRNA expression were
normalized to beta-actin mRNA level and represented as per-
cent for control 1 (100%); n=4.

Figure 6. Effect of glucose deprivation on the expression
level of insulin degrading enzyme mRNA in control U87 gli-
oma cells (Vector) and cells with a blockade of the ERN1 by
dnERN1 measured by qPCR. Values of IDE mRNA expression
were normalized to beta-actin mRNA level and represented as
percent for control 1 (100%); n=4.
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the expression level of microRNA MIR7-2 and
MIRLET7A2 is up-regulated, being more signifi-
cant for MIR7-2, in glioma cells without both ERN1
protein kinase and endoribonuclease activities in
comparison with control cells (+113 and +75%,
respectively). Therefore, the up-regulation of these
microRNA levels correlates with down-regulation of
corresponding mRNA (IDE and PITRM1) in ERN1
knockdown glioma cells.

We also investigated the effect of hypoxia on
the expression of gene encoding insulin degrading
enzyme in glioma cells in relation to complete inhibi-
tion of ERN1 signaling enzyme function (both protein
kinase and endoribonuclease activities). It was shown
that in control glioma cells (transfected by empty
vector) the expression level of IDE gene is down-regu-
lated (-38%) under hypoxic condition in comparison
with cells growing in regular condition (Figure 4). At
the same time, inhibition of ERN1 signaling enzyme
function significantly enhances the effect of hypoxia
on insulin degrading enzyme gene expression as
compared to corresponding control cells, transfected
by dnERNI1 (-63%; Figure 4). Furthermore, effect
of hypoxia on the expression of pitrilysin metallo-
peptidase 1 gene in control glioma cells was signifi-

cantly less than on IDE gene (Figure 5). Thus, expo-
sure cells under hypoxia leads to down-regulation of
PITRM1 gene expression on 13%. It was also shown
that complete inhibition of ERN1 signaling enzyme
function (both protein kinase and endoribonuclease
activities) also modifies the effect of hypoxia on this
gene expression. Thus, the expression of pitrilysin
metallopeptidase 1 gene is down-regulated (-31%) in
comparison to control glioma cells, transfected with
dnERNI (Figure 5).

As shown in Figure 6 and Figure 7, exposure
glioma cells under glucose deprivation condition
leads to small but statistically significant up-regu-
lation of IDE and PITRM1 mRNA expressions
(+13 and +15%, respectively) in comparison with
control cells growing under condition with glucose.
Furthermore, inhibition of both enzymatic activities
of ERNI does not significantly modify the effect of
glucose deprivation condition on the expression of
insulin degrading enzyme, but increase the sensi-
tivity of pitrilysin metallopeptidase 1 gene expression
to this deprivation condition. Thus, exposure ERN1
knockdown glioma cells under glucose deprivation
condition leads to up-regulation of IDE and PITRM1
mRNA expressions on 19% and 29%, respectively, in
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Figure 7. Effect of glucose deprivation on the expression level
of PITRM1 mRNA in control U87 glioma cells (Vector) and
cells with a blockade of the ERN1 by dnERN1 measured by
qPCR. Values of PITRM1 mRNA expression were normalized
to beta-actin mRNA level and represented as percent for con-
trol 1 (100%); n=4.

Figure 8. Effect of glutamine deprivation on the expression
level of insulin degrading enzyme mRNA in control U87 gli-
oma cells (Vector) and cells with a blockade of the ERN1 by
dnERN1 measured by qPCR. Values of IDE mRNA expression
were normalized to beta-actin mRNA level and represented as
percent for control 1 (100%); n=4.
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Figure 9. Effect of glutamine deprivation on the expression
level of PITRM1 mRNA in control U87 glioma cells (Vector)
and cells with a blockade of the ERN1 by dnERN1 measured
by qPCR. Values of PITRM1 mRNA expression were normal-
ized to beta-actin mRNA level and represented as percent for
control 1 (100%); n=4.

comparison with control cells growing under condi-
tion with glucose (Figure 6 and Figure 7).

We also studied the expression of IDE and PITRM1
mRNAs in glioma cells exposure under glutamine
deprivation condition in relation to inhibition of
endoplasmic reticulum stress signaling mediated by
ERNI. As shown in Figure 8 and Figure 9, exposure
glioma cells under glutamine deprivation condition
does not change significantly the expression of insulin
degrading enzyme independently from ERNI knock-
down. At the same time, the expression of pitrilysin
metallopeptidase 1 mRNA is up-regulated (+23%) in
control glioma cells in comparison with control cells
growing under condition with glutamine (Figure 8).
Furthermore, inhibition of both enzymatic activities
of ERNI significantly enhances the effect of gluta-
mine deprivation condition on pitrilysin metallopep-
tidase 1 mRNA expressions (+44%; Figure 9).

The inhibition of the endoplasmic reticulum stress
signaling mediated by ERN1 affects the expression of
insulin degrading enzyme and pitrilysin metallopep-
tidase 1 in U87 glioma cells through ERNI1 protein
kinase signaling pathway. Furthermore, hypoxia and
glucose deprivation affected the expression of both

genes in gene-specific manner and these effects on
gene expressions preferentially depended on ERNI1
enzymatic activities.

Discussion

In this work, we studied the expression of genes
encoding insulin degrading enzyme and pitrilysin
metallopeptidase 1 in U87 glioma cells in relation to
inhibition of ERN1, the major signaling pathway of
the unfolded protein response. We used 2 variants of
ERNI deficiency: full ERN1 deficiency introduced
by dnERNT1 (cells without both protein kinase and
endoribonuclease activities), and cells with deficiency
in ERN1 endoribonuclease, introduced by dnrERN1
(cells without endoribonuclease activity only). This
is important for evaluation of possible significance
of IDE and PITRM!I genes in the control of metabo-
lism growth through endoplasmic reticulum stress
signaling mediated by ERN1 because this stress
signaling pathway is involved in numerous metabolic
pathways and inhibition of ERNI enzyme activity
had clear anti-tumor effects (Auf et al. 2010, 2013;
Bravo et al. 2013; Manie et al. 2014; Minchenko et al.
2014, 2015a, c; Logue et al. 2018).

We showed that the expression of studied genes
IDE and PITRMI is responsible to endoplasmic retic-
ulum stress signaling mediated by ERN1 and is down-
regulated in glioma cells without both protein kinase
and endoribonuclease activities. However, inhibition
of ERN1 endoribonuclease activity does not affect the
expression of both IDE and PITRMI genes. Thus, the
expression of both these genes is regulated preferen-
tially by ERNI protein kinase signaling via mecha-
nisms similar to that described by Aufetal. (2013) and
Minchenko et al. (2015¢). Functional significance of
down-regulated expression of both IDE and PITRM]I
genes under inhibition of both ERN1 protein kinase
and endoribonuclease activities is possibly connected
with their important role in endoplasmic reticulum
stress signaling and many other key processes because
the expression of these genes is associated with type
2 diabetes, Alzheimer’s disease, and cancer (Pivova-
rova et al. 2015; Brunetti et al. 2016; Liu et al. 2018;
Fernandez-Diaz et al. 2019; Hetz et al. 2019; Kulas et
al. 2019). There are data indicating that IDE knock-
down affected the expression of genes involved in cell
cycle and apoptosis pathways and that proliferation
rate in IDE knockdown cells is lower than in controls
(Pivovarova et al. 2015). Furthermore, we showed
that the induction of endoplasmic reticulum stress by
tunicamycin leads to up-regulation of the expression
of both IDE and PITRM]I genes in glioma cells with
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suppressed ERN1 endoribonuclease. It is possible
that the expression of these genes is also controlled by
other signaling pathways of endoplasmic reticulum
stress, not only ERN1 protein kinase. These agree
well with data Mercado et al. (2018) that inhibition
of PERK signaling has neuroprotective effect, which
is accompanied by an increase in dopamine level and
the expression of synaptic proteins.

We also observed up-regulation of microRNA
MIR7-2and MIRLET7A2, which have specificbinding
sites in 3’-untranslated region of IDE and PITRM1
mRNAs, correspondingly, in glioma cells with ERN1
knockdown. Furthermore, the level of these mRNA is
down-regulated. Thus, our findings provide evidence
that the decreased expression pattern of IDE and
PITRMI mRNAs is possibly regulated at both tran-
scriptional and post-transcriptional levels. Thus,
up-regulation of microRNA MIR7-2 agrees well with
an important role of this microRNA in the control
of insulin signaling and Ap levels through posttran-
scriptional regulation of the insulin related proteins
including insulin degrading enzyme (Fernandez-de
Frutos et al. 2019). These results confirm to data that
noncoding RNA functions in regulating adaptive
pathways in both physiological and pathophysiolog-
ical conditions, illustrating how they operate within
the known UPR functions and contribute to diverse
cellular outcomes (McMahon et al. 2017).

We also showed that hypoxia enhances the expres-
sion of IDE and PITRM!I genes both in control and
ERNI knockdown glioma cells and that inhibition
of ERNI1 signaling enhances the effect of hypoxia on
these genes’ expression (Figure 10). Thus, blockade
of ERNI signaling modifies effect of hypoxia on the
expression of IDE and PITRMI genes. It is possible
that hypoxic stimulation of IDE and PITRMI gene
expressions in glioma cells is realized by transcrip-
tion factor HIF through specific hypoxia responsible
elements, which we identified in promoter region of
these genes by bioinformatics analysis. Moreover, in
the promoter region of IDE gene we also identified
three potential binding sites for XBP1, a major tran-
scription factor of ERN1 signaling, and two of them
are overlapping with HIF binding sites (CCACGC/
TG). Similar results we also received for the promoter
region of PITRMI gene: three potential binding
sites for HIF and two of them are overlapping with
XBP1 binding sites (CCACGCC). It is possible that
hypoxic regulation of IDE and PITRMI genes is real-
ized through specific interaction of HIF and XBP1
transcription factors on such binding sites, at least
partially, and elimination of active XBP1 by ERN1
knockdown (Auf et al. 2010) modifies the effect of
hypoxia on these gene expressions. At the same time,
there are data indicating that many factors can facili-
tate interaction of HIF with endoplasmic reticulum
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Figure 10. Schematic demonstration of IDE and PITRM]I genes expression profile in control and ERN1 knockdown glioma cells
under hypoxia, glucose and glutamine deprivations; NS - no significant changes.
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stress response-signaling pathway mediated by ERN1
(Manie et al. 2014; Sun and Denko 2014; Chevet et
al. 2015). Thus, there are data indicating that HIF-1a
is associated with numerous upstream and down-
stream proteins and an examination of upstream
hypoxic and nonhypoxic regulation of HIF1 as well
as of downstream HIFl-regulated proteins may
provide further insight into the role of this tran-
scription factor in the pathophysiology of glioblas-
toma at the molecular level (Womeldorff et al. 2014;
Semenza 2017). Our results validate tight interaction
of endoplasmic reticulum stress signaling pathways
with hypoxic regulation of the expression of genes
encoding insulin-degrading enzyme and pitrilysin
metallopeptidase 1, but precise molecular mecha-
nisms are not clear yet and require further investiga-
tions.

We also demonstrated that exposure glioma
cells under glucose deprivation condition leads to
up-regulation of IDE and PITRM1 mRNA expres-
sions and that inhibition of ERN1 signaling modify
the effect of glucose deprivation condition on the
expression of pitrilysin metallopeptidase 1 gene only
(Figure 10). These results correlate with the data of
Pivovarova et al. (2009) indicating that the insulin-
induced activation of insulin-degrading enzyme in
HepG2 cells is glucose dependent. Furthermore, our
results demonstrate that the effect of glucose as well
as glutamine deprivation condition on the expres-
sion of pitrilysin metallopeptidase 1 mRNA depends
on ERNI signaling and validates tight interaction
of endoplasmic reticulum stress signaling pathways
with glucose and glutamine levels. Previously it was
shown that many gene expressions affected by gluta-
mine deprivation condition in ERN1 dependent
manner including ATF6 and PERK/EIF2AK3, key
signaling pathways of endoplasmic reticulum stress
(Minchenko et al. 2018a).

This study provides unique insights into the
molecular mechanisms regulating the expression of
genes encoding insulin-degrading enzyme and pitri-
lysin metallopeptidase 1 in glioma cells in response to
complete inhibition of ERNI1 activity (protein kinase
and endoribonuclease) and their correlation with
reduced cell proliferation in cells harboring dnERN1,
attesting to the fact that endoplasmic reticulum stress
is a necessary component of malignant tumor growth
and cell survival. Moreover, we identified microRNA,
which increased expression can contribute to post-
transcriptional up-regulation of IDE and PITRM1
mRNAs in ERNI knockdown glioma cells. Thus,
endoplasmic reticulum stress mediated changes in
these gene expressions could possibly responsible for
numerous pathological processes, in which insulin-
degrading enzyme and pitrilysin metallopeptidase 1
play an important role as multifunctional proteins.
Our results further demonstrate that hypoxia
induces the expression of insulin-degrading enzyme
and pitrilysin metallopeptidase 1 genes in control
and ERN1 knockdown glioma cells and that inhibi-
tion of ERN1 signaling enhances the effect of hypoxia
on these genes expression. It is interesting to note
that our results validates tight interaction of endo-
plasmic reticulum stress signaling pathways with
hypoxia and glucose deprivation in the regulation of
the expression of genes encoding insulin-degrading
enzyme and pitrilysin metallopeptidase 1, but the
detailed molecular mechanisms of this regulation
have not been yet clearly defined and require further
investigation.
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