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We have studied gene expression of insulin-like growth factor binding proteins in US7 glioma cells
upon glutamine deprivation depending on the inhibition of IREI (inositol requiring enzyme-1), a central me-
diator of endoplasmic reticulum stress. We have shown that exposure of control glioma cells upon glutamine
deprivation leads to down-regulation of NOV/IGFBP9, WISPI and WISP2 gene expressions and up-regu-
lation of CYRG61/IGFBPI0 gene expression at the mRNA level. At the same time, the expression of IGFBP6
and IGFBP7 genes in control glioma cells was resistant to glutamine deprivation. It was also shown that the
inhibition of IREI modifies the effect of glutamine deprivation on the expression of all studied genes. Thus, the
inhibition of IREI signaling enzyme enhances the effect of glutamine deprivation on the expression of CYR61
and WISPI genes and suppresses effect of the deprivation on WISP2 gene expression in glioma cells. Moreo-
ver, the inhibition of IREI introduces sensitivity of the expression of IGFBP6 and IGFBP7 genes to glutamine
deprivation and removes this sensitivity to NOV gene. We have also demonstrated that the expression of all
studied genes in glioma cells growing with glutamine is regulated by IREI signaling enzyme, because the
inhibition of IREI significantly down-regulates IGFBP6 and NOV genes and up-regulates IGFBP7, CYR6,
WISPI, and WISP2 genes as compared to control glioma cells. The present study demonstrates that glutamine
deprivation condition affects most studied IGFBP and WISP gene expressions in relation to IREI signaling
enzyme function and possibly contributes to slower glioma cell proliferation upon inhibition of IREI.
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(IGFBPs) play an important role in the regula-

tion of numerous metabolic and proliferative
processes mainly through interaction with IGF1 and
IGF2, their cell surface receptors, as well as insulin
receptor, alter the half-life of the IGFs and modify
their biological activity because they contain insulin-
like growth factor (IGF) binding domain. It is well
known that insulin-like growth factors and the signal
transduction networks they regulate play important
roles in metabolic diseases as well as in tumorigene-
sis and metastasis [1, 2]. IGFBPs participate in en-
doplasmic reticulum stress, which is an important
factor of tumor growth, insulin resistance, and obe-
sity [3-5]. Therefore, there is the cross talk between
IGF and insulin receptor signaling pathways at the
receptor level or at downstream signaling level. A
formation of hybrid receptor isoforms between re-
ceptors for IGF1 and insulin, which are sensitive to
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the stimulation of all three IGF axis ligands, as well
as hybrid receptors of IGF1/insulin receptor with
other tyrosine kinase potentiate the transformation
of cells, tumorigenesis, and tumor neovasculariza-
tion [6].

The IGFBPs bind and regulate the availabili-
ty of both insulin-like growth factors and inhibit
or stimulate the growth promoting effects of these
growth factors through IGF/INS receptors and
through other signaling pathways. They regulate cell
proliferation and survival as well as angiogenesis and
cancer cell migration. Moreover, both negative and
positive correlations between levels of IGF-1/IGF-
1-R and clinical outcomes in head and neck cancer
have been reported [6]. IGFBPs are now understood
to have many actions beyond their endocrine role in
IGF transport [6]. These binding proteins function
both in the cells and extracellular matrix to regulate
cell proliferation and survival and involved in tumor
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development and progression as well as resistance
to treatment. In addition to their canonical ligands
(IGF1 and IGF2), they play an important role in the
regulation of various processes including transcrip-
tion, because they interact with many proteins [6, 7].
Therefore, IGFBP6 preferentially binds to IGF2 and
also has IGF-independent effects, including inhibi-
tion of angiogenesis and promotion of cancer cell mi-
gration [8]. Moreover, IGFBP6 regulate cell prolife-
ration and apoptosis: down-regulation of this gene
expression leads to inhibition of cell proliferation
and to increased apoptotic cell death. It is interesting
to note that apoptosis can also be regulated through
IGF1 receptor; however, there is data that IGFBP6
can also suppress cell proliferation [9].

The IGFBP7, which is also known as insulin-
like growth factor binding protein-related protein 1
(IGFBPRP1), has a conserved structural homology
with other members of IGFBP family. It is interesting
to note that it has a low affinity for IGFs and high af-
finity for insulin, suggesting that IGFBP7 may have
a biological function distinct from other members of
the IGFBP family. Moreover, IGFBP7 has diverse
biological functions, regulating cell proliferation,
apoptosis and senescence; it may also play a key role
in vascular biology [6]. It elicits its biological effects
by both insulin/IGF-dependent and -independent
mechanisms. It was also shown that IGFBP7 can
bind to unoccupied IGF1 receptor, blocks its activa-
tion by insulin-like growth factors and suppresses
downstream signaling, thereby inhibiting protein
synthesis, cell growth, and survival [10]. Increasing
evidence suggests that IGFBP7 acts as a tumor sup-
pressor [6].

The NOV/IGFBP9 (nephroblastoma overex-
pressed) and CYR61/IGFBPI10 (cysteine-rich angio-
genic inducer 61), which play a role in cell growth
regulation and are involved in angiogenesis, in-
flammation and matrix remodeling are members of
IGFBP and CNN families of regulatory proteins [11].
The WNT1 inducible signaling pathway (WISP) pro-
teins WISP1/CCN4 and WISP2/CCNS are down-
stream in the WNT1 signaling pathway and are also
relevant to malignant transformation, cancer cell
surviving, invasion and motility [12-14]. Further-
more, elevated levels of WISP1/CCN4 and CYR61/
CCNI in primary breast cancers are associated with
more advanced features [14].

Multiple studies have clarified the link between
cancer and endoplasmic reticulum stress, which con-
trols different processes, including cell proliferation

and surviving as well as circadian rhythms [15-18].
The IRE1 (inositol requiring enzyme-1) is a central
mediator of the unfolded protein response and an
important component of tumor growth. Moreover,
its blockade leads to a suppression of tumor growth
through down-regulation of the proliferation pro-
cesses and angiogenesis [19, 20]. It contributes to the
expression profile of many regulatory genes resulting
in proliferation, angiogenesis, and apoptosis [15, 20,
21]. The IREI has two enzymatic activities: kinase,
which is responsible for autophosphorylation and
some gene expressions, and endoribonuclease, which
is responsible for degradation of a specific subset of
mRNA and alternative splicing of the XBP1 (X-box
binding protein 1) transcription factor mRNA for
control of the expression of numerous unfolded pro-
tein response-specific genes [22, 23].

The endoplasmic reticulum stress response-
signalling pathway is tightly linked to the neovascu-
larization, tumor growth and cell death processes as
well as to suppression of insulin receptor signaling
through activation of c-Jun N-terminal kinase (JNK)
and subsequent serine phosphorylation of IRSI. The
endoplasmic reticulum has an essential position as a
signal integrator in the cell and is instrumental in the
different phases of tumor progression because the
signaling pathways elicited by endoplasmic reticu-
lum stress sensors have connections with metabolic
pathways and with other plasma membrane receptor
signaling networks [24].

Ablation of IRE1 function has been shown to
result in a significant anti-proliferative effect in glio-
ma growth through down-regulation of prevalent
pro-angiogenic factors and up-regulation of anti-
angiogenic genes as well as by modification of these
genes expression by glutamine deprivation [20, 25].
Malignant gliomas are highly aggressive tumors
with very poor prognosis and to date there is no ef-
ficient treatment available. The moderate efficacy of
conventional clinical approaches therefore under-
lines the need for new therapeutic strategies. Glu-
tamine and glucose are important substrates for glu-
taminolysis and glycolysis, which are important to
glioma development and a more agressive behaviour
[26-28]. It was recently shown that glioblastoma
proliferation under glutamine deprivation depends
on glutamate-derived glutamine synthesis through
glutamine synthetase activity, which fuels nucleo-
tide biosynthesis and supports growth of glutamine-
restricted glioblastoma [29, 30]. A better knowledge
of tumor responses to glucose or glutamine depri-
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vation conditions is required to elaborate therapeu-
tical strategies of cell sensibilization, based on the
blockade of survival mechanisms [10, 31]. However,
the executive mechanisms of the exhibited anti-
proliferative effects of IREI inhibition are not yet
known. It is possible that this anti-proliferative ef-
fect is also realized through mediation by IFGBPs
and its receptors signaling, which are integrated into
the unfolded protein response signaling pathways, to
regulate cell proliferation and surviving [6, 8, 11, 32,
33]. Previously it was shown that insulin-like growth
factor binding proteins and CCN family proteins
such as IGFBP6, IGFBP7, NOV/IGFBP9, CYR61/
IGFBP10, WISP1, and WISP2 are possibly involved
in the regulation of glioma cells proliferation by
IREL1, because inhibition of signaling enzyme IRE1
significantly affects the expression of all these genes
and modifies their hypoxic regulation [34].

The main goal of this study was to investi-
gate the role of expression of genes encoding the
insulin-like growth binding proteins with different
affinity for IGF proteins (IGFBP6, IGFBP7, NOV/
IGFBP9, CYR61/IGFBP10, WISP1, and WISP2) in
U87 glioma cell line and its subline with IREI1 loss
of function in glutamine deprivation condition for
evaluation of its possible significance in the control
of tumor growth through IREI mediated endoplas-
mic reticulum stress signaling.

Materials and Methods

Cell Lines and Culture Conditions. The glioma
cell line U87 (HTB-14) was obtained from ATCC
(USA) and grown in high glutamine (4.5 g/1) 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.

The sublines of U87 glioma cells used in this
study were described previously [20, 21]. One sub-
line was obtained by selection of stable transfected
clones with overexpression of vector pcDNA3.1,
which was used for creation of dnIREI. This untrea-
ted subline of glioma cells (control glioma cells) was
used as control 1 in the study of the effect of glu-
tamine deprivation on the expression level of diffe-
rent IGFBP and related genes. The other subline was
obtained by selection of a stable transfected clone
with overexpression of IRE1 dominant/negative
construct (dn-IRE1) and has suppressed both protein
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kinase and endoribonuclease activities of this signa-
ling enzyme (clone 1C5) [20]. The expression level
of the studied genes in these cells was compared
with cells, transfected by vector (control 1), but this
subline was also used as control 2 for investigation
the effect of glutamine deprivation on gene expres-
sions under blockade of both enzymatic activities
of IREL. The efficiency of IRE1 suppression in this
glioma cell subline was estimated previously [21] by
determining the expression level of the XBP1 al-
ternative splice variant, a key transcription factor in
the IREL1 signaling, and the level of the phosphoryla-
ted isoform IRE1 using cells treated by tunicamy-
cin (0.01 mg/ml during 2 h). The both sublines of
glioma cells are grown with the addition of geneticin
(G418), while these cells were carrying empty vector
pcDNA3.1 or dn-IRE1 construct.

Glutamine deprivation condition was created
by changing the complete DMEM medium into cul-
ture plates on the medium without glutamine (Gibco)
and plates were exposed to this condition for 16 h.

RNA isolation. Total RNA was extracted from
glioma cells using Trizol reagent according to manu-
facturer’s protocols (Invitrogen, USA) as described
previously [35]. 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. RNA concentration
and spectral characteristics were measured using
NanoDrop Spectrophotometer ND1000 (PEQLAB,
Biotechnologie GmbH). Absorption coefficients at
260/280 nm were in the range from 2.12 to 2.19.

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 insulin-like growth factor binding proteins
(IGFBP6, IGFBP7, IGFBP9/NOV, and IGFBP10/
CYR61) and WNTI inducible signaling pathway
proteins (WISP1 and WISP2) mRNAs as well as
ACTB mRNA were measured in U87 glioma cells
by real-time quantitative polymerase chain reaction
using “Applied Biosystems 7500” (Applied Biosys-
tems, USA) and Absolute gPCR SYBRGreen Mix
(Thermo Fisher Scientific, ABgene House, UK).
Polymerase chain reaction was performed in tripli-
cate using specific primers (Sigma-Aldrich, USA).

For amplification of /GFBP6 cDNA we used
forward (5-GCTGTTGCAGAGGAGAATCC-3'
and reverse (5-GGTAGAAGCCTCGATGGT-
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CA-3’) primers. The nucleotide sequences of these
primers correspond to sequences 397-416 and 655—
636 of human /GFBP6 cDNA (GenBank accession
number NM_002178). The size of amplified frag-
ment is 259 bp.

The amplification of IGFBP7 c¢cDNA for
real time RCR analysis was performed using two
oligonucleotides primers: forward — 5-AGCT-
GTGAGGTCATCGGAAT-3' and reverse — 5'—
TATAGCTCGGCACCTTCACC-3". The nucleotide
sequences of these primers correspond to sequences
572-591 and 882—863 of human /GFBP7 cDNA
(GenBank accession number NM_001553). The size
of amplified fragment is 311 bp.

The amplification of NOV/IGFBPY/CCN3
cDNA for real time RCR analysis was performed
using two oligonucleotides primers: forward — 5'—
GCGAAGAAAGTCTCGTTTGG-3' and reverse —
5'-ACACCAGACAGCATGAGCAG-3". The nuc-
leotide sequences of these primers correspond to
sequences 176—195 and 420—401 of human /GFBP9
cDNA (GenBank accession number NM_002514).
The size of amplified fragment is 245 bp.

For amplification of CYR61/IGFBPI0/CCNI
cDNA we used forward (5-CTCCCTGTTTTTG-
GAATGGA-3'" and reverse (S-TGGTCTTGCTG-
CATTTCTTG-3') primers. The nucleotide sequen-
ces of these primers correspond to sequences
852—871 and 1092-1073 of human /GFBPI0 cDNA
(GenBank accession number NM_001554). The size
of amplified fragment is 241 bp.

The amplification of WNTI inducible signaling
pathway protein 1 (WISP1), also known as CCN4,
cDNA for real time RCR analysis was performed
using two oligonucleotides primers: forward — 5'—
GACTTTACCCCAGCTCCACT-3' and reverse — 5’
GTAGTCACAGTAGAGGCCCC -3’. The nucleotide
sequences of these primers correspond to sequences
203-222 and 415-396 of human WISPI cDNA (Gen-
Bank accession number NM_003882). The size of
amplified fragment is 213 bp.

For amplification of WISP2/CCN5 cDNA we
used forward (5-CTGTATCGGGAAGGGGA-
GAC-3' and reverse (5-GGGAAGAGACAAGGC-
CAGAA-3") primers. The nucleotide sequences of
these primers correspond to sequences 463—482 and
709—690 of human WISP2 cDNA (GenBank acces-
sion number NM_003881). The size of amplified
fragment 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-
ber NM_001101). The size of amplified fragment is
234 bp. The expression of B-actin mRNA was used
as control of analyzed RNA quantity. The primers
were received from Sigma-Aldrich (St. Louis, MO,
USA).

Quantitative PCR analysis was performed
using a special computer program “Differential ex-
pression calculator”. The values of /IGFBP6, IGFBP?7,
NOV/GFBPY, CYR61/IGFBPI0, WISPI, WISP2, and
ACTB gene expressions were normalized to the ex-
pression of f-actin mRNA and represented as per-
cent of control (100%). All values are expressed as
mean = SEM from triplicate measurements per-
formed 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).

Statistical analysis. Statistical analysis was per-
formed using Excel program as described previously
[36]. All values are expressed as mean = SEM from
triplicate measurements performed in 4 independent
experiments.

Results and Discussion

To determine if glutamine deprivation affects
the expression of a subset of genes encoding for dif-
ferent insulin-like growth factor binding proteins
through the IRE1 branch of endoplasmic reticulum
stress response, we investigated the effect of glu-
tamine deprivation condition on mRNA expression
levels of different members of IGFBP and CCN
families, which can participate in the regulation of
glioma growth through insulin-like growth factor re-
ceptors as well as through other signaling pathways
and mechanisms.

To investigate a possible role of endoplasmic
reticulum stress signaling mediated by signaling en-
zyme IREI in the expression of insulin-like growth
factor binding protein gene /GFBP6 and its sensitivi-
ty to glutamine deprivation we studied the effect of
glutamine deprivation condition on this gene expres-
sion in glioma cells with functional IRE1 (control
glioma cells) and cells without enzymatic activities
of this signaling enzyme. As shown in Fig. 1, the
expression level of IGFBP6 mRNA does not change
significantly upon glutamine deprivation in control
glioma cells in comparison with the control 1, but
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is up-regulated by +20% in cells with suppressed
function of signaling enzyme IRE1 as compared to
control 2.

We next tested the sensitivity of IGFBP7 gene
to glutamine deprivation condition and whether
IREL1 also participates in the regulation of this gene
expression upon glutamine deprivation. As shown
in Fig. 2, the expression of /IGFBP?7 gene is also re-
sistant to glutamine deprivation in control glioma
cells, but in cells without IREI signaling enzyme
the expression of this gene is down-regulated by
glutamine deprivation condition in comparison with
corresponding control (control 2).

Next we investigated the cysteine-rich regula-
tory proteins NOV/IGFBP9/CCN3 and CYR61/1G-
FBP10/CCNI1, which have insulin-like growth factor
binding domain and are members of CCN family
proteins, associate with the extracellular matrix and
play an important role in cancer development by

120
NS
i

100 -
°
c
8 80 -
©
X
S 60 -
‘»
7]
o
<
o 40 -
<
Z
E
o 20 -
=
©
[0)
o

0
Control 1 | Glutamine | Control 2 | Glutamine
deprivation deprivation
Vector dnIRE1
IGFBP6

Fig. 1. Expression level of insulin-like growth factor
binding protein 6 (IGFBP6) mRNA in control U87
glioma cells (Vector) and cells with inhibition of the
IREI (dnIREI) upon glutamine deprivation measu-
red by qPCR. Values of IGFBP6 mRNA expressions
were normalized to f-actin mRNA level and repre-
sented as percent of control 1 (100%); n = 4
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regulation of angiogenesis, cell migration and pro-
liferation [36, 37]. We tested how glutamine dep-
rivation condition affects these insulin-like growth
factor binding protein genes and how IRE1 inhibi-
tion modifies the effect of glutamine deprivation on
the expression of NOV and CYR61 genes. As shown
in Fig. 3 and 4, the expressions of NOV and CYR61
genes are sensitive to glutamine deprivation, but the
expression changes in diverse ways. Thus, the ex-
posure of the control glioma cells upon glutamine
deprivation decreases the expression of NOV gene
(-29%) and induces CYR6! gene expression (+34%).
However, inhibition of IRE1 eliminates the effect of
glutamine deprivation on NOV gene expression in
glioma cells, but enhances the expression of CYR61
gene (+68%) (Fig. 3 and 4). Thus, inhibition of IREI
signaling enzyme function modifies the expression
level of NOV and CYR61 mRNAs in gene-specific
manner.
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Fig. 2. Expression level of insulin-like growth factor
binding protein 7 (IGFBP7) mRNA in control U87
glioma cells (Vector) and cells with inhibition of the
IREI (dnIREI) upon glutamine deprivation measu-
red by qPCR. Values of IGFBP7 mRNA expressions
were normalized to f-actin mRNA level and repre-
sented as percent of control 1 (100%); n = 4
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Fig. 3. Expression level of nephroblastoma overex-
pressed protein (NOV/IGFBP9) mRNA in control
U87 glioma cells (Vector) and cells with inhibition
of the IREI (dnIREI) upon glutamine deprivation
measured by qPCR. Values of NOV mRNA expres-
sions were normalized to p-actin mRNA level and
represented as percent of control 1 (100%); n = 4

We next studied the effect of glutamine depri-
vation condition on the expression of WNT1 induci-
ble signaling pathway proteins (WISP1 and WISP2),
which have IGF binding domain and are members of
CCN family proteins as well as NOV/IGFBP9/CCN3
and CYR61/IGFBP10/CCNI. As shown in Fig. 5, the
expression of WISPI/CCN4 gene at mRNA level is
down-regulated by glutamine deprivation both in
cells with native IREI and cells with inhibited func-
tion of IRE1 signaling enzyme: -18% in control glio-
ma cells and -68% (more than 3-fold) in cells with a
deficiency of IREI enzyme function.

Significant up-regulation was also shown for
the expression of WISP2/CCN5 gene upon glutamine
deprivation in both types of glioma cells: 2.6-fold
in control glioma cells and 1.8-fold in cells without
IREI enzyme function as compared to correspon-
ding controls (Fig. 6). Moreover, the inhibition of
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Fig. 4. Expression of cysteine-rich angiogenic in-
ducer 61 (CYR61/IGFBPI0), also known as CCNI
(CCN family member 1), mRNA in control US87
glioma cells (Vector) and cells with a blockade of
the IREI by dnIREI (dnIREI) measured by qPCR.
Values of CYR61 mRNA expressions were normali-
zed to [-actin mRNA level and represented as per-
cent of control 1 (100%); n = 4

IRE1 strongly up-regulated the expression of WISP2/
CCN5 gene at mRNA level in glioma cells in nor-
moxic condition (3.6-fold) as compared to control 1.

Additionally, we analyzed the effect of hypoxic
condition on the expression level of CYR61, WISP1,
and WISP2 mRNA in glioma cells with intact and
inhibited IRE1 enzyme function in conditions when
the both controls (control 1 and control 2) are es-
tablished as 100% to more precisely clarify the dif-
ference in the sensitivity of these gene expressions
to glutamine deprivation in respect to inhibition
of IREl. As shown in Fig. 7, there are statistically
significant differences in the expression levels of
CYR61, WISP1, and WISP2 mRNA in control glio-
ma cells and cells without IRE1 function exposure
upon glutamine deprivation: 2.0-fold for CYRG6I,
3.8-fold for WISPI, and 2.2-fold for WISP2.
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Fig. 5. Expression of WNTI inducible signaling path-
way protein 1 (WISPI), also known as CCN4, mRNA
in control U87 glioma cells (Vector) and cells with a
blockade of the IREI1 by dnIREI (dnlREI) measured
by qPCR. Values of WISPI mRNA expressions were
normalized to p-actin mRNA level and represented
as percent of control 1 (100%); n = 4

In this work we studied the expression of genes
encoded different insulin-like growth factor binding
proteins in glioma cells with inhibition of IRE1 sign-
aling enzyme function upon glutamine deprivation
for evaluation of possible significance of these genes
in the control of glioma growth through endoplasmic
reticulum stress signaling mediated by IRE1 and glu-
tamine deprivation. Investigation of the expression
of different genes of IGFBP and CCN families in
glioma cells upon glutamine deprivation in respect
of inhibition of IREI signaling is very important for
understanding of malignant tumor growth mecha-
nisms, because glutamine deprivation, as well as nu-
trient deprivation play essential role in the control of
tumor progression [32]. Thus, our results are consis-
tent with numerous data [27, 29, 30] that glutamine
deprivation associated with malignant progression
through the endoplasmic reticulum unfolded protein
response, but mechanism how malignant cells cope
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Fig. 6. Expression of WNTI inducible signaling
pathway protein 2 (WISP2), also known as CCN5,
mRNA in control US7 glioma cells (Vector) and cells
with a blockade of the IREI by dnIREIl (dnIREI)
measured by qPCR. Values of WISP2 mRNA
expressions were normalized to f-actin mRNA level
and represented as percent of control 1 (100%);
n=4

with potentially lethal metabolic stress induced by
glutamine deprivation remains poorly understood.
The growing tumor requires the endoplasmic
reticulum stress as well as glutamine deprivation
and nutrient deprivation, which initiate the endo-
plasmic reticulum stress for own neovasculariza-
tion and growth, for apoptosis inhibition [19, 20, 24,
25]. Cell proliferation is strongly dependent upon
glutamine deprivation and glycolysis because there
is the molecular connection between cell cycle pro-
gression and the provision of substrates essential for
this purpose [28, 30]. Glutamate-derived glutamine
is now shown to satisfy the glutamine needs of glio-
blastoma, because glutamine synthetase activity
fuels nucleotide biosynthesis and supports growth of
glutamine-restricted glioblastoma [29, 30]. The en-
doplasmic reticulum has an important position as a
signal integrator in both normal and malignant cells
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values were normalized to p-actin mRNA expression
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because the endoplasmic reticulum stress signaling
pathways have connections with other plasma mem-
brane receptor signaling networks and with numer-
ous metabolic pathways [15, 24]. It is known that
the complete blockade of the activity of IRE1 signa-
ling enzyme in glioma cells had anti-tumor effects
[19, 20].

In this study we have also demonstrated that
the expression of NOV, WISPI, and WISP2 genes is
down-regulated in control glioma cells upon glu-
tamine deprivation condition, but expression of
CYRG6I gene is up-regulated at this experimental
condition. At the same time, the expression of /G-
FBP6 and IGFBP7 genes in control glioma cells is
resistant to glutamine deprivation. However, inhibi-
tion of IREI signaling enzyme, which is a central
mediator of the unfolded protein response and an
important component of malignant tumor growth,
modifies expression of all studied genes: introduces
sensitivity of the expression of /IGFBP6 and IGFBP7
genes to glutamine deprivation condition, and en-
hances the effect of this condition on CYR6! and
WISPI genes expression. These results have shown

that the effect of glutamine deprivation on the ex-
pression of different studied genes is gene-specific
as well as their dependence on inhibition of IREI
signaling enzyme, indicating that glutamine depri-
vation introduces complex metabolic changes and
their significance remains unclear. Moreover, mul-
tifunctional protein CYR61 can suppress carcino-
genesis by inhibiting compensatory proliferation
[34], and increased expression of its gene in control
and IRE1 knockdown glioma cells upon glutamine
deprivation condition can also contribute to sup-
pression of cell proliferation after inhibition of IRE1
and invasive phenotype of these cells [20], although
the role of CYRG61 in tumor growth is not well es-
tablished yet. At the same time, glutamine depriva-
tion leads to down-regulation of the expression of
both WISPI and WISP2 genes in control and IRE1
knockdown glioma cells, but functional significance
of these changes remains unclear yet. These genes
encoded transcriptional repressors of genes associa-
ted with the epithelial-mesenchymal transition; it is
undetectable in more aggressive breast cancer cells
[12, 13].

The insulin-like growth factor binding proteins
as well as IGFBP/CCN family proteins bind and
regulate the availability of both IGFs with different
affinity and inhibit or stimulate the growth promo-
ting effects of the IGFs through IGF/insulin recep-
tors and through many other signaling pathways and
regulate cell proliferation and survival as well as
angiogenesis and cancer cell migration [6, 11]. As
shown in Fig. 8, IGFBP/CCN family proteins have
several domains with different functions and can in-
teract with various regulatory proteins.

Thus, the changes observed in the most above
studied insulin-like growth factor binding proteins
gene expressions correlate well with slower cell pro-
liferation in cells harboring dnIRE], attesting to the
fact that endoplasmic reticulum stress is a necessary
component of malignant tumor growth, cell survival
and metastasis. Moreover, our results demonstrate
that glutamine deprivation, which contributes to sup-
pression of tumor growth, affects most studied in-
sulin-like growth factor binding protein and WNT1
inducible signaling pathway protein genes expres-
sion, and that inhibition of IRE1 preferentially modi-
fies the expression of these genes and thus possibly
contributes to slower glioma growth. However, the
detailed molecular mechanisms of IREl-mediated
regulation of these genes, which have a pivotal role
in the control of cell proliferation as well as metas-
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Fig. 8. Structure of CCN family proteins. Domains: IGFBP — IGF Binding Protein like, VWC — Von Wille-
brand Factor Type C, TSP-1 — Thrombospondin Type-1, and CT — Cysteine-Knot-Containing. Partners (at
the bottom): IGF — Insulin Like Growth Factor, BMP4 — Bone Morphogenetic Protein 4, TGF-f — Tumor
Growth Factor B, LRPI — Low Density Lipoprotein Receptor-Related Protein I, NOTCHI — Notch Homolog 1
Translocation-Associated, HSPG — Heparan Sulfate Proteoglycan

tasis, upon glutamine deprivation are complex and
warrant further investigation.

EKCHPECIA I'EHIB IGFBP6, IGFBP?7,
NOV, CYR61, WISPI TA WISP2 B
KJITUHAX I'JTIOMM JITHII US7 B
YMOBAX JEDPIINUTY I'TYTAMIHY

O. I Minuenxo', A. I1. Xapvrosd,
. O. Minuenxo'?, JI. JI. Kap6oscokuir!
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Hamm BuBYamacs ekcmpecis pi3HHX TEHIB
MpOTeiHiB, MmO 3B’3YIOThCA 3 TMONIOHUMH IO
iHCYyNiHYy (DakTOpaMu POCTY, B KIITHHAX TIIIOMH
ninii U87 B yMoBax nedinuTy riryTaMmiHy 3alie)kHO
Bix mpurHiveHHsa IREl (3anexxHoro Binm iHO3UTOIY
eH3uM 1), IEHTPaIBHOTO MeZiaTopa CTpecy eHJIO-
IUTa3MaTHYHOTO PETHKYyIyMa. BcraHoBieHO, Mo
BUTPUMYBAHHS KIIITHH TJIIOMH B YMOBaX JIeiluTy
TIIyTaMiHy TPU3BOAWTH JO 3HIDKEHHS PIBHS
excripecii reniB NOV/IGFBPY, WISP! ta WISP2
i 30impmenHs — reHa CYR6I/IGFBPI0O na piBHI
MPHK. V¥ toif camuii gac, excripecis reniB /IGFBP6
ta [GFBP7 € pe3uCTeHTHOI 110 YMOB NediluTy
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rIyTaMiHy B KOHTPOJBHHX KJITHHax rimiomu. Ta-
KO ToKaszaHo, mo npurHivenss IREl momudikye
edext AedinUTy TIyTaMiHYy Ha EKCIIPECI0 BCiX
JociipkeHux reHiB. Tak, 1HriOyBaHHS CHTHAJIb-
Horo eHsuMy IRE1 mocumioBano edext nedinuty
riyTamiHy Ha ekcrpecito reHiB CYR6! ta WISPI i
NPUTHIYYBaJo HOro Aito Ha excrpecito reHa WISP2
B KJIiTHHaX riniomH. binbie Toro, inridyBanns IRE1
OPU3BOAMIIO 0 TOSIBH YYTIMBOCTI A0 JEPiIUTY
rnytaminy ekcnpecii reniB /GFBP6 ta IGFBP7,
ajie 3HIMaJIo LI 4yTIuBicTh a0 reHa NOV. Hamu
TaKOX MOKa3aHO, 10 EKCIIPECist BCIX JAOCIIIKEHUX
TeHIB y KJIITHHAX TIIOMH y IPUCYTHOCTI MIIyTaMiHy
perymnoeThes curaalibHuM ea3umoM IR E1, ockinbku
npuraiueHHss [REl icToTHO 3HUXKYye ekcrpecito
rediB  IGFBP6 ta IGFBPY/NOV 1 mnocuiioe
exkcnpecito  reHiB  IGFBP7, CYRG61/IGFBPIO0,
WISPI ta WISP2 3a nopiBHSIHHSI 3 KOHTPOJIbHUMU
KJIITHHAMH TJioMH. Pesynbratu 1i€i poOboTH mpo-
JEeMOHCTPYBaJU, 0 AeilUT MIyTaMiHy TOpYyLIye
EKCIIPecilo OUMBIIOCT] JOCTIIKEHUX TEHIB TpyIl
IGFBP ta WISP 3anexuo Bin ¢pynkuii IRE1 i, mox-
JMBO, POOMTH BHECOK y 3HWIKCHHS Mpoiideparii
KJIITHH [J1IOMH B yMoBax npuraidenss IRE].

KnmouoBi cmoBa: ekcupecis MPHK,
IGFBP6, IGFBP7, NOV/IGFBP9, CYR61/IGFBPI0,
WISPI, WISP2, mupuraiuenas IREl, pmedimur
TIIyTaMiHy, KJIIITUHH TIIIOMH.
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SKCIIPECCHUSA I'EHOB IGFBP6,
IGFBP7, NOV, CYR61, WISPI N WISP2 B
KJIETKAX TJIMOMBbI JINMHUMU U87 ITPU
JAEOUILUTE NI IOTAMUHA
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Hamu n3yuena skcrpeccus reHoB IPOTEUHOB,
CBSI3BIBAIOIIUXCS C TIOAOOHBIMUA MHCYJIHHY (PaKTO-
paMu pocTa, B KJIE€TKax riauoMsl jquHuu U87 mpu
JIeUIUTE TIITAMUHA B 3aBUCHMOCTH OT YTHETE-
mus IRED (3aBucmMoOro ot mHO3WTOJNA PH3UMA 1),
LEHTPaIbHOTO MEAMaTopa cTpecca 3SHJOIIa3Ma-
THYECKOT'O0 PETUKYJIyMa. YCTAHOBJIEHO, YTO BHI-
JNEP)KUBAaHUE KOHTPOJBHBIX KJIETOK TJIHOMBI TIPH
nepUIUTe TIATAMUHA TPUBOIUT K CHUIKCHUIO
ypoBHS 3Kcrupeccuu reHoB [GFBPY/NOV, WISPI
u WISP2 n ycunenuto — rena CYR61/IGFBPI( na
yposHe MPHK. B To ke Bpems skcnpeccusi reHOB
IGFBP6 ta IGFBP7 pe3ucTeHTHa K ACPUITUTY TIIHO-
TaMUHA B KOHTPOJBHBIX KJIETKaX INTUOMBI. Takke
moka3ano, 4ro yraereHue IREl momuduiupyet
a¢dekT neduIUTa TIOTAMUHA Ha OSKCIPECCHIO
BCEX HCCIIEIOBAaHHBIX T'eHOB. Tak, HHrHOMpoBaHUe
curranbHoro sH3uMa IREl ycunusano addexr ne-
¢unuTa rmoTaMuHa Ha 3Kcrpeccuto reHoB CYR6!
u WISPI n cHWXaNo ero AeiCTBHAE Ha AKCIPECCHIO
reda WISP2 B KileTKax IIuoMbL. boiee Toro, MHru-
oupoBanue IRE] nmpuBoanio k pa3BUTHIO YyBCTBHU-
TENBHOCTHU dKcnpeccunt TeHoB IGFBP6 n IGFBP7 k
IePUIUTY TITIOTAMUHA, HO CHUMAJIO ATy YyBCTBH-
TEeIBHOCTH K TeHy NOV. Hamu Takke moka3aHo, 94To
JKCIIpeccHsl BCEX UCCIEJOBAHHBIX T€HOB B KJIETKaX
[JIMOMBI B IPUCYTCTBUU INIIOTAMHUHA PETYIUPYETCS
curHaiibHbIM 2H3UMOM IRE1, mockoneky ero yrue-
TEHHE CYILLIECTBEHHO CHHUXAET JKCIPECCHIO0 I'€HOB
IGFBP6 v NOV/IGFBP9 v yCUIINBaeT 3KCIPECCUIO
reHoB IGFBP7, CYR61/IGFBPI10, WISPI w WISP2
[0 CPAaBHEHHUIO C KOHTPOJBHBIMU KJIETKAMH TJIHO-
Mbl. Pe3ynprartel paboTBl MPOAEMOHCTPUPOBAIH,
9TO Me(HUIUT TIOTAMHHA HApyIIaeT SKCIPECCHIO
OOJIBLITMHCTBA HCCIIEAOBAaHHBIX TeHOB rpyni /GFBP
u WISP B 3aBucumoctu ot ¢pynkuuu IRE1 u, Bo3-
MOJKHO, HTPAIOIINX OMPENEICHHYIO POJIbh B CHIIKE-
Huu nponudepanuy KISTOK TJTUOMBI IPH YTHETE-
Huu IREI.

10.

KnrwoueBbre cunosa: skcrpeccuss MPHK,

IGFBP6, IGFBP7, NOV/IGFBPY, CYR61/IGFBPI0,
WISPI, WISP2, yraetenue IRE1, nedunut rirora-
MHHA, KJIETKH TJTIHOMBI.
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