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We have studied hypoxic regulation of the expression of different insulin-like growth factor binding
protein genes in U87 glioma cells in relation to inhibition of IREL (inositol requiring enzyme-1), a central
mediator of endoplasmic reticulum stress, which controls cell proliferation and tumor growth. We have de-
monstrated that hypoxia leads to up-regulation of the expression of IGFBP6, IGFBP7, IGFBP10/CYR6L,
WISP1, and WISP2 genes and down-regulation — of IGFBP9/NOV gene at the mRNA level in control glioma
cells, being more significant changes for IGFBPI10/CYR61 and WISP2 genes. At the same time, inhibition of
IRE] modifies the effect of hypoxia on the expression of all studied genes: eliminates sensitivity to hypoxia the
expression of IGFBP7 and IGFBP9/NQOV genes, suppresses effect of hypoxia on IGFBP6, IGFBP10/CYR61,
and WISP2 genes, and slightly enhances hypoxic regulation of WISP1 gene expression in glioma cells. We
have also demonstrated that the expression of all studied genes in glioma cells is regulated by IRE1 signaling
enzyme upon normoxic condition, because inhibition of IREI significantly up-regulates IGFBP7, IGFBPI10/
CYR61, WISP1, and WISP2 genes and down-regulates IGFBP6 and IGFBP9/NOV genes as compared to con-
trol glioma cells. The present study demonstrates that hypoxia, which contributes to tumor growth, affects all
studied IGFBP and WISP gene expressions and that inhibition of IREL preferentially abolishes or suppresses
the hypoxic regulation of these gene expressions and thus possibly contributes to slower glioma growth.
Moreover, inhibition of IRE1, which correlates with suppression of cell proliferation and glioma growth, is
down-regulated expression of pro-proliferative IGFBP genes, attesting to the fact that endoplasmic reticulum
stress is a necessary component of malignant tumor growth.

Key words: mRNA expression, endoplasmic reticulum stress, IGFBP6, IGFBP7, IGFBP9/NOV, IGFBP10/
CYR61, WISP1, WISP2, IREL inhibition, hypoxia, glioma cells.

(IGFBPs) contain insulin-like growth factor

(IGF) binding domain and play an important
role in the regulation of numerous metabolic and pro-
liferative processes mainly through interaction with
IGF1 and IGF2, their cell surface receptors as well
as insulin receptor, alter the half-life of the IGFs,
modifying their biological activity. It is well known
that insulin-like growth factors and the signal trans-
duction networks play important roles in tumorigen-
esis and metastasis as well as in metabolic diseases
[1, 2]. IGFBPs participate in endoplasmic reticulum
stress, which is an important factor of tumor growth,
insulin resistance, and obesity [3-5]. It is interesting
to note that there is the cross talk between IGF and
insulin receptor signaling pathways at the receptor

I nsulin-like growth factor binding proteins

52

level or at downstream signaling level. This cross
talk significantly changed a variety of cancers as a
result of insulin receptor isoform. A formation of hy-
brid receptor isoforms between receptors for IGF1
and insulin, which are sensitive to 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 neovascularization [6].

The IGFBPs have different affinity for insu-
lin-like growth factors. They bind and regulate the
availability of both insulin-like growth factors and
inhibit or stimulate the growth promoting effects
of the IGFs through IGF/INS receptors and through
other signaling pathways and regulate cell prolifera-
tion and survival as well as angiogenesis and cancer
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cell migration. Moreover, both negative and posi-
tive correlations between levels of IGF-1/IGF-1-R
and clinical outcomes in head and neck cancer have
been reported [10]. IGFBPs are now understood to
have many actions beyond their endocrine role in
IGF transport [6]. IGFBPs also function in the cells
and extracellular matrix to regulate cell prolifera-
tion and survival and are involved in tumor develop-
ment, progression and resistance to treatment. Be-
cause they interact with many proteins, in addition
to their canonical ligands (IGF1 and IGF2), they play
an important role in the regulation of various pro-
cesses including transcription [6, 7]. Thus, IGFBP6
preferentially binds to IGF2 and also has IGF-inde-
pendent effects, including inhibition of angiogenesis
and promotion of cancer cell migration [8]. Moreo-
ver, IGFBP6 regulate cell proliferation and apopto-
sis: down-regulation of this gene expression leads
to inhibition of cell proliferation and to increased
apoptotic cell death. It is interesting to note that apo-
ptosis can be also regulated through IGF1 receptor;
however, there is data that IGFBP6 can also suppress
the cellular proliferation [9].

IGFBP7, which is also known as insulin-like
growth factor binding protein-related protein 1
(IGFBPRP1), belongs to the IGFBP family whose
members have a conserved structural homology. It
has a low affinity for IGFs and a high affinity for in-
sulin, suggesting that IGFBP7 may have a biological
function distinct from other members of the IGFBP
family. IGFBP7 has diverse biological functions,
regulating cell proliferation, apoptosis and senes-
cence; 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
has also been shown that IGFBP7 can bind to un-
occupied IGF1 receptor, block its activation by in-
sulin-like growth factors and suppress downstream
signaling, thereby inhibiting protein synthesis, cell
growth, and survival [10]. Increasing evidence sug-
gests that IGFBP7 acts as a tumor suppressor [6].

The CNN family of regulatory protein repre-
sents IGFBP9/CCN3/NOV (nephroblastoma over-
expressed) and IGFBP10/CCN1/CYR61 (cysteine-
rich angiogenic inducer 61), which play a role in cell
growth regulation and are involved in angiogene-
sis, inflammation and matrix remodeling [11]. The
WNT1 inducible signaling pathway (WISP) proteins
WISP1/CCN4 and WISP2/CCNS5 are downstream in
the WNT1 signaling pathway and are also relevant
to malignant transformation, cancer cell surviving,
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invasion and motility [12-14]. Furthermore, the ele-
vated levels of WISP1/CCN4 and CYR61/CCNL1 in
primary breast cancers were associated with more
advanced features [15].

The endoplasmic reticulum is a dynamic in-
tracellular structure with exquisite sensitivity to
alterations in homeostasis and provides stringent
quality control systems to ensure that only correctly
folded proteins transit to the Golgi [16]. Accumula-
tion of the unfolded or misfolded proteins induces a
set of complex intracellular signaling events in the
endoplasmic reticulum and restores homeostasis or
activates cell death [17, 18]. Multiple studies have
clarified the link between cancer and endoplasmic
reticulum stress, which controls different processes,
including cell proliferation and surviving, as well as
circadian rhythms [19-21]. IRE1 is a central media-
tor of the unfolded protein response and an impor-
tant component of tumor growth, and its blockade
leads to a suppression of tumor growth through
down-regulation of the angiogenesis and prolifera-
tion processes [22, 23]. It contributes to the expres-
sion profile of many regulatory genes resulting in
proliferation, angiogenesis, and apoptosis [3, 17, 24].
IREL has two enzymatic activities: kinase, which is
responsible for autophosphorylation and some gene
expressions, and endoribonuclease, which is respon-
sible 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 unfolded protein response-specific
genes [25, 26].

The endoplasmic reticulum stress response-sig-
nalling pathway is tightly associated with hypoxia
and linked to the neovascularization, 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 IRS1 [27, 28]. The endo-
plasmic reticulum has an essential position as a sig-
nal 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 [17, 19].

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-an-
giogenic genes as well as by modification of hypoxic

53



EKCITEPUMEHTAIJIBHI POBOTHU

regulation of these genes [24, 29]. However, the exe-
cutive mechanisms of the exhibited anti-proliferative
effects of IREL inhibition are not yet known. It is
possible that this anti-proliferative effect is also re-
alized through mediation by IFGBPs and its recep-
tors signaling, which are integrated into the unfolded
protein response signaling pathways, to regulate cell
proliferation and surviving [8, 10, 11]. Possible in-
volvement of insulin-like growth factor binding pro-
teins and CCN family proteins such as IGFBP6, 1G-
FBP7, IGFBP9/NOV, IGFBP10/CYR61, WISPL, and
WISP2 was made evidently pertinent through tran-
scriptomic analysis of U87 glioma cells expressing
the dominant-negative mutant of IRE1 [23].

The main goal of this study was to investigate
the role of expression of genes encoding the insulin-
like growth binding proteins with different affinity
for IGF proteins (IGFBP6, IGFBP7, IGFBP9/NOV/
CCNS3, IGFBP10/CYR61/CCN1, WISP1/CCN4, and
WISP2/CCNS5) in U87 glioma cell line and its sub-
line with IREL loss of function upon hypoxia for
evaluation of its possible significance in the control
of tumor growth through IRE1 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 glucose (4.5 g/I) 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 (200 units/ml;
Gibco, USA) and streptomycin (0.1 mg/ml; Gibco) at
37 °Cina 5% CO, incubator.

In this work we used sublines of U87 glioma
cells, which were described previously [23, 24].
One subline was obtained by selection of stable
transfected clones with overexpression of vector
pcDNAZ3.1, which was used for creation of dn-IREL.
This untreated subline of glioma cells (control glio-
ma cells) was used as control 1 in the study of the ef-
fect of glucose deprivation on the expression level of
different IGFBP and related genes. The second sub-
line was obtained by selection of stable transfected
clone with overexpression of IRE1 dominant/nega-
tive construct (dn-IREL) and has suppressed both
protein kinase and endoribonuclease activities of this
signaling enzyme (clone 1C5) [23]. The expression
level of studied genes in these cells was compared
with cells, transfected by vector (control 1), but this
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subline was also used as control 2 for investigation
of the effect of glucose 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 [23, 24]
by determining the expression level of the XBP1
alternative splice variant, a key transcription factor
in the IRELX signaling, and the level of the phospho-
rylated isoform IRE1, using cells treated by tunica-
mycin (0.01 mg/ml during 2 h). The both sublines of
glioma cells used in this study are grown with the
addition of geneticin (G418), while these cells car-
ried empty vector pcDNA3.1 or dn-IRE1 construct.

For hypoxia culture plates were exposed in a
special chamber with 3% oxygen, 92% nitrogen, and
5% carbon dioxide levels for 16 h.

RNA isolation. Total RNA was extracted from
glioma cells using Trizol reagent according to man-
ufacturer protocols (Invitrogen, USA) as described
previously [24]. The RNA pellets were washed with
75% ethanol and dissolved in nuclease-free water.
For additional purification RNA samples were re-
precipitated with 95% ethanol and re-dissolved again
in nuclease-free water.

Reverse transcription and quantitative PCR
analysis. QuaniTect Reverse Transcription Kit (QIA-
GEN, Germany) was used for cDNA synthesis ac-
cording to manufacturer protocol. The expression
level of insulin-like growth factor binding proteins
(IGFBP6, IGFBP7, IGFBP9/NQV, and IGFBP10/
CYRG61) and WNT1 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 reac-
tion 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 IGFBP6 cDNA we used
forward (5-GCTGTTGCAGAGGAGAATCC-3’
and reverse (5-GGTAGAAGCCTCGATGGTCA-3)
primers. The nucleotide sequences of these primers
correspond to sequences 397—-416 and 655-636 of
human IGFBP6 cDNA (GenBank accession num-
ber NM_002178). The size of amplified fragment is
259 bp. The amplification of IGFBP7 cDNA for real
time RCR analysis was performed using two oligo-
nucleotide primers: forward — 5-AGCTGTGAGGT-
CATCGGAAT-3' and reverse — 5'— TATAGCTCG-
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GCACCTTCACC-3'". The nucleotide sequences of
these primers correspond to sequences 572—591 and
882—-863 of human IGFBP7 cDNA (GenBank ac-
cession number NM_001553). The size of amplified
fragment is 311 bp.

The amplification of IGFBP9/NOV/CCN3
cDNA for real time RCR analysis was performed
using two oligonucleotide primers: forward — 5'—
GCGAAGAAAGTCTCGTTTGG-3' and reverse —
5'-ACACCAGACAGCATGAGCAG-3". The nu-
cleotide sequences of these primers correspond to
sequences 176—195 and 420—401 of human IGFBP9
cDNA (GenBank accession number NM_002514).
The size of amplified fragment is 245 bp. For am-
plification of IGFBP10/CYR61/CCN1 cDNA we used
forward (5'-CTCCCTGTTTTTGGAATGGA-3'
and reverse (5-TGGTCTTGCTGCATTTCTTG-3")
primers. The nucleotide sequences of these primers
correspond to sequences 852—871 and 1092-1073 of
human IGFBP10 cDNA (GenBank accession num-
ber 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 WISP1 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'-CTG-
TATCGGGAAGGGGAGAC-3' and reverse (5'—
GGGAAGAGACAAGGCCAGAA-3') primers. The
nucleotide sequences of these primers correspond to
sequences 463—482 and 709—690 of human WISP2
cDNA (GenBank accession number NM_003881).
The size of amplified fragment is 247 bp.

The amplification of beta-actin (ACTB) cDNA
was performed using forward — 5~GGACTTCGAG-
CAAGAGATGG-3' and reverse — 5-AGCACT-
GTGTTGGCGTACAG-3' primers. These primer
nucleotide sequences correspond to 747-766 and
980-961 of human ACTB cDNA (GenBank acces-
sion number NM_001101). The size of amplified
fragment is 234 bp. The expression of beta-actin
MRNA was used as control of analyzed RNA quan-
tity. The primers were received from Sigma-Aldrich
(St. Louis, MO, USA).
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Quantitative PCR analysis was performed us-
ing a special computer program “Differential expres-
sion calculator”. The values of IGFBP6, IGFBP7,
IGFBP9, IGFBP10, WISP1, WISP2 and ACTB gene
expressions were normalized to the expression of
beta-actin mMRNA and represent as percent of con-
trol (100%). All values are expressed as mean +
SEM from triplicate measurements performed in 4
independent experiments. The amplified DNA frag-
ments 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
performed according to Student’s t-test using Excel
program as described previously [31]. All values are
expressed as mean £ SEM from triplicate measure-
ments performed in 4 independent experiments.

Results and Discussion

To determine if hypoxia affects the expression
of a subset of genes encoding for different insulin-
like growth factor binding proteins through the IRE1
branch of endoplasmic reticulum stress response,
we investigated the effect of hypoxic 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 receptors as well as through other
signaling pathways and mechanisms.

To investigate a possible role of endoplasmic
reticulum stress signaling mediated by signaling en-
zyme IRE1 in the expression of insulin-like growth
factor binding protein gene IGFBP6 and its sensi-
tivity to hypoxia we studied the effect of hypoxic
condition on this gene expression in glioma cells
with functional IRE1 (control glioma cells) and cells
without both enzymatic activities of this signaling
enzyme. As shown in Fig. 1, the expression level of
IGFBP6 mRNA is significantly up-regulated by hy-
poxia in both types of glioma cells: +39% in control
glioma cells in comparison with the control 1 and
+18% in cells with suppressed function of signaling
enzyme IRE1 as compared to control 2. At the same
time, the inhibition of IRE1 by dnlIRE1 strongly
down-regulated the expression level of IGFBP6
MRNA (2.2-fold) in glioma cells in comparison with
the control cells (Fig. 1).

We next tested the sensitivity of IGFBP7 gene
expressions to hypoxia and whether IRE1 also par-
ticipates in the hypoxic regulation of this gene. We
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Fig. 1. Effect of hypoxia on the expression level of in-
sulin-like growth factor binding protein 6 (IGFBP6)
mRNA in control U87 glioma cells (Vector) and cells
with a blockade of the IRE1 by dn-IRE1 (dn-IRE1)
measured by gPCR. Values of IGFBP6 mRNA exp-
ressions were normalized to f-actin mRNA level and
represented as percent of control 1 (100%); n =4

have found that the expression of IGFBP7 gene is
also up-regulated by hypoxia in control glioma cells
(+17%), but cells without IRE1 signaling enzyme
function are resistant to hypoxia in comparison
with the corresponding control (control 2) (Fig. 2).
At the same time, the inhibition of IRE1 in glioma
cells strongly up-regulated the expression of IGFBP7
gene upon normoxic condition as compared to con-
trol 1 (2.9-fold; Fig. 2).

Next we investigated the cysteine-rich regula-
tory proteins IGFBP9/NOV/CCN3 and IGFBP10/
CYRG61/CCNL, which have insulin-like growth fac-
tor binding domain and are members of CCN fami-
ly proteins, associate with the extracellular matrix
and play an important role in cancer development
by regulation of angiogenesis, cell migration and
proliferation. We tested how hypoxia affects these
insulin-like growth factor binding protein genes and
how IRELI inhibition modifies the effect of hypoxia
on the expression of IGFBP9/NOV and IGFBP10/
CYR®61 genes. In Fig. 3 and 4 is shown the expres-
sion of IGFBP9/NOV and IGFBP10/CYR61 genes,
which are sensitive to hypoxia, but their expression
changed in diverse ways. Thus, hypoxia decreases

56

400

A P<0,001

300

250
200

150 P<0,05

100

50

Relative mRNA expression, % of control 1

Control 1 Hypoxia Control 2 Hypoxia

Vector dniRE1

IGFBP7

Fig. 2. Effect of hypoxia on the expression level of in-
sulin-like growth factor binding protein 7 (IGFBP7)
mRNA in control U87 glioma cells (Vector) and cells
with a blockade of the IRE1 by dn-IRE1 (dn-IRE1)
measured by gPCR. Values of IGFBP7 mRNA exp-
ressions were normalized to ff-actin mRNA level and
represented as percent of control 1 (100%); n = 4

the expression of IGFBP9/NOV gene (-39%) and
induces IGFBP10/CYR61 gene expression (+67%).
However, the inhibition of IREL eliminates the ef-
fect of hypoxia on IGFBP9/NOV gene expression in
glioma cells, but expression of IGFBP10/CYR61 gene
is also increased (+44%) in these glioma cells (Fig. 3
and 4). Thereafter, we studied the effect of inhibition
of IRE1 enzyme function by dn-IREL on the expres-
sion of IGFBP9/NQV gene in glioma cells upon nor-
moxic condition. As shown in Fig. 3, the expression
of IGFBP9/NOV gene is strongly down-regulated
(4.8-fold) by inhibition of IREL signaling enzyme.
At the same time, the expression of IGFBP10/CYR61
gene significantly increased (1.5-fold) in these glio-
ma cells in comparison with control glioma cells.
Thus, the inhibition of IREL signaling enzyme func-
tion affects the expression level of IGFBP9/NOV and
IGFBP10/CYR61 mRNAs in gene-specific manner.

We next studied the effect of hypoxia on the ex-
pression of WNT1 inducible signaling pathway pro-
teins (WISP1 and WISP2), which have IGF binding
domain and are members of CCN family proteins as
well as IGFBP9/NOV/CCN3 and IGFBP10/CYR61/
CCNL. As shown in Fig. 5, the expression of WISP1/
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Fig. 3. Effect of hypoxia on the expression level
of insulin-like growth factor binding protein 9
(IGFBP9), also known as NOV (nephroblastoma
overexpressed) and CCN3 (CCN family member 3),
mRNA in control U87 glioma cells (Vector) and cells
with a blockade of the IREL by dn-IREL (dn-IRE1)
measured by gPCR. Values of IGFBP9 mRNA
expressions were normalized to f-actin mRNA level
and represented as percent of control 1 (100%);
n=4

CCN4 gene at mRNA level is up-regulated by hy-
poxia both in cells with native IRE1 and cells with
inhibited function of IREL signaling enzyme: +45%
in control glioma cells and +68% in cells with a de-
ficiency of IREl enzyme function. We have also
shown that the inhibition of IREL signaling enzyme
leads to strong up-regulation of WISP1/CCN4 gene
expression (8.4-fold) in glioma cells upon normoxic
condition (Fig. 5).

Significant up-regulation was also shown for
the expression of WISP2/CCN5 gene upon hypoxia
in both types of glioma cells: 2.6-fold in control glio-
ma cells and 1.8-fold in cells without IREL enzyme
function as compared to corresponding controls
(Fig. 6). Moreover, the inhibition of IREL is strongly
up-regulated expression of WISP2/CCN5 gene at
MRNA level in glioma cells upon normoxic condi-
tion (3.6-fold) as compared to control 1.

Additionally, we analyzed the effect of hypoxic
condition on the expression level of IGFBPS6, I1G-
FBP10/CYR61/CCN1, WISP1/CCN4, and WISP2/
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Fig. 4. Effect of hypoxia on the expression of insulin-
like growth factor binding protein 10 (IGFBP10),
also known as CYRG61 (cysteine-rich angiogenic
inducer 61) and CCN1 (CCN family member 1),
mRNA in control U87 glioma cells (Vector) and cells
with a blockade of the IREL by dn-IREL (dn-IRE1)
measured by gPCR. The values of IGFBP10 mRNA
expressions were normalized to f-actin mRNA level
and represented as percent of control 1 (100%);
n=4

CCN5 mRNA in glioma cells with intact and inhibi-
ted IRE1L enzyme function in conditions when both
controls (control 1 and control 2) are established as
100% to more precisely clarify the difference in the
sensitivity of these gene expressions to hypoxia in
respect to inhibition of IREL. As shown in Fig. 7,
there are statistically significant differences in the
expression levels of IGFBP6, IGFBP10/CYR61,
WISP1, and WISP2 mRNA in control glioma cells
and cells without IRE1 function exposure upon hy-
poxia: 2.17-fold for IGFBP6, 1.52-fold for IGFBP10/
CYR61, 1.51-fold for WISP1, and 2.02-fold for
WISP2.

In this work we studied the expression of genes
which encoded different insulin-like growth factor
binding proteins in glioma cells with inhibition of
IREL signaling enzyme function upon hypoxia for
evaluation of possible significance of these genes in
the control of glioma growth through endoplasmic
reticulum stress signaling mediated by IRE1 and
hypoxia. Investigation of the expression of different
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Fig. 5. Effect of hypoxia on the expression of WNT1
inducible signaling pathway protein 1 (WISP1), also
known as CCN4 (CCN family member 4), mRNA in
control U87 glioma cells (Vector) and cells with a
blockade of the IRE1 by dn-IRE1 (dn-IRE1) measu-
red by gPCR. Values of WISP1 mRNA expressions
were normalized to f-actin mRNA level and repre-
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Fig. 6. Effect of hypoxia on the expression of WNT1
inducible signaling pathway protein 2 (WISP2), also
known as CCN5 (CCN family member 5), mRNA in
control U87 glioma cells (Vector) and cells with a
blockade of the IRE1 by dn-IRE1 (dn-IREL) measu-
red by qPCR. Values of WISP2 mRNA expressions
were normalized to f-actin mRNA level and repre-
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Fig. 7. Inhibition of IRE1 modifies the effect of hypoxia on the expression of IGFBP7, IGFBPI10/CYR61, WISPI,
and WISP2 mRNA in glioma cells (by qPCR). These mRNA expression values were normalized to [f-actin
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genes of IGFBP and CCN families in glioma cells
upon hypoxia in respect of inhibition of IRE1 signa-
ling is very important for understanding the malig-
nant tumor growth mechanisms, because hypoxia as
well as nutrient deprivation plays essential role in the
control of tumor progression [27, 32]. Thus, our re-
sults are consistent with numerous data [22, 30] that
hypoxia is associated with malignant progression
through the endoplasmic reticulum unfolded protein
response, but mechanism how malignant cells cope
with potentially lethal metabolic stress induced by
hypoxia remains poorly understood.

The growing tumor requires the endoplasmic
reticulum stress as well as hypoxia and nutrient
deprivation, which initiate the endoplasmic reticu-
lum stress for own neovascularization and growth,
for apoptosis inhibition [23, 30]. Cell proliferation
is strongly dependent upon hypoxia and glycolysis
because there is the molecular connection between
cell cycle progression and the provision of substrates
essential for this purpose [30, 33]. The endoplasmic
reticulum has an important position as a signal inte-
grator in both normal and malignant cells because
the endoplasmic reticulum stress signaling pathways
have connections with other plasma membrane re-
ceptor signaling networks and with numerous meta-
bolic pathways [19, 30]. It has been known that the
complete blockade of the activity of IRE1 signa-
ling enzyme in glioma cells had anti-tumor effects
[24, 29].

In this study we have also demonstrated that
the expression of all studied genes in glioma cells is
regulated by IRE1 signaling enzyme upon normoxic
condition, because inhibition of IREI significantly
up-regulates IGFBP7, IGFBP10/CYR61, WISP1 and
WISP2 genes and down-regulates IGFBP6 and 1G-
FBP9/NOV genes as compared to control glioma
cells and that these genes participate in IREL me-
diated network of unfolded protein response. It is
possible that decreased expression of IGFBP6 and
IGFBP9/NOV genes in glioma cells without both
enzymatic activities of IREL contributes to the sup-
pression of glioma growth from cells with IRE1
knockdown [23, 24] because our results conform to
data that IGFBP6 and IGFBP9/NQOV have mainly
pro-proliferative functions through interaction with
different proteins and signaling pathways and are
overexpressed in various malignant tumors [6, 11].

The insulin-like growth factor binding pro-
teins bind and regulate the availability of both IGFs
with different affinity and inhibit or stimulate the
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growth promoting effects of the IGFs through IGF/
insulin receptors and through many other signaling
pathways and regulate cell proliferation and sur-
vival as well as angiogenesis and cancer cell migra-
tion [6, 11]. In this study we have shown that inhibi-
tion of IREL signaling, which is a central mediator
of the unfolded protein response and an important
component of malignant tumor growth, strongly up-
regulated the expression level of IGFBP7 gene in
glioma cells and that this induction of IGFBP7 pos-
sibly contributes to suppression of IRE1 knockdown
cell proliferation, because this protein acts as a tu-
mor suppressor [6]. Moreover, the effect of this pro-
tein on cell proliferation, apoptosis and senescence
is realized through both insulin/IGF-dependent and
-independent mechanisms [6].

We also observed significant induction of 1G-
FBP10/CYR61/CCN1, WISP1/CCN4 and WISP2/
CCNS gene expressions in glioma cells by inhibi-
tion of IRE1 signaling enzyme, which supports
the IRE1-mediated mechanisms of the expression
of both these genes. Furthermore, up-regulation
of the expression of these multifunctional proteins
in glioma cells after inhibition of IRE1 can also
contribute to the suppression of these glioma cells
proliferation, because there is data that elevated ex-
pression of WISP-1 and CYRG61 in primary breast
cancers associated with more advanced features [14].
It is possible that IGFBP10/CYR61/CCN1 can sup-
press hepatocarcinogenesis by inhibiting compen-
satory proliferation [34], although its role in tumor
growth is not well established yet. At the same time,
an increased level of CYRG61/CCNL1 as well as a de-
creased level of NOV/CCN3 possibly has relation to
increased metastasis of glioma cells without IRE1
function [40], because CYR61/CCNL1 is responsible
for induction of the tumor epithelial-mesenchymal
transition, invasion, and metastasis as well as inhibi-
tion of NOV levels promotes the invasive phenotype
of metastatic cancer cells [35]. Furthermore, elevated
levels of WISP1 and CYRG61 in primary breast can-
cers associated with more advanced features [14].
WISP2 is a transcriptional repressor of genes asso-
ciated with the epithelial-mesenchymal transition;
it is undetectable in more aggressive breast cancer
cells [15]. Consequently, up-regulation of WISP1 and
WISP2 gene expression in glioma cells after inhibi-
tion of IREL can also contribute to the suppression
of this proliferation of glioma cells.

Thus, the changes observed in the most above
studied insulin-like growth factor binding proteins

59



EKCITEPUMEHTAIJIBHI POBOTU

gene expressions correlate well with slower cell pro-
liferation in cells harboring dn-IREL, 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 hypoxia, which contributes to tumor growth, af-
fects all studied insulin-like growth factor binding
protein and WNT1 inducible signaling pathway pro-
tein gene expressions and that inhibition of IRE1
preferentially abolishes or suppresses the hypoxic
regulation of these gene expressions and thus pos-
sibly contributes to slower glioma growth. However,
the detailed molecular mechanisms of IRE1-media-
ted hypoxic regulation of these genes, which have
a pivotal role in the control of cell proliferation as
well as metastasis, are complex and warrants further
investigation.

E®EKT I'IITOKCII HA EKCITPECTIO
I'EHIB, 1O KOAYIOTb JAESKI IGFBP
TA CCN IPOTEIHH, B KJIITUHAX
TJIIOMM JITHII U87 3AJEXKUTD BIJI
IRE1 CUTHAJIFOBAHH S
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Mu BHBYAIH PEryJsLilo TIMOKCi€l0 eKcrpecii
pI3HHX TEHIB TMpOTEiHIB, MO0 3B’I3yIOThCA
13 momibHmMu 710 iHCYJTiHY (DaKTopamMu po-
CTy, y KkiitnHax rmiomu JniHii U87 y 3B’3Ky 3
npurHideHHSM IREl (3amexHOro BiIl 1HO3HTOTY
eH3uMYy 1) — IIEHTpaJBLHOrO MejiaTopa CTPeCy CH-
JOIUIa3MaTUYHOTO PETHKYIyMa, SIKUH KOHTPOJIIOE
npoiideparito KIITHH Ta picT TiaioMu. BcTaHos-
JICHO, 1O 3a TIMOKCil CHOCTEepiraeTbesi MOCUIICHHS
excrpecii renis IGFBP6, IGFBP7, IGFBP10/CYR61,
WISP1 ta WISP2 i 3unxenns resa — IGFBP9/NOV
Ha piBHI MPHK y KOHTpOnpHUX KIITHHAX TIiOMH,
MPUYOMY BUPaKEHIII 3MiHU BUSBICHO ISl TCHIB
IGFBP10/CYR61 ta WISP2. BonHouac, mpurHideHHs
IRE1 mommdikye edekT Timokcii Ha eKCIpecito
BCIX JIOCIIJDKCHUX TEHIB: JIKBIIYE YYTIHBICThH
1o rimokcii excnpecii renis IGFBP7 ta IGFBPY/
NOV, 3umxkye edexr rinokcii Ha IGFBP6, IGFBP10/
CYRG61 ta WISP2 i 37€rka MmOCHIIOE PEryIsito
rinokciero excrnpecito rena WISP1 y kmitnHax
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ririomu. [Toka3zaHo, o eKkcIpecis BCixX AOCTIKEHUX
TeHIB y KJITHHAX TJIIOMH PETYIIOEThCS CHTHAIb-
HuM eH3uMoM IRE1 3a ymMoB HOpMOKCIi, OCKIIBKU
npurHideHHss [RE1 icTOTHO TOCHIIOE eKcrpeciro
reniB IGFBP7, IGFBP10/CYR61, WISP1 ta WISP2
i 3amkye ekcrpecito redie IGFBP6 Ta IGFBPY/
NOV m1opiBHSHO 3 KOHTPOJBHUMHU KIITHHAMHU
rriomu. Pe3ynpraty miei poOoTH MpoaeMOHCTpyBa-
7Y, 10 TIMOKCIS CIIPUS€ POCTY MyXJIHMH, MOPYIIYE
EKCIIPECito BCiX JociikeHunx redis rpymn IGFBP ta
WISP i mo npurniuenns IRE1 nepeBaxHo 3HIMae yu
3HUKYE PETYISIIIIO TIMTOKCIE€I0 eKCIpecii ITUX TeHiB
1, TAKUM YUHOM, MOXJIUBO, pOOUTH BHECOK Y 3HH-
JKEHHSI POCTY TJiOMH. bimblme TOro, mpuTHIYEHHS
IRE1, mo kopemnioe 3i 3HWKEHHSM IHTEHCHUBHOCTI
nporidepanii KIITHH Ta POCTY TIIOMH, 3HIKYE
eKcrpecito nmpo-nporipeparuBHux reris IGFBP6 ta
IGFBP9/NOV, miaTBepaKy04uu Toit GakT, 1o cTpec
EHJIOTIIIa3MaTHYHOTO DPETHKYJIyMa € HEeoOXiTHUM
KOMTIOHEHTOM POCTY 3JOSKICHUX MyXJIAH.

KnwouoBi cnoBa: excrnpecis MPHK,
CTpec eHAOIIa3MaTHYHOro petukymnyma, |GFBPG,
IGFBP7, IGFBP9/NOV, IGFBP10/CYR61, WISPL,
WISP2, mnpurnivenns IREIl, rimokcis, KiiTHHU
TITIOMHU.

IPDOEKT I'MIIOKCUHU HA
IKCITPECCHIO I'EHOB,
KOAUPYIOIIUX HEKOTOPBIE IGFBP
N CCN ITPOTEUHBI, B KJIIETKAX
IVIMOMBbI JIMHUU U887 3ABUCHUT OT
IRE1 CUTHAJIMHTA
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MBI n3y4aiay peryisiuio THIIOKCUeH IKCpec-
CHU F€HOB IIPOTEUHOB, KOTOPbIE CBA3BIBAIOTCS C I10-
JOOHBIMU MHCYIHHY (PaKTOpaMH pocTa, B KIETKaX
oMbl iuanu U87 B cBsizu ¢ yrauerenneM IRE]
(3aBHCHMOTO OT MHO3HUTOJA dH3UMA 1) — IEHTpasb-
HOI'O MeJIuaropa cTpecca 3HIOILIA3MaTHYECKOro
peTUKyJIyMa, KOTOPBIH KOHTpoIupyer mposude-
paluio KIETOK U POCT IVIMOMBIL. YCTaHOBJICHO, YTO
MIPU THUIMIOKCHHM OTMEYAEeTCsl YCHJIEHHE DKCIIPECCHU
renoB IGFBP6, IGFBP7, IGFBP10/CYR61, WISP1 u
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WISP2 u cumxenne rena — IGFBP9/NOV na ypos-
He MPHK B KOHTPOJBHBIX KJIETKax IIHMOMBI, MpH-
yeMm OoJiee BhIPaKEHHbIC U3MEHEHUSI BBISIBIICHBI LIS
renoB IGFBP10/CYR61 u WISP2. B To e Bpems,
yraetenne IRE1 mommdumupyer 3dpdext rumok-
CHUHU Ha 3KCIIPECCHI0 BCEX MCCJIEJOBAHHBIX T'€HOB:
JTUKBUANPYET YYBCTBUTEIBHOCTh K TUITOKCHH JKC-
npeccun reHoB IGFBP7 u IGFBPY/NOV, cunxaer
apdext runokcun Ha IGFBP6, IGFBP10/CYR61
u WISP2, crierka ycuiamBaeT peryisiiiio TUIIOK-
cueit skcripeccun reHa WISPL B kiieTkax TiimoMel.
[lokazaHo, 4TO IKCTIpecchus BCEX HCCIETOBAHHBIX
TCHOB B KJIETKAX TIMOMBI PEryJIHPYeTCsl CHTHAIb-
HbIM 3H3UMOM IREl mpu HOPMOKCHH, MOCKOJBKY
yraetenne IRE]l cymiecTBeHHO ycCHIMBaeT 3KC-
npeccuto reHoB IGFBP7, IGFBP10/CYR61, WISP1
n WISP2 u camxaer skcripeccuio reHoB IGFBP6
n IGFBPY/NOV no cpaBHEHHIO C KOHTPOJIBbHBIMU
KJIETKaMU TJIMOMBIL. Pe3ynbrarhl 3TOi paboThl Ipo-
JICMOHCTPHPOBAIIM, YTO THUIIOKCHS COJICHCTBYET
pPOCTY OIYXOJH, HapyIIaeT 3KCIPECCUI0 BCEX HC-
cnenoBanubix reHoB rpymnn IGFBP u WISP u uto
yraetenue IRE] nmpenmyecTBeHHO CHUMaeT WU
CHUKACT PETYISAINI0 THIIOKCHUEH SKCITPECCHH dTUX
I'eHOB M, TAKUM 00pa3oM, BO3MOKHO, BHOCHT BKJIaJI
B CHMDKEHHE pocTa IITHOMBI. boiiee Toro, yruereHue
IRE1, xoppenupyroliee co CHUKXECHUEM UHTECHCHUB-
HOoCTH Tposnpepalnnun KIETOK U POCTa TIIMOMBL,
CHUKAeT OKCIPECCHUI0  TPO-IPOTU(PEPaTUBHBIX
reroB IGFBP6 u IGFBP9/NOV, noxreepskaast TOT
(hakT, 4TO CTpecc SHIOMIA3MATUYECKOTO PETUKY-
JyMa SIBJISIETCS HEOOXOUMBIM KOMIIOHEHTOM POCTa
3JI0KaY€CTBEHHBIX OIyXOJCH.

Knwouesbre cunosa: skcrnpeccus MPHK,
cTpecc SHAOIUIA3MATHYECKOTO  PETHKYIyMa,
IGFBP6, IGFBP7, IGFBP9/NOV, IGFBP10/CYRG61,
WISPL, WISP2, yruetrenue IRE1, runokcusi, kiieTku
TJIHOMBL.
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