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Objective. Th e aim of the present study was to investigate the eff ect of inhibition of endoplasmic 
reticulum stress signaling mediated by IRE1/ERN1 (inositol-requiring enzyme 1/endoplasmic re-
ticulum to nucleus signaling 1) on the expression of genes encoding diff erent groups of insulin-like 
growth binding proteins (IGFBP6 and IGFBP7) and CCN family (IGFBP8/CTGF/CCN2, IGFBP9/
NOV/CCN3, IGFBP10/CYR61/CCN1, WISP1/CCN4, and WISP2/CCN5) and its sensitivity to glucose 
deprivation in U87 glioma cells.

Methods. Th e expression of IGFBP6, IGFBP7, IGFBP8, IGFBP9, IGFBP10, WISP1, and WISP2 
genes was studied by qPCR in control U87 glioma cells (wild-type) and its subline with IRE1 signal-
ing enzyme loss of function upon glucose deprivation.

Results. Th e expression of IGFBP8, IGFBP9, and WISP2 genes was up-regulated in control glioma 
cells upon glucose deprivation with most signifi cant changes for IGFBP9 gene. At the same time, 
the expression of IGFBP6, IGFBP10, and WISP1 genes was resistant to glucose deprivation in these 
glioma cells, but the IGFBP7 gene expression was down-regulated. Th e inhibition of both enzymatic 
activities (kinase and endoribonuclease) of IRE1 in glioma cells modifi ed the sensitivity of most 
studied gene expressions to glucose deprivation condition: introduced sensitivity of IGFBP10 and 
WISP1 genes to glucose deprivation, enhanced the eff ect of this deprivation on IGFBP7 and IGFBP9 
gene expressions, and reduced this eff ect on WISP2 gene and induced suppressive eff ect of glucose 
deprivation on the expression of IGFBP8 gene. Furthermore, the inhibition of IRE1 strongly aff ected 
the expression of all studied genes in glioma cells upon regular growing condition in gene specifi c 
manner: up-regulated the expression levels of IGFBP7, IGFBP8, IGFBP10, WISP1, and WISP2 genes 
and down-regulated the IGFBP6 and IGFBP9 genes.

Conclusions. Th e data of this investigation demonstrate that the expression of IGFBP7, IGFBP8, 
IGFBP9, and WISP2 genes are sensitive to glucose deprivation in U87 glioma cells and that inhibi-
tion of IRE1 signaling enzyme function may signifi cantly aff ect the expression of all studied genes 
in the presence of glucose as well as modify the eff ect of glucose deprivation on the expression of 
most studied genes. Th ese data also show that proteins encoded by these genes may participate in 
the regulation of metabolic and proliferative processes via IGF/INS receptors and possibly other 
signaling pathways as well, via IRE1 signaling, which is a central mediator of the unfolded protein 
response and an important component of the tumor growth and metabolic diseases.
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Insulin-like growth factor binding proteins (IGFBPs) 
play an important role in the regulation of numerous 
metabolic and proliferative processes through interac-
tion with the insulin-like growth factors (IGFs, IGF1, 
and IGF2), their cell surface receptors. Insulin recep-
tors alter the half-life of the IGFs by modifying their 
biological activity. IGFs and the signal transduction 
networks play important role in tumorigenesis and 
metastasis as well as obesity and diabetes (Chitnis et al. 
2008; Pollak 2008). IGFBPs participate in endoplasmic 
reticulum (ER) stress, which is an important factor of 
tumor growth, insulin resistance, and obesity (Ozcan 
et al. 2004; Cao and Kaufman 2013; Kuijjer et al. 2013; 
Yuzefovych et al. 2013; Han and Kaufman 2014; Lee and 
Ozcan 2014; Minchenko et al. 2015a). It is interesting 
to note that there exists a cross talk between IGF and 
insulin (INS) receptor signaling pathways at the recep-
tor level or downstream signaling level (Limesand et al. 
2013). Th is cross talk signifi cantly infl uenced a variety of 
cancers because of insulin receptor isoforms. Formation 
of hybrid receptor isoforms between receptors for IGF1 
and insulin, which are sensitive to the stimulation of all 
three axis ligands, as well as hybrid receptors of IGF1/
insulin receptor with other tyrosine kinase potentiate 
the transformation of cells, tumorigenesis, and tumor 
neovascularization (Weroha and Halushka 2012; Grko-
vic et al. 2013; Kuijjer et al. 2013; Baxter 2014; Singh et 
al. 2014; Zhu et al. 2014; Chen et al. 2015).

Th e IGFBPs including CCN family proteins have IGF 
binding domains but diff erent affi  nity to IGFs. Th ey bind 
and regulate the availability of both IGFs and inhibit 
or stimulate the growth promoting eff ects of the IGFs 
through IGF/INS receptors and through other signaling 
pathways and regulate cell proliferation and survival as 
well as angiogenesis and cancer cell migration. Moreo-
ver, both negative and positive correlations between 
levels of IGF-1/IGF-1-R and clinical outcomes in head 
and neck cancer have been reported (Limesand et al. 
2013). IGFBPs are now understood to have many actions 
beyond their endocrine role in IGF transport (Azar et 
al. 2011; Foulstone et al. 2013; Baxter 2014; Zhu et al. 
2014). IGFBPs also function in the cells and extracellular 
matrix to regulate cell proliferation and survival and 
are involved in tumor development, progression, and 
resistance to treatment. Because they interact with many 
proteins, in addition to their canonical ligands (IGF1 
and IGF2), they play an important role in the regulation 
of various processes including transcription (Ingermann 
et al. 2010; Baxter 2014; Ellis et al 2014; Tomblin et al 
2014). Th us, IGFBP6 preferentially binds to IGF2 and 

has IGF-independent eff ects, including inhibition of 
angiogenesis and promotion of cancer cell migration 
(Bach et al. 2013). Moreover, IGFBP6 regulates cell pro-
liferation and apoptosis: down-regulation of this gene 
expression leads to inhibition of cell proliferation and 
increased apoptotic cell death (Micutkova et al. 2011). It 
is interesting to note that apoptosis can be also regulated 
through IGF1 receptor (Pan et al. 2014). However, there 
are data indicating that IGFBP6 can also suppress the 
cellular proliferation (Raykha et al. 2013).

IGFBP7, which is also known as an insulin-like 
growth factor binding protein-related protein 1 (IGFB-
PRP1), belongs to the IGFBP family whose members 
have a conserved structural homology. It has a low af-
fi nity for IGFs and high affi  nity for insulin, suggesting 
that IGFBP7 may have a biological function distinct 
from other members of the IGFBP family. IGFBP7 has 
diverse biological functions, regulating cell prolifera-
tion, apoptosis, and senescence. It may also play a key 
role in vascular biology (Zhu et al. 2014). It elicits its 
biological eff ects by both insulin/IGF-dependent as well 
as -independent mechanisms. It has been also shown 
that IGFBP7 can bind to unoccupied IGF-1-R, block 
its activation by IGFs and suppress downstream sig-
naling, thereby inhibiting protein synthesis, cell growth, 
and survival (Evdokimova et al. 2012; Verhagen et al. 
2014). Increasing evidence exists that IGFBP7 may act 
as a tumor suppressor (Zhu et al. 2014; Gambaro et al. 
2015). Furthermore, restoration of IGFBP7 increases 
radiosensitivity and chemosensitivity in hormone-
refractory human prostate cancer (PC-3 cells) (Seki et 
al. 2013).

Th e CCN family of proteins includes six members 
originally designated CYR61, CTGF, NOV, WISP-1, 
WISP-2, and WISP-3 exhibiting diff erent biological 
functions. Th ey are involved in both normal and patho-
logical processes (Perbal 2013). Moreover, these regula-
tory proteins are associated with the extracellular matrix 
and play an important role in the cancer deve lopment. 
Th ese small-secreted cysteine-rich proteins contain 
the IGF-binding domain and mediate diverse develop-
mental processes relevant to malignant transformation. 
Among them, IGFBP8/CTGF/CCN2 (connective tissue 
growth factor), IGFBP9/NOV/CCN3 (nephroblastoma 
overexpressed), and IGFBP10/CYR61/CCN1(cysteine-
rich angiogenic inducer 61) play a role in cell growth 
regulation and are involved in angiogenesis, infl amma-
tion, matrix remodeling, proliferation, and migration/
invasion, which are triggered by diff erent signaling path-
ways (Gressner et al. 2011; Jim Leu et al. 2013; Wagener 
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et al. 2013; Dobson et al. 2014; Cheng et al. 2015; Liu et 
al. 2015a). Th us, CTGF is identifi ed as a hepatocellular 
negative acute phase protein, which is down-regulated 
by IL-6 via the STAT3 pathway through interaction 
on the DNA binding level (Gressner et al. 2011). Fur-
thermore, CTGF can bind vascular endothelial growth 
factor (VEGF) and inhibit VEGF-induced angiogenesis 
(Inoki et al. 2002). Recently, Dobson et al. (2014) have 
shown that IGFBP9/NOV/CCN3, which protects cells 
from invasion, is a target of hsa-mir-30c and mediated 
by this miRNA inhibition of NOV levels promotes the 
invasive phenotype of metastatic breast cancer cells. 
Moreover, this protein is a transcriptional target of 
FoxO1, a prominent mediator of insulin signaling in 
pancreatic β-cells, impairs pancreatic β-cell prolifera-
tion, glucose oxidation, and insulin secretion (Paradis 
et al. 2013). Th ere are data indicating that IGFBP10/
CYR61/CCN1 may promote growth of glioblastoma 
(Cheng et al. 2015) as well as suppress hepatocarcino-
genesis by inhibiting compensatory proliferation (Chen 
et al. 2015). Furthermore, this protein is responsible for 
induction of the tumor epithelial-mesenchymal transi-
tion, invasion, and metastasis (Hou et al. 2014; Liu et 
al. 2015b).

Th e WNT1 (wingless-type MMTV integration site 
family, member 1)-inducible signaling pathway (WISP) 
proteins WISP1/CCN4 and WISP2/CCN5 are down-
stream in the WNT1 signaling pathway and are relevant 
to malignant transformation, cancer cell invasion, and 
motility (Haque et al. 2011; Freveret al. 2013; Liu et 
al. 2013, 2014; Schlegelmilchet al. 2014; Gurbuz and 
Chiquet-Ehrismann 2015). Furthermore, elevated levels 
of WISP1 and CYR61 in the primary breast cancers are 
associated with more advanced features (Xie et al. 2001; 
Chiang et al. 2015). WISP2, which is a transcriptional 
repressor of genes associated with the epithelial-mes-
enchymal transition, may act as a dominant-negative 
regulator of other CCN family members and play an 
important role in the maintenance of the diff erentiated 
phenotype in breast cancer cells, but in contrast, WISP2 
is undetectable in more aggressive breast cancer cells 
(Ferrand et al. 2012; Ji et al. 2014).

Th e endoplasmic reticulum is the principal intracel-
lular structure responsible for multiple cellular func-
tions including protein folding, maturation and the 
maintenance of cellular homeostasis. Th e ER stress is 
activated by a variety of factors and triggers the unfolded 
protein response/ER stress, which induce a set of com-
plex intracellular signaling events in the endoplasmic 
reticulum and restores homeostasis or activates cell 

death (Moenner et al. 2007; Wang and Kaufman, 2012; 
Yadav et al. 2014). It is a dynamic intracellular organelle 
with exquisite sensitivity to alterations in homeostasis, 
and provides stringent quality control systems to ensure 
that only correctly folded proteins transit to the Golgi 
and unfolded or misfolded proteins are retained and 
ultimately degraded (Lin et al. 2008). Th e ER stress is 
mediated by three sensors and signaling pathways, but 
IRE1 is a central mediator of the unfolded protein re-
sponse and an important component of tumor growth. 
Its blockade leads to a suppression of tumor growth 
through down-regulation of the angiogenesis and pro-
liferation processes (Drogat et al. 2007; Auf et al. 2010, 
2013). Th e ER stress is recognized as an important 
determinant of cancer, obesity, and type 2 diabetes and 
contributes to the expression profi le of many regulatory 
genes resulting in proliferation, apoptosis, angiogenesis, 
and peripheral insulin resistance (Ozcan et al. 2004; Lin 
et al. 2008; Minchenko et al. 2013; Clarke et al. 2014; 
Han and Kaufman 2014; Lee and Ozcan 2014; Manie et 
al. 2014). Two distinct catalytic domains of the signal-
ing enzyme IRE1 were identifi ed: a serine/threonine 
kinase and endoribonuclease. Th e endoribonuclease is 
responsible for degradation of a specifi c 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-specifi c genes 
(Acosta-Alvear et al. 2007; Aragon et al 2009; Hollien 
et al 2009; Auf et al. 2010; Dejeans et al. 2013; Han et 
al. 2013; Pluquet et al. 2013).

Th e ER stress response-signaling pathway is tightly 
associated with nutrient deprivation and hypoxia and 
linked to the neovascularization, tumor growth, and cell 
death processes as well as suppression of insulin receptor 
signaling through activation of c-Jun N-terminal kinase 
(JNK) and subsequent serine phosphorylation of IRS1 
(Langlais et al. 2011; Lenihan and Taylor 2013; Clarke 
et al. 2014; Minchenko et al. 2014). Th e endoplasmic 
reticulum has an essential position as a signal integrator 
in the cell and is instrumental in the diff erent phases 
of tumor progression because the signaling pathways 
elicited by ER stress sensors have connections with 
metabolic pathways and with other plasma membrane 
receptor signaling networks (Bravo et al. 2013; Cao 
and Kaufman, 2013; Han et al. 2013; Clarke et al. 2014; 
Manie et al. 2014).

Th e main goal of this work was to study the role of 
expression of genes encoding the IGFBPs with diff er-
ent affi  nity to IGF proteins (IGFBP6, IGFBP7, IGFBP8/
CTGF/CCN2, IGFBP9/NOV/CCN3, IGFBP10/CYR61/
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CCN1, WISP1/CCN4, and WISP2/CCN5) in U87 
glioma cell line and its subline with IRE1 loss of function 
upon glucose deprivation for evaluation of its possible 
signifi cance in the control of tumor growth through 
IRE1 mediated ER stress signaling.

Materials and Methods

Cell lines and culture conditions. The glioma 
cell line U87 was obtained from ATCC (U.S.A.) and 
grown in high glucose (4.5 g/l) Dulbecco’s modifi ed 
Eagle’s minimum essential medium (DMEM, Gibco, 
Invitrogen, Carlsbad, CA, U.S.A.) supplemented with 
glutamine (2 mM), 10% fetal bovine serum (Equitech-
Bio, Inc., U.S.A.), penicillin (100 U/ml; Gibco) and 
streptomycin (0.1 mg/ml; Gibco) at 37oC in a 5% CO2 
incubator. In this work, we used two sublines of this 
glioma cells. One subline was obtained by selection of 
stable transfected clones with overexpression of vector 
pcDNA3.1, which was used for creation of dn-IRE1. Th is 
untreated subline of glioma cells (control glioma cells) 
was used as control 1 in the study of the eff ect of glucose 
deprivation on the expression level of diff erent IGFBP 
and related genes. Second subline was obtained by selec-
tion of stable transfected clone with overexpression of 
IRE1 dominant/negative construct (dn-IRE1) and has 
suppressed both protein kinase and endoribonuclease 
activities of this signaling enzyme (clone 1C5) (Auf et 
al. 2010). Th e expression level of 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 eff ect of glucose deprivation on 
gene expressions under blockade of both enzymatic 
activities of IRE1. Th e effi  ciency of IRE1 suppression 
in this glioma cell subline has been estimated previ-
ously (Auf et al. 2010, 2013; Minchenko et al. 2013) by 
determining the expression level of the XBP1 alternative 
splice variant, a key transcription factor in the IRE1 
signaling, and the level of the phosphorylated isoform 
IRE1 using cells treated by tunicamycin (0.01 mg/ml 
during 2 h). Both used in this study sublines of glioma 
cells are grown with the addition of geneticin (G418) 
while these cells carrying empty vector pcDNA3.1 or 
dn-ERN1 construct.

Glucose deprivation condition was created by chang-
ing the complete DMEM medium into culture plates on 
DMEM medium without glucose (Gibco) and plates 
were exposed to this condition for 16 h.

RNA isolation. Total RNA was extracted from glioma 
cells using the Trizol reagent (Invitrogen, Carlsbad, CA, 

U.S.A.). RNA pellets was washed with 75% ethanol and 
dissolved in nuclease-free water. For additional puri-
fi cation, RNA samples were re-precipitated with 95% 
ethanol and re-dissolved again in nuclease-free water.

Reverse transcription and quantitative PCR analy-
sis. Th e expression levels of insulin-like growth factor 
binding proteins-6, -7, -9 and -10 (IGFBP6, IGFBP7, 
IGFBP8/CTGF, IGFBP9/NOV, and IGFBP10/CYR61) 
and WNT1 inducible signaling pathway protein-1 and 
-2 (WISP1 and WISP2) mRNA’s as well as ACTB mRNA 
were measured in control U87 glioma cells and cells 
with a defi ciency of IRE1 by quantitative polymerase 
chain reaction in real-time using „Mx 3000PQPCR” 
(Stratagene, La Jolla, CA, U.S.A.) and SYBRGreenMix 
(ABgene, Thermo Fisher Scientific, Epsom, Surrey, 
UK). Quani Tect Reverse Transcription Kit (QIAGEN, 
Hilden, Germany) was used for cDNA synthesis as de-
scribed previously (Minchenko et al. 2012). Polymerase 
chain reaction was performed in triplicate.

For amplifi cation of IGFBP6 cDNA we used forward 
(5’–gctgttgcagaggagaatcc–3’and reverse (5’–ggta-
gaagcctcgatggtca–3’) primers. Th e nucleotide sequences 
of these primers correspond to sequences 397 – 416 and 
655 – 636 of human IGFBP6 cDNA (GenBank accession 
number NM_002178). Th e amplifi cation of IGFBP7cD-
NA for real time RCR analysis was performed using 
two oligonucleotides primers: forward–5’–agctgtgag-
gtcatcggaat–3’ and reverse–5’–tatagctcggcaccttcacc–3’. 
Th e nucleotide sequences of these primers correspond 
to sequences 572 – 591 and 882 – 863 of human IGFBP7 
cDNA (GenBank accession number NM_001553). 
For amplifi cation of IGFBP8/CTGF/CCN2 cDNA, we 
used forward (5’–ttccagagcagctgcaagta–3’) and reverse 
(5’–ccaggcagttggctctaatc–3’) primers. Th e nucleotide 
sequences of these primers correspond to sequences 552 
– 571 and 807 – 788 of human IGFBP8 cDNA (GenBank 
accession number NM_001901). Th e amplifi cation of 
IGFBP9/NOV/CCN3 cDNA for real time RCR analysis 
was performed using two oligonucleotides primers: 
forward–5’–gcgaagaaagtctcgtttgg–3’ and reverse–5’–
acaccagacagcatgagcag–3’. Th e nucleotide sequences of 
these primers correspond to sequences 176 – 195 and 
420 – 401 of human IGFBP9 cDNA (GenBank accession 
number NM_002514). For amplifi cation of IGFBP10/
CYR61/CCN1 cDNA, we used forward (5’–ctccctgttttt-
ggaatgga–3’) and reverse (5’–tggtcttgctgcatttcttg–3’) 
primers. Th e nucleotide sequences of these primers 
correspond to sequences 852 – 871 and 1092 – 1073 of 
human IGFBP10 cDNA (GenBank accession number 
NM_001554). Th e amplifi cation of WNT1 inducible 
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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’–gtagtcacagta-
gaggcccc–3’. Th e nucleotide sequences of these primers 
correspond to sequences 203 – 222 and 415 – 396 of 
human WISP1 cDNA (GenBank accession number 
NM_003882). For amplification of WISP2/CCN5 
cDNA, we used forward (5’–ctgtatcgggaaggggagac–3’) 
and reverse (5’–gggaagagacaaggccagaa–3’) primers. Th e 
nucleotide sequences of these primers correspond to 
sequences 463 – 482 and 709 – 690 of human WISP2 
cDNA (GenBank accession number NM_003881). 
Th e amplifi cation of ACTB (beta-actin) cDNA was 
performed using forward–5’–ggacttcgagcaagagatgg–3’ 
and reverse–5’–agcactgtgttggcgtacag–3’ primers. Th e 
primers nucleotide sequences correspond to 747 – 766 
and 980 – 961 of human ACTB cDNA (GenBank acces-
sion number NM_001101). Th e expression of beta-actin 
mRNA was used as control of analyzed RNA quantity. 
Th e primers were received from Sigma-Aldrich (St. 
Louis, MO, U.S.A.).

Quantitative PCR analysis was performed using 
a special computer program “Diff erential expression cal-
culator” and statistical analysis, as described previously 
(Bochkov et al 2006). Th e values of IGFBP6, IGFBP7, 
IGFBP8/CTGF, IGFBP9/NOV, IGFBP10/CYR61, 
WISP1, and WISP2 gene expressions were normalized 
to the expression of beta-actin mRNA and represent as 
percent of control (100%). All values are expressed as 
mean ± SEM from triplicate measurements performed 
in four independent experiments. Th e amplifi ed DNA 
fragments were also analyzed on 2% agarose gel and that 
visualized by SYBR* Safe DNA Gel Stain (Life Technolo-
gies, Carlsbad, CA, U.S.A.).

Results

Eff ect of glucose deprivation and inhibition of IRE1 
on the expression of IGFBP6 and IGFBP7 genes in 
glioma cells. To investigate a possible role of endoplas-
mic reticulum stress signaling mediated by IRE1 in the 
expression of IGFBP genes IGFBP6 and IGFBP7 and its 
sensitivity to glucose deprivation we studied the eff ect of 
glucose deprivation on these genes expression in glioma 
cells with normal IRE1 function (control glioma cells) 
and cells without both enzymatic activities of this signal-
ing enzyme. As shown in Fig. 1, the expression level of 
IGFBP6 mRNA is signifi cantly down-regulated in U87 
glioma cells (2.2 times) in comparison with the control 

cells (control 1). At the same time, inhibition of IRE1 by 
dn-IRE1 strongly up-regulated the expression level of 
IGFBP7 mRNA (2.9 times) in glioma cells in compari-
son with the control cells (Fig. 2). Further, we tested the 
sensitivity of the genes expression to glucose deprivation 
and the possible role of ERN1 in the regulation of this 
sensitivity. We found that expression of IGFBP6 gene 
is resistant to glucose deprivation in glioma cells both 
with and without IRE1 signaling enzyme function, in 
comparison with corresponding controls (control 1 and 
2) (Fig. 1). At the same time, low but statistically signifi -
cant changes were found in IGFBP7 gene expression in 
both types of glioma cells treated by glucose deprivation 
as compare to corresponding controls (-16% for control 
cells and -38% for IRE1 knocked-down cells; Fig. 2).

Expression of IGFBP8/CTGF, IGFBP9/NOV and 
IGFBP10/CYR61 genes in control glioma cells and 
cells without IRE1 function upon glucose depriva-
tion. We investigated the cysteine-rich regulatory 
proteins IGFBP8/CTGF/CCN2, IGFBP9/NOV/CCN3, 
and IGFBP10/CYR61/CCN1, which are associated with 
the extracellular matrix and play an important role in 
cancer development by regulation of angiogenesis, cell 

Fig. 1. Eff ect of glucose deprivation on the expression level of 
insulin-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 qPCR. Values 
of IGFBP6 mRNA expressions were normalized to beta-actin 
mRNA level and represent as percent for control 1 (100%); 
n = 4.
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migration, and proliferation. As shown in Figs. 3, 4, and 
5, the expression both IGFBP8/CTGF, IGFBP9/NOV 
and IGFBP10/CYR61 genes are aff ected by inhibition 
of IRE1 signaling enzyme function in gene-specifi c 
manner. Th us, inhibition of IRE1 enzyme function by 
dn-IRE1 is strongly down-regulated the expression level 
of IGFBP9/NOV mRNA (4.8 times), but signifi cantly 
up-regulated the expression of IGFBP8/CTGF (5.4 
times) and IGFBP10/CYR61 (1.5 times) genes in glioma 
cells in comparison with control glioma cells. Th ereaft er, 
we tested how glucose deprivation aff ects these IGFBP 
genes and how IRE1 inhibition modulates the eff ect of 
glucose deprivation on the expression of IGFBP8/CTGF, 
IGFBP9/NOV and IGFBP10/CYR61 genes. As shown 
in Fig. 3, glucose deprivation leads to signifi cant up-
regulation of IGFBP8/CTGF mRNA level (+36%), but 
inhibition of IRE1 induces reverse changes in this gene 
expression upon glucose deprivation (-31%). Stronger 
up-regulation was shown for IGFBP9/NOV gene: 1.9 
times in control glioma cells as compared to control 1 
and 3 times in cells without IRE1 signaling enzyme func-
tion (Fig. 4). At the same time, no signifi cant changes 
were found in the expression of IGFBP10/CYR61 gene 

Fig. 2. Eff ect of glucose deprivation on the expression level of 
insulin-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 qPCR. Values of 
IGFBP7 mRNA expressions were normalized to beta-actin mRNA 
level and represent as percent for control 1 (100%); n = 4.

Fig. 3. Eff ect of glucose deprivation on the expression level of 
insulin-like growth factor binding protein 8 (IGFBP8), also 
known as CTGF (connective tissue growth factor) and CCN2 
(CCN family member 2), mRNA in control U87 glioma cells 
(Vector) and cells with a blockade of the IRE1 by dn-IRE1 
(dn-IRE1) measured by qPCR. Values of IGFBP8 mRNA 
expressions were normalized to beta-actin mRNA level and 
represent as percent for control 1 (100%); n = 4.

Fig. 4. Eff ect of glucose deprivation 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 IRE1 by dn-IRE1 
(dn-IRE1) measured by qPCR. Values of IGFBP9 mRNA 
expressions were normalized to beta-actin mRNA level and 
represent as percent for control 1 (100%); n = 4.
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Fig. 5. Effect of glucose deprivation on the expression of 
insulin-like growth factor binding protein 10 (IGFBP10), 
also known as CYR61 (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 IRE1 by 
dn-IRE1 (dn-IRE1) measured by qPCR. Values of IGFBP10 
mRNA expressions were normalized to beta-actin mRNA level 
and represent as percent for control 1 (100%); n = 4.

Fig. 6. Eff ect of glucose deprivation 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) measured by qPCR. Values of 
WISP1 mRNA expressions were normalized to beta-actin 
mRNA level and represent as percent for control1 (100%); 
n = 4.

in control glioma cells upon glucose deprivation, but 
inhibition of IRE1 induced sensitivity of this gene ex-
pression to glucose deprivation (Fig. 5). Th us, glucose 
deprivation enhanced IGFBP10/CYR61 gene expression 
(+38%) in glioma cells without IRE1 signaling enzyme 
function.

Inhibition of IRE1 enhances expression of WISP1 
and WISP2 genes and modifies its sensitivity to 
glucose deprivation. Additionally, we studied the ef-
fect of IRE1 inhibition on the expression of WNT1 
inducible signaling pathway protein-1 and -2 (WISP1 
and WISP2), which have IGF binding domain and are 
members of CCN family proteins as well as IGFBP9/
NOV/CCN3 and IGFBP10/CYR61/CCN1. As shown 
in Fig. 6 and Fig. 7, inhibition of IRE1 by dn-IRE1 
strongly up-regulates the expression of WISP1/CCN4 
and WISP2CCN5 genes in glioma cells, indicating for 
more signifi cant changes for WISP1/CCN4 gene (8.4 
times) as WISP2/CCN5 one (3.6 times).

Next, we examined WISP1 gene expression in glioma 
cells upon glucose deprivation condition. As shown 
in Fig. 6, this gene expression was resistant to glucose 

deprivation in cells with native IRE1, but inhibition 
of IRE1 signaling enzyme function lead to a strong 
down-regulation of WISP1 gene expression (2.6 times). 
At the same time, exposure of glioma cells to glucose 
deprivation induces the expression of WISP2 gene in 
both types of glioma cells: +45% in control glioma 
cells and 30% in cells with a defi ciency of IRE1 enzyme 
function (Fig. 7).

Additionally, we analyzed the eff ect of glucose dep-
rivation on the expression level of IGFBP7, IGFBP9/
NOV/CCN3, and WISP2/CCN5 mRNA in glioma 
cells with intact and inhibited IRE1 enzyme function in 
conditions when both controls (control 1 and control 
2) were considered as 100% for the possibility to more 
precisely clarify the diff erences in the sensitivity of these 
gene expressions to glucose deprivation with respect to 
inhibition of IRE1. As showed in Fig. 8, there are statisti-
cally signifi cant diff erences in the expression levels of 
IGFBP7, IGFBP9/NOV, and WISP2 mRNA in control 
glioma cells and cells without IRE1 function exposure 
upon glucose deprivation: 2.4 times for IGFBP7, 1.6 
times for IGFBP9/NOV and 1.5 times for WISP2.
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Discussion

Th e growing tumor requires ER stress as well as nutrient 
deprivation, which initiate the ER stress for own neovas-
cularization and growth, for apoptosis inhibition (Drogat 
et al. 2007; Auf et al. 2010). Cell proliferation is strongly 
dependent upon glycolysis and glucose level because there 
is a molecular connection between cell cycle progression 
and the provision of nutrients essential for this purpose 
(Colombo et al. 2011). Th e ER has an important position 
as a signal integrator in both normal and malignant cells 
because the ER stress signaling pathways have connections 
with other plasma membrane receptor signaling networks 
involved in numerous metabolic pathways (Bravo et al. 
2013; Minchenko et al. 2013; Manie et al. 2014). It is known 
that the complete blockade of the activity of IRE1 signaling 
enzyme in glioma cells had anti-tumor eff ects (Auf et al. 
2010, 2013; Minchenko et al. 2014, 2015a). In this work, we 
studied the expression of genes encoded diff erent IGFBPs 
in glioma cells with inhibition of IRE1 signaling enzyme 
function upon glucose deprivation condition for evalua-
tion of possible signifi cance of these genes in the control 
of glioma growth through ER stress signaling mediated by 
IRE1 and glucose deprivation.

Fig. 7. Eff ect of glucose deprivation 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-IRE1) measured by qPCR. Values of WISP2 mRNA expres-
sions were normalized to beta-actin mRNA level and represent 
as percent for control1 (100%); n = 4.

Fig. 8. Inhibition of IRE1 modifi es the eff ect of glucose deprivation condition on the expression of IGFBP7, IGFBP9/NOV, and 
WISP2 mRNA in glioma cells (by qPCR). Th e mRNA expression values were normalized to beta-actin mRNA expression and 
represent as percent of corresponding control (both controls is accepted as 100%); mean ± SEM; n = 4.
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Results of this study demonstrate that inhibition of 
IRE1 enzyme function signifi cantly decreased the ex-
pression of IGFBP6 and IGFBP9/NOV genes indicating 
its participation in IRE1 mediated network of unfolded 
protein response. It is possible that decreased expres-
sion of IGFBP6 and IGFBP9/NOV genes in glioma cells 
without both enzymatic activities of IRE1 will contribute 
to the suppression of glioma growth from cells with 
IRE1 knockdown (Drogat et al. 2007; Auf et al. 2010, 
2013). Th ese results conform the data that IGFBP6 and 
IGFBP9/NOV have mainly pro-proliferative functions 
through interaction with diff erent proteins and signaling 
pathways and are overexpressed in various malignant 
tumors (Micutkova et al. 2011; Bach et al. 2013; Wagener 
et al. 2013; Baxter 2014; Liu et al. 2015a).

Th e IGFBPs bind and regulate the availability of both 
IGFs with diff erent affi  nity and inhibit or stimulate the 
growth promoting eff ects of the IGFs through IGF/INS 
receptors and through many other signaling pathways 
and regulate cell proliferation and survival as well as 
angiogenesis and cancer cell migration (Weroha and 
Halushka 2012; Grkovic et al. 2013; Wagener et al. 2013; 
Baxter 2014; Pan et al. 2014; Singh et al. 2014; Zhu et al. 
2014; Chen et al. 2015). In this study, we showed that 
inhibition of IRE1 signaling, which is a central media-
tor of the unfolded protein response and an important 
component of malignant tumor growth, is strongly up-
regulate the expression level of IGFBP7 gene in glioma 
cells and that this induction of IGFBP7 may contribute 
to suppression of IRE1 knockdown cell proliferation, 
because this protein acts as a tumor suppressor (Zhu et 
al. 2014). Moreover, eff ect of IGFBP7 on cell prolifera-
tion, apoptosis, and senescence is realized through both 
insulin/IGF-dependent and -independent mechanisms 
(Zhu et al. 2014).

We also fi nd a signifi cant up-regulation of IGFBP8/
CTGF/CCN2, IGFBP10/CYR61/CCN1, WISP1/CCN4, 
and WISP2/CCN5 gene expressions in glioma cells aft er 
inhibition of IRE1 signaling, 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 aft er in-
hibition of IRE1 can also contribute to the suppression 
of these glioma cells proliferation, because there is data 
indicating that elevated expression of CTGF, WISP-1, 
and CYR61 in primary breast cancers associated with 
more advanced features (Xie et al. 2001) and that CTGF 
binds VEGF and suppresses VEGF-induced angiogenesis 
(Inoki et al. 2011). It is possible that IGFBP10/CYR61/
CCN1 can suppress hepatic carcinogenesis by inhibiting 

compensatory proliferation (Chen et al. 2015), although 
its role in tumor growth is not well established yet. At 
the same time, increased level of CYR61/CCN1 as well 
as decreased level of NOV/CCN3 may have a relation to 
increased metastasis of glioma cells without IRE1 function 
(Auf et al. 2010), because CYR61/CCN1 is responsible for 
induction of the tumor epithelial-mesenchymal transition, 
invasion, and metastasis (Hou et al. 2014; Liu et al. 2015b) 
as well as inhibition of NOV levels promotes the invasive 
phenotype of metastatic cancer cells (Dobson et al. 2014). 
Furthermore, elevated levels of WISP1 and CYR61 in 
primary breast cancers are associated with more advanced 
features (Xie et al. 2001; Chiang et al. 2015). WISP2 is 
a transcriptional repressor of genes associated with the 
epithelial-mesenchymal transition; it is undetectable in 
more aggressive breast cancer cells (Ferrand et al. 2012; 
Ji et al. 2014). Th us, up-regulation of WISP1 and WISP2 
gene expression in glioma cells aft er inhibition of IRE1 
can also contribute to the suppression of these glioma cells 
proliferation. Th us, our results demonstrate that all of the 
genes studied are ER stress responsive and consequently 
have a pivotal role in the control of cell proliferation as 
well as metastasis, but the mechanisms of activation or 
suppression of these gene expressions upon inhibition of 
IRE1 diff ers and warrant further investigation.

Th e investigation of the expression of diff erent genes 
of IGFBP and CCN families in glioma cells upon glucose 
deprivation in respect to inhibition of IRE1 signaling is 
very important for understanding of malignant tumor 
growth mechanisms, because glucose play essential role 
in the cell cycle control as that tumor progression (Co-
lombo et al. 2011; Huber et al. 2013). We showed that 
glucose deprivation condition leads to up-regulation of 
the expression of IGFBP8/CTGF/CCN2, IGFBP9/NOV/
CCN1, and WISP2/CCN5 genes and down-regulation 
of IGFBP7 gene in control glioma cells. At the same 
time, the expression of IGFBP6, IGFBP10, and WISP1 
genes was resistant to glucose deprivation in this type 
of glioma cells. However, inhibition of IRE1 in glioma 
cells modifi es the sensitivity of most studied gene ex-
pressions to glucose deprivation condition and enhances 
eff ect of IRE1 inhibition on IGFBP10/CYR61/CCN1 and 
WISP2 gene expressions as well as reduces this eff ect 
on IGFBP7, NOV/CCN3 and WISP1 genes. Our results 
are consistent with the data of Huber et al. (2013) that 
glucose shortage is associated with malignant progres-
sion through the ER unfolded protein response, but the 
mechanism how malignant cells cope with potentially 
lethal metabolic stress induced by glucose deprivation 
remains poorly understood.
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Th e changes observed in the above studied IGFBP 
gene expressions correlate well with slower cell proli-
feration in cells harboring dn-IRE1, attesting to the fact 
that ER stress is a necessary component of malignant 
tumor growth, cell survival, and metastasis. Moreover, 

the expression of IGFBP genes upon glucose depriva-
tion is signifi cantly depended on IRE1 signaling enzyme 
function. However, the detailed molecular mechanisms 
of this regulation are complex and warrants further 
study.

References

Acosta-Alvear D, Zhou Y, Blais A, Tsikitis M, Lents NH, Arias C, Lennon CJ, Kluger Y, Dynlacht DD: XBP1 controls 
diverse cell type- and condition-specifi c transcriptional regulatory networks. Molecular Cell 27, 53-66, 2007. 
http://dx.doi.org/10.1016/j.molcel.2007.06.011

Aragon T, van Anken E, Pincus D, Serafi mova IM, Korennykh AV, Rubio CA, Walter P: Messenger RNA targeting to en-
doplasmic reticulum stress signalling sites. Nature 457, 736-740, 2009. http://dx.doi.org/10.1038/nature07641

Auf G, Jabouille A, Guerit S, Pineau R, Delugin M, Bouchecareilh M, Favereaux A, Maitre M, Gaiser T, von Deimling A, 
Czabanka M, Vajkoczy P, Chevet E, Bikfalvi A, Moenner M: A shift  from an angiogenic to invasive phenotype 
induced in malignant glioma by inhibition of the unfolded protein response sensor IRE1. Proc Natl Acad Sci 
U S A 107, 15553-15558, 2010. http://dx.doi.org/10.1073/pnas.0914072107

Auf G, Jabouille A, Delugin M, Guerit S, Pineau R, North S, Platonova N, Maitre M, Favereaux A, Vajkoczy P, Seno M, 
Bikfalvi A, Minchenko D, Minchenko O, Moenner M: High epiregulin expression in human U87 glioma cells 
relies on IRE1alpha and promotes autocrine growth through EGF receptor. BMC Cancer 13, 597, 2013. http://
dx.doi.org/10.1186/1471-2407-13-597

Azar WJ, Azar SH, Higgins S, Hu JF, Hoff man AR, Newgreen DF, Werther GA, Russo VC: IGFBP-2 enhances VEGF 
gene promoter activity and consequent promotion of angiogenesis by neuroblastoma cells. Endocrinology 152, 
3332-3342, 2011. http://dx.doi.org/10.1210/en.2011-1121

Bach LA, Fu P, Yang Z: Insulin-like growth factor-binding protein-6 and cancer. Clin Sci (Lond) 124, 215-229, 2013. 
http://dx.doi.org/10.1042/CS20120343

Baxter RC: IGF binding proteins in cancer: mechanistic and clinical insights. Nat Rev Cancer 14, 329-341, 2014. http://
dx.doi.org/10.1038/nrc3720

Bochkov VN, Philippova M, Oskolkova O, Kadl A, Furnkranz A, Karabeg E, Breuss J, Minchenko OH, Mechtcheriakova 
D, Hohensinner P, Rychli K, Wojta J, Resink T, BinderBR, Leitinger N: Oxidized phospholipids stimulate angio-
genesis via induction of VEGF, IL-8, COX-2 and ADAMTS-1 metalloprotease, implicating a novel role for lipid 
oxidation in progression and destabilization of atherosclerotic lesions. Circ Res 99: 900-908, 2006. http://dx.doi.
org/10.1161/01.RES.0000245485.04489.ee

Bravo R, Parra V, Gatica D, Rodriguez AE, Torrealba N, Paredes F, Wang ZV, Zorzano A, Hill JA, Jaimovich E, Quest AF, 
Lavandero S: Endoplasmic reticulum and the unfolded protein response: dynamics and metabolic integration. 
Int Rev Cell Mol Biol 301, 215-290, 2013. http://dx.doi.org/10.1016/B978-0-12-407704-1.00005-1

Cao SS, Kaufman RJ: Targeting endoplasmic reticulum stress in metabolic disease. Expert Opin Th er Targets 17, 437-448, 
2013. http://dx.doi.org/10.1517/14728222.2013.756471

Chen CC, Kim KH, Lau LF: Th e matricellular protein CCN1 suppresses hepatocarcinogenesis by inhibiting compensatory 
proliferation. Oncogene 2015. http://dx.doi.org/10.1038/onc.2015.190

Cheng G, Zhang H, Zhang L, Zhang J: Cyr61 promotes growth of glioblastoma in vitro and in vivo. Tumour Biol 36, 
2869-2873, 2015. http://dx.doi.org/10.1007/s13277-014-2915-8

Chiang KC, Yeh CN, Chung LC, Feng TH, Sun CC, Chen MF, Jan YY, Yeh TS, Chen SC, Juang HH: WNT-1 inducible 
signaling pathway protein-1 enhances growth and tumorigenesis in human breast cancer. Sci Rep 5, 8686, 2015. 
http://dx.doi.org/10.1038/srep08686

Chitnis MM, Yuen JS, Protheroe AS, Pollak M, Macaulay VM: Th e type 1 insulin-like growth factor receptor pathway. 
Clin Cancer Res 14, 6364-6370, 2008. http://dx.doi.org/10.1158/1078-0432.CCR-07-4879

Clarke HJ, Chambers JE, Liniker E, Marciniak SJ: Endoplasmic reticulum stress in malignancy. Cancer Cell 25, 563-573, 
2014. http://dx.doi.org/10.1016/j.ccr.2014.03.015

Colombo SL, Palacios-Callender M, Frakich N, Carcamo S, Kovacs I, Tudzarova S, Moncada S: Molecular basis for the 
diff erential use of glucose and glutamine in cell proliferation as revealed by synchronized HeLa cells. Proc Natl 
Acad Sci U S A 108, 21069-21074, 2011. http://dx.doi.org/10.1073/pnas.1117500108



 IRE1 INHIBITION AND IGFBP GENES AND GLUCOSE DEPRIVATION IN U87 GLIOMA CELLS 195

Dejeans N, Pluquet O, Lhomond S, Grise F, Bouchecareilh M, Juin A, Meynard-Cadars M, Bidaud-Meynard A, Gentil C, 
Moreau V, Saltel F, Chevet E: Autocrine control of glioma cells adhesion and migration through IRE1a-mediated 
cleavage of SPARC mRNA. J Cell Sci 125, 4278-4287, 2012. http://dx.doi.org/10.1242/jcs.099291

Dobson JR, Taipaleenmaki H, Hu YJ, Hong D, van Wijnen AJ, Stein JL, Stein GS, Lian JB, Pratap J: hsa-mir-30c promotes 
the invasive phenotype of metastatic breast cancer cells by targeting NOV/CCN3.Cancer Cell Int 14, 73, 2014. 
http://dx.doi.org/10.1186/s12935-014-0073-0

Drogat B, Auguste P, Nguyen DT, Bouchecareilh M, Pineau R, Nalbantoglu J, Kaufman RJ, Chevet E, Bikfalvi A, Moenner 
M: IRE1 signaling is essential for ischemia-induced vascular endothelial growth factor-A expression and contrib-
utes to angiogenesis and tumor growth in vivo. Cancer Res 67, 6700-6707, 2007. http://dx.doi.org/10.1158/0008-
5472.CAN-06-3235

Ellis BC, Graham LD, Molloy PL: CRNDE, a long non-coding RNA responsive to insulin/IGF signaling, regulates 
genes involved in central metabolism. Biochim Biophys Acta 1843, 372-386, 2014. http://dx.doi.org/10.1016/j.
bbamcr.2013.10.016

Evdokimova V, Tognon CE, Benatar T, Yang W, Krutikov K, Pollak M, Sorensen PH, Seth A: IGFBP7 binds to the IGF-1 
receptor and blocks its activation by insulin-like growth factors. Sci Signal 5, 92, 2012. http://dx.doi.org/10.1126/
scisignal.2003184

Ferrand N, Stragier E, Redeuilh G, Sabbah M: Glucocorticoids induce CCN5/WISP-2 expression and attenuate invasion 
in oestrogen receptor-negative human breast cancer cells. Biochem J 447, 71-79, 2012. http://dx.doi.org/10.1042/
BJ20120311

Frewer KA, Sanders AJ, Owen S, Frewer NC, Hargest R, Jiang WG: A role for WISP2 in colorectal cancer cell invasion 
and motility. Cancer Genomics Proteomics 10, 187-196, 2013.

Foulstone EJ, Zeng L, Perks CM, Holly JM: Insulin-like growth factor binding protein 2 (IGFBP-2) promotes growth and 
survival of breast epithelial cells: novel regulation of the estrogen receptor. Endocrinology 154, 1780-1793, 2013. 
http://dx.doi.org/10.1210/en.2012-1970

Gambaro K, Quinn MC, Caceres-Gorriti KY, Shapiro RS, Provencher D, Rahimi K, Mes-Masson AM, Tonin PN: Low 
levels of IGFBP7 expression in high-grade serous ovarian carcinoma is associated with patient outcome. BMC 
Cancer 15, 135, 2015. http://dx.doi.org/10.1186/s12885-015-1138-8

Gressner OA, Peredniene I, Gressner AM: Connective tissue growth factor reacts as an IL-6/STAT3-regulated hepatic nega-
tive acute phase protein. World J Gastroenterol 17, 151-163, 2011. http://dx.doi.org/10.3748/wjg.v17.i2.151

Grkovic S, O'Reilly VC, Han S, Hong M, Baxter RC, Firth SM: IGFBP-3 binds GRP78, stimulates autophagy and promotes 
the survival of breast cancer cells exposed to adverse microenvironments. Oncogene 32, 2412-2420, 2013. http://
dx.doi.org/10.1038/onc.2012.264

Gurbuz I, Chiquet-Ehrismann R: CCN4/WISP1 (WNT1 inducible signaling pathway protein 1): a focus on its role in 
cancer. Int J Biochem Cell Biol 62, 142-146, 2015. http://dx.doi.org/10.1016/j.biocel.2015.03.007

Han J, Back SH, Hur J, Lin YH, Gildersleeve R, Shan J, Yuan CL, Krokowski D, Wang S, Hatzoglou M, Kilberg MS, Sartor 
MA, Kaufman RJ: ER-stress-induced transcriptional regulation increases protein synthesis leading to cell death. 
Nat Cell Biol 15, 481-490, 2013. http://dx.doi.org/10.1038/ncb2738

Han J, Kaufman RJ: Measurement of the unfolded protein response to investigate its role in adipogenesis and obesity. 
Methods Enzymol 538,135-150, 2014. http://dx.doi.org/10.1016/B978-0-12-800280-3.00008-6

Haque I, Banerjee S, Mehta S, De A, Majumder M, Mayo MS, Kambhampati S, Campbell DR, Banerjee SK: Cysteine-rich 
61-connective tissue growth factor-nephroblastoma-overexpressed 5 (CCN5)/Wnt-1-induced signaling protein-2 
(WISP-2) regulates microRNA-10b via hypoxia-inducible factor-1alpha-TWIST signaling networks in human 
breast cancer cells. J Biol Chem 286, 43475-43485, 2011. http://dx.doi.org/10.1074/jbc.M111.284158

Hollien J, Lin JH, Li H, Stevens N, Walter P, Weissman JS: Regulated Ire1-dependent decay of messenger RNAs in mam-
malian cells. J Cell Biol 186, 323-331, 2009. http://dx.doi.org/10.1083/jcb.200903014

Hou CH, Lin FL, Hou SM, Liu JF: Cyr61 promotes epithelial-mesenchymal transition and tumor metastasis of oste-
osarcoma by Raf-1/MEK/ERK/Elk-1/TWIST-1 signaling pathway. Mol Cancer 13, 236, 2014. http://dx.doi.
org/10.1186/1476-4598-13-236

Huber AL, Lebeau J, Guillaumot P, Petrilli V, Malek M, Chilloux J, Fauvet F, Payen L, Kfoury A, Renno T, Chevet E, Manie 
SN: p58(IPK)-mediated attenuation of the proapoptotic PERK-CHOP pathway allows malignant progression 
upon low glucose. Mol Cell 49, 1049-1059, 2013. http://dx.doi.org/10.1016/j.molcel.2013.01.009

Ingermann AR, Yang YF, Han J, Mikami A, Garza AE, Mohanraj L, Fan L, Idowu M, Ware JL, Kim HS, Lee DY, Oh Y: 
Identifi cation of a novel cell death receptor mediating IGFBP-3-induced anti-tumor eff ects in breast and prostate 
cancer. J Biol Chem 285, 30233-30246, 2010. http://dx.doi.org/10.1074/jbc.M110.122226



196 IRE1 INHIBITION AND IGFBP GENES AND GLUCOSE DEPRIVATION IN U87 GLIOMA CELLS

Inoki I, Shiomi T, Hashimoto G, Enomoto H, Nakamura H, Makino K, Ikeda E, Takata S, Kobayashi K, Okada Y: Con-
nective tissue growth factor binds vascular endothelial growth factor (VEGF) and inhibits VEGF-induced 
angiogenesis. FASEB J 16, 219-221, 2002.

Ji J, Jia S, Ji K, Jiang WG: Wnt1 inducible signalling pathway protein-2 (WISP 2/CCN5): roles and regulation in human 
cancers (review). Oncol Rep 31, 533-539, 2014.

Jim Leu SJ, Sung JS, Huang ML, Chen MY, Tsai TW: A novel anti-CCN1 monoclonal antibody suppresses Rac-dependent 
cytoskeletal reorganization and migratory activities in breast cancer cells. Biochem Biophys Res Commun 434, 
885-891, 2013. http://dx.doi.org/10.1016/j.bbrc.2013.04.045

Kuijjer ML, Peterse EF, vandenAkker BE, Briaire-deBruijn IH, Serra M, Meza-Zepeda LA, Myklebost O, Hassan AB, 
Hogendoorn PC, Cleton-Jansen AM: IR/IGF1R signaling as potential target for treatment of high-grade oste-
osarcoma. BMC Cancer 13, 245, 2013. http://dx.doi.org/10.1186/1471-2407-13-245

Langlais P, Yi Z, Finlayson J, Luo M, Mapes R, De Filippis E, Meyer C, Plummer E, Tongchinsub P, Mattern M, Mandarino 
LJ: Global IRS-1 phosphorylation analysis in insulin resistance. Diabetologia 54, 2878-2889, 2011. http://dx.doi.
org/10.1007/s00125-011-2271-9

Lee J, Ozcan U: Unfolded protein response signaling and metabolic diseases. J Biol Chem 289, 1203-1211, 2014. http://
dx.doi.org/10.1074/jbc.R113.534743

Lenihan CR, Taylor CT: Th e impact of hypoxia on cell death pathways. Biochem Soc Trans 41, 657-663, 2013. http://
dx.doi.org/10.1042/BST20120345

Limesand KH, Chibly AM, Fribley A: Impact of targeting insulin-like growth factor signaling in head and neck cancers. 
Growth Horm IGF Res 23, 135-140, 2013. http://dx.doi.org/10.1016/j.ghir.2013.06.001

Lin JH, Walter P, Yen TS: Endoplasmic reticulum stress in disease pathogenesis. Annu Rev Pathol 3, 399-425, 2008. http://
dx.doi.org/10.1146/annurev.pathmechdis.3.121806.151434

Liu JF, Hou SM, Tsai CH, Huang CY, Hsu CJ, Tang CH: CCN4 induces vascular cell adhesion molecule-1 expression in 
human synovial fi broblasts and promotes monocyte adhesion. Biochim Biophys Acta 1833, 966-975, 2013. http://
dx.doi.org/10.1016/j.bbamcr.2012.12.023

Liu L, Yang Z, Zhang W, Yan B, Gu Q, Jiao J, Yue X: Decreased expression of IGFBP7 was a poor prognosis predictor for 
gastric cancer patients. Tumour Biol 35, 8875-8881, 2014. http://dx.doi.org/10.1007/s13277-014-2160-1

Liu S, Han L, Wang X, Liu Z, Ding S, Lu J, Bi D, Mei Y, Niu Z: Nephroblastoma overexpressed gene (NOV) enhances RCC 
cell motility through upregulation of ICAM-1 and COX-2 expression via Akt pathway. Int J Clin Exp Pathol 8, 
1302-1311, 2015a.

Liu Y, Zhou YD, Xiao YL, Li MH, Wang Y, Kan X, Li QY, Lu JG, Jin DJ: Cyr61/CCN1 overexpression induces epithelial-
mesenchymal transition leading to laryngeal tumor invasion and metastasis and poor prognosis. Asian Pac J 
Cancer Prev 16, 2659-2664, 2015b.

Manie SN, Lebeau J, Chevet E: Cellular mechanisms of endoplasmic reticulum stress signaling in health and disease. 3. 
Orchestrating the unfolded protein response in oncogenesis: an update.Am J Physiol Cell Physiol 307, C901-
C907, 2014. http://dx.doi.org/10.1152/ajpcell.00292.2014

Micutkova L, Diener T, Li C, Rogowska-Wrzesinska A, Mueck C, Huetter E, Weinberger B, Grubeck-Loebenstein B, 
Roepstorff  P, Zeng R, Jansen-Duerr P: Insulin-like growth factor binding protein-6 delays replicative senescence 
of human fi broblasts. Mech Ageing Dev 132, 468-479, 2011. http://dx.doi.org/10.1016/j.mad.2011.07.005

Minchenko DO, Karbovskyi LL, Danilovskyi SV, Moenner M, Minchenko OH: Eff ect of hypoxia and glutamine or glucose 
deprivation on the expression of retinoblastoma and retinoblastoma-related genes in ERN1 knockdown glioma 
U87 cell line. Am J Mol Biol 2, 142-152, 2012. http://dx.doi.org/10.4236/ajmb.2012.21003

Minchenko DO, Kharkova AP, Hubenia OV, Minchenko OH: Insulin receptor, IRS1, IRS2, INSIG1, INSIG2, RRAD, and 
BAIAP2 gene expressions in glioma U87 cells with ERN1 loss of function: eff ect of hypoxia and glutamine or 
glucose deprivation. Endocr Regul 47, 15-26, 2013. http://dx.doi.org/10.4149/endo_2013_01_15

Minchenko DO, Danilovskyi SV, Kryvdiuk IV, Bakalets TV, Lypova NM, Karbovskyi LL, Minchenko OH: Inhibition of 
ERN1 modifi es the hypoxic regulation of the expression of TP53-related genes in U87 glioma cells. Endoplasm 
Reticul Stress Dis 1, 18-26, 2014. http://dx.doi.org/10.2478/ersc-2014-0001

Minchenko DO, Kharkova AP, Tsymbal DO, Karbovskyi LL, Minchenko OH: Expression of insulin-like growth factor 
binding protein genes and its hypoxic regulation in U87 glioma cells depends on ERN1 mediated signaling pathway 
of endoplasmic reticulum stress. Endocr Regul 49, 73-83, 2015a. http://dx.doi.org/10.4149/endo_2015_02_73

Minchenko OH, Tsymbal DO, Moenner M, Minchenko DO, Kovalevska OV, Lypova NM: Inhibition of the endoribo-
nuclease of ERN1 signaling enzyme aff ects the expression of proliferation-related genes in U87 glioma cells. 
Endoplasm Reticul Stress Dis 2, 18-29, 2015b. http://dx.doi.org/10.1515/ersc-2015-0002



 IRE1 INHIBITION AND IGFBP GENES AND GLUCOSE DEPRIVATION IN U87 GLIOMA CELLS 197

Moenner M, Pluquet O, Bouchecareilh M, Chevet E: Integrated endoplasmic reticulum stress responses in cancer. Cancer 
Res 67, 10631-10634, 2007. http://dx.doi.org/10.1158/0008-5472.CAN-07-1705

Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, Ozdelen E, Tuncman G, Gorgun C, Glimcher LH, Hotamisligil GS: 
Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes. Science 306, 457-461, 2004. http://
dx.doi.org/10.1126/science.1103160

Pan Y, Liang H, Liu H, Li D, Chen X, Li L, Zhang CY, Zen K: Platelet-secreted microRNA-223 promotes endothelial cell 
apoptosis induced by advanced glycation end products via targeting the insulin-like growth factor 1 receptor. J 
Immunol 192, 437-446, 2014. http://dx.doi.org/10.4049/jimmunol.1301790

Paradis R, Lazar N, Antinozzi P, Perbal B, Buteau J. Nov/Ccn3, a novel transcriptional target of FoxO1, impairs pancreatic 
β-cell function. PLoS One 8, e64957, 2013. http://dx.doi.org/10.1371/journal.pone.0064957

Perbal B: CCN proteins: A centralized communication network. J Cell Commun Signal 7:169-177, 2013. http://dx.doi.
org/10.1007/s12079-013-0193-7

Pluquet O, Dejeans N, Bouchecareilh M, Lhomond S, Pineau R, Higa A, Delugin M, Combe C, Loriot S, Cubel G, Dugot-
Senant N, Vital A, Loiseau H, Gosline SJ, Taouji S, Hallett M, Sarkaria JN, Anderson K, Wu W, Rodriguez FJ, 
Rosenbaum J, Saltel F, Fernandez-Zapico ME, Chevet E: Posttranscriptional regulation of PER1 underlies the 
oncogenic function of IREα. Cancer Res 73, 4732-4743, 2013. http://dx.doi.org/10.1158/0008-5472.CAN-12-
3989

Pollak M: Insulin and insulin-like growth factor signaling in neoplasia. Nat Rev Cancer 8, 915-928, 2008. http://dx.doi.
org/10.1038/nrc2536

Raykha C, Crawford J, Gan BS, Fu P, Bach LA, O'Gorman DB: IGF-II and IGFBP-6 regulate cellular contractility and 
proliferation in Dupuytren's disease. Biochim Biophys Acta 1832, 1511-1519, 2013. http://dx.doi.org/10.1016/j.
bbadis.2013.04.018

Schlegelmilch K, Keller A, Zehe V, Hondke S, Schilling T, Jakob F, Klein-Hitpass L, Schutze N: WISP 1 is an important 
survival factor in human mesenchymal stromal cells. Gene 551, 243-254, 2014. http://dx.doi.org/10.1016/j.
gene.2014.09.002

Seki M, Teishima J, Mochizuki H, Mutaguchi K, Yasumoto H, Oka K, Nagamatsu H, Shoji K, Matsubara A: Restoration 
of IGFBP-rP1 increases radiosensitivity and chemosensitivity in hormone-refractory human prostate cancer. 
Hiroshima J Med Sci 62, 13-19, 2013.

Singh P, Alex JM, Bast F: Insulin receptor (IR) and insulin-like growth factor receptor 1 (IGF-1R) signaling systems: novel 
treatment strategies for cancer. Med Oncol 31, 805, 2014. http://dx.doi.org/10.1007/s12032-013-0805-3

Tomblin JK, Salisbury TB: Insulin like growth factor 2 regulation of aryl hydrocarbon receptor in MCF-7 breast cancer 
cells. Biochem Biophys Res Commun 443, 1092-1096, 2014. http://dx.doi.org/10.1016/j.bbrc.2013.12.112

Verhagen HJ, de Leeuw DC, Roemer MG, Denkers F, Pouwels W, Rutten A, Celie PH, Ossenkoppele GJ, Schuurhuis GJ, 
Smit L: IGFBP7 induces apoptosis of acute myeloid leukemia cells and synergizes with chemotherapy in suppres-
sion of leukemia cell survival. Cell Death Dis 5, e1300, 2014. http://dx.doi.org/10.1038/cddis.2014.268

Wagener J, Yang W, Kazuschke K, Winterhager E, Gellhaus A: CCN3 regulates proliferation and migration properties in 
Jeg3 trophoblast cells via ERK1/2, Akt and Notch signalling. Mol Hum Reprod 19, 237-249, 2013. http://dx.doi.
org/10.1093/molehr/gas061

Wang S, Kaufman RJ: Th e impact of the unfolded protein response on human disease. J Cell Biol 197, 857-867, 2012. 
http://dx.doi.org/10.1083/jcb.201110131

Weroha SJ, Haluska P: Th e insulin-like growth factor system in cancer. Endocrinol Metab Clin North Am 41, 335-350, 
2012. http://dx.doi.org/10.1016/j.ecl.2012.04.014

Xie D, Nakachi K, Wang H, Elashoff  R, Koeffl  er HP: Elevated levels of connective tissue growth factor, WISP-1, and CYR61 
in primary breast cancers associated with more advanced features. Cancer Res 61, 8917-8923, 2001.

Yadav RK, Chae SW, Kim HR, Chae HJ: Endoplasmic reticulum stress and cancer. J Cancer Prev 19, 75-88, 2014. http://
dx.doi.org/10.15430/JCP.2014.19.2.75

Yuzefovych LV, Musiyenko SI, Wilson GL, Rachek LI: Mitochondrial DNA damage and dysfunction, and oxidative stress 
are associated with endoplasmic reticulum stress, protein degradation and apoptosis in high fat diet-induced 
insulin resistance mice. PLoS One 8, e54059, 2013. http://dx.doi.org/10.1371/journal.pone.0054059

Zhu S, Xu F, Zhang J, Ruan W, Lai M: Insulin-like growth factor binding protein-related protein 1 and cancer. Clin Chim 
Acta 431, 23-32, 2014. http://dx.doi.org/10.1016/j.cca.2014.01.037


