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The angiogenesis is an important component of tumor growth and tightly associ-
ated with hypoxia. The expression level of genes related to regulation of angiogenesis
(BAI2, SPARC, TIMP1, TIMP2, TIMP3, TIMP4, THBS1, THBS2, ADAMTS5 and FGF2)
in glioma U87cells and cells with suppressed function of signaling enzyme ERN1,
a major mediator of the endoplasmic reticulum stress by qPCR, was studied. We have
shown that the expression of genes encoding BAI2, SPARC, TIMP2, TIMP3, THBS1
and THBS2 is strongly increased in glioma cells with ERN1 signaling enzyme loss of
function, being more intense for TIMP2, TIMP3 and THBS1 genes. At the same time,
the expression of genes encoding TIMP1, TIMP4, ADAMTS5 and FGF2 is significantly
decreased with more strong effect for ADAMTS5 and TIMP4 genes. At hypoxia, the
expression of most of studied genes in both glioma cell types is affected. Hypoxia in-
duced the expression of TIMP1, TIMP3 and ADAMTS5 genes both in control glioma
cells and cells with ERN1 enzyme loss of function. However, the effect of hypoxia to-
wards TIMPZ2 gene expression was observed only in control glioma cells. At the same
time, the expression of genes encoding BAI2, SPARC, THBS1, THBS2, ADAMTS5 and
FGF2 is decreased under hypoxia action, but its expression mostly depended on ERN1
signaling enzyme function. The results of this study provide strong evidence that sup-
pression of ERN1 signaling enzyme function, as well as hypoxia, affects the expression
of genes related to regulation of angiogenesis in glioma cells. It is suggested that
changes in the expression of these genes contribute to a suppression of glioma cells’
proliferation by blockade of functioning of ERN1 signaling enzyme.
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INTRODUCTION

The endoplasmic reticulum stress plays an important role in tumor growth. It is an
obligatory component of tumorigenesis, as well as hypoxia and angiogenesis. More-
over, the malignant tumors use the endoplasmic reticulum stressing for activation of the
proliferative processes partially through the enhancement of an angiogenesis and sup-
pression of apoptosis, in parallel to knockdown of the tumor suppression genes [1, 2].
Different factors, including hypoxia, have been shown to induce complex intracellular
signaling events known as the unfolded protein response which is mainly mediated by
endoplasmic reticulum to nuclei-1 signaling enzyme (ERN1; also named as inositol re-
quiring enzyme-1alpha, IRE1) in order to adapt cells for survival or, alternatively, to enter
cell death programs through the endoplasmic reticulum-associated machineries [3-5].
As such, it participates in the early cellular response to the accumulation of misfolded
proteins in the lumen of the endoplasmic reticulum [2]. The endoplasmic reticulum stress
is contributed to the expression profile of many regulatory genes resulting in proliferation,
angiogenesis and apoptosis [6, 7].

Two distinct catalytic domains of the bifunctional signaling enzyme ERN1 were
identified: a serine/threonine kinase and an endoribonuclease which contribute to ERN1
signalling. The ERN1-associated kinase activity autophosphorylates and dimerizes this
enzyme, leading to the activation of its endoribonuclease domain, degradation of a spe-
cific subset of mRNA and initiation of the pre-XBP1 (X-box binding protein 1) mRNA
splicing [6, 8, 9]. Mature XBP1 mRNA splice variant encodes a transcription factor that
stimulates the expression of hundreds of unfolded protein response-specific genes [6,
10]. Thus, a known role of the spliced form of XBP1 in metabolic processes is its ability
to act as a transcription factor regulating the expression of genes that increase the en-
doplasmic reticulum folding capacity, thereby improving cell surviving. Moreover, XBP1s
has additional functions, especially in the regulation of glucose homeostasis [11, 12].
Thus, the p38 MAP kinase phosphorylates the spliced form of XBP1 and significantly
enhances its nuclear migration [11]. Moreover, the regulatory subunits of phosphatidyl
inositol 3-kinase interact with XBP1 and also increase its nuclear translocation [13].
Zhou et al. [12] shown that XBP1s interacts with the Forkhead box O1 (FOXO1) trans-
cription factor and directs it toward the proteasome-mediated degradation.

The endoplasmic reticulum stress response-signalling pathway is associated with
hypoxia and linked to the neovascularization process and tumor growth since the com-
plete blockade of ERN1 signal transduction pathway had anti-tumor effects preferen-
tially via a suppression of VEGFA [14, 15]. The malignant tumor angiogenesis is regu-
lated by different, tightly interconnected factors. However, matrix proteins with pleiotro-
pic roles which are linked to tumor growth represent special interest because of revealed
anti-angiogenic properties and a capacity to regulate cell proliferation [16-22].

Thrombospondin 1 (THBS1 or TSP1) is an adhesive glycoprotein that mediates
cell-to-cell interactions, has anti-angiogenic properties and inhibits of cell growth [17]. It
was shown that decorin which antagonizes the angiogenic network induces the expres-
sion of thrombospondin-1 and tissue inhibitor of matrix metalloproteinase 3 (TIMP3), but
inhibits vascular endothelial growth factor A (VEGFA) [16]. Moreover, the endothelial
nitric oxide synthase controls the expression of the angiogenesis inhibitor thrombospon-
din 2 and ADAM metallopeptidase with thrombospondin type 1 motif, 5 (ADAMTS5).
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There are four genes encoded tissue inhibitor of matrix metalloproteinase with different
regulatory properties. TIMP1 is a potent inhibitor of tumor growth and angiogenesis, but
is also able to promote cell proliferation in a wide range of cell types. TIMP2 has a
unique role among TIMP family members in its ability to directly suppress the prolifera-
tion of endothelial cells.

The enhanced neovascularization correlated with down-regulation of anti-angio-
genic THBS1 and related proteins, such as connective tissue growth factor (CTGF) [21].
Moreover, VEGFA binds connective tissue growth factor and that its angiogenic activity
is inhibited in the VEGFA-CTGF complex form; however, stability of this complex, as
well as the angiogenic activity of VEGF depends from matrix metalloproteinases and its
inhibitors [22]. The brain-specific angiogenesis inhibitor 2 (BAI2) inhibits the ischemia-
induced brain angiogenesis [23].

SPARC is a pleiotropic protein, has anti-angiogenic properties and appears to regu-
late cell growth [24]. The endoplasmic reticulum stress is recognized as an important
determinant of tumor growth and mainly contributes to the expression profile of genes
controlling angiogenesis; however, a detailed molecular mechanism of the angiogene-
sis regulation is not yet clear and remains to be determined. It is important in studying
the role of ERN1 signaling pathways in tumor progression for developing a new under-
standing concerning molecular mechanisms of malignant tumors progression in relation
to hypoxia and defines the best targets for the design of specific inhibitors that could act
as potent antitumor drugs.

The main goal of this work was to study the role of the expression of genes re-
lated to the regulation of angiogenesis (BAI2, SPARC, TIMP1, TIMP2, TIMP3, TIMP4,
THBS1, THBS2, ADAMTSS5 and FGF2) in glioma U87 cells for evaluation of its signifi-
cance in suppressing tumor growth through a blockade of the EREN1 signaling enzyme
functioning.

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 modified Eagle’s mini-
mum essential medium (Gibco, Invitrogen, USA) supplemented with glutamine (2 mM),
10% fetal bovine serum (Equitech-Bio,Inc., USA), penicillin (100 units/ml; Gibco) and
streptomycin (0.1 mg/ml; Gibco) at 37°C in a 5% CO2 incubator. In this work we used
two sublines of this glioma cell line. One subline was obtained by selection of stable
transfected clones with overexpression of vector, which was used for creation of
dnERN1. This untreated subline of glioma cells (control glioma cells) was used as cont-
rol 1 in the study of the effect of hypoxia and glutamine or glucose deprivations on the
expression level of genes related to regulation of angiogenesis. Second subline was
obtained by selection of stable transfected clones with overexpression of ERN1 domi-
nant/negative constructs (dANERN1) and has suppressed both protein kinase and en-
doribonuclease activities of this signaling enzyme [14]. The level of expression of stu-
died genes in these cells was compared with such level in cells transfected by the vector
(control 1). That sub-line was also used as control 2 for investigation of the effect of
hypoxia and glutamine or glucose deprivations on the expression level of genes related
to regulation of angiogenesis under blockade ERN1 enzyme function.
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Hypoxic conditions were created in special incubator with 3% oxygen and 5% car-
bon dioxide levels; culture plates with complete DMEM were exposed to these condi-
tions for 16 hrs.

The functional activity of ERN1 signaling enzyme in glioma cells that over-expres-
ses a dominant-negative construct of endoplasmic reticulum—nuclei-1 (dnERN1) was
estimated by analysis of the expression of XBP1 alternative splice variant (XBP1s),
a key transcription factor in ERN1 signaling, and phosphorylated isoform of ERN1 in
cells under endoplasmic reticulum stress condition induced by tunicamycin (0.01 mg/ml
during 2 hrs) [25].

RNA isolation. Total RNA was extracted from different tumor tissues and normal
tissue counterparts, as described previously HazBaTu npuHumMn meToay [25]. RNA pellets
were washed with 75% ethanol and dissolved in nuclease-free distilled water.

Reverse transcription and quantitative real-time polymerase chain reaction
analysis. The expression levels of brain-specific angiogenesis inhibitor 2 (BAI2), fib-
roblast growth factor 2 (FGF2), secreted protein acidic and rich in cysteine (SPARC),
tissue inhibitor of matrix metalloproteinase 1—4 (TIMP1-TIMP4), thrombospondin 1 and
2 (THBS1 and THBS2), ADAM metallopeptidase with thrombospondin type 1 motif,
5 (ADAMTSS5) and secreted protein acidic and rich in cysteine (SPARC) mRNAs were
measured in glioma cell line U87 and its subline with a deficiency of ERN1 by quantitative
polymerase chain reaction of cDNA using ,Mx 3000P QPCR” (Stratagene, U.S.A.) and
SYBRGreen Mix (AB gene, Great Britain). QuaniTect Reverse Transcription Kit (QIAGEN,
Germany) was used for cDNA synthesis as described previously [25]. Polymerase chain
reaction was performed in triplicate. For amplification of BA/2 cDNA was used forward
(5'-CATTGTCCTGGTGAACATGC-3andreverse (5-TGCACAGCAGTGATGACAAA-3')
primers. The nucleotide sequences of these primers correspond to sequences 3612—
3631 and 3959-3940 of human BA/2 cDNA (GenBank accession number NM_001703).
The size of amplified fragment is 348 bp. The amplification of FGF2 cDNA for real time
RCR analysis was performed using two oligonucleotides primers: forward — 5’-AGAGC-
GACCCTCACATCAAG-3' and reverse — 5-ACTGCCCAGTTCGTTTCAGT-3'. The nu-
cleotide sequences of these primers correspond to sequences 571-590 and 804-785
of human FGF2 cDNA (GenBank accession number NM_002006). For amplification of
TIMP1 cDNA we used forward (5-AATTCCGACCTCGTCATCAG-3' and reverse (5'-TG-
CAGTTTTCCAGCAATGAG-3') primers. The nucleotide sequences of these primers cor-
responds to sequences 301-320 and 530-511 of human TIMP1 cDNA (GenBank ac-
cession number NM_003254). The size of amplified fragment is 230 bp. The amplifica-
tion of TIMP2 cDNA was performed using forward primer (5'-GATGCACATCACCCTCT-
GTG-3') and reverse primer (5'-GTCGAGAAACTCCTGCTTGG-3'). These oligonucle-
otides correspond to sequences 665-684 and 950-931 of human TIMP2 cDNA (Gen-
Bank accession number NM_003255). The size of amplified fragment is 286 bp. Two
other primers were used for real time RCR analysis of the expression of TIMP3 cDNA:
forward—5'-CTGACAGGTCGCGTCTATGA-3' andreverse—5-GGCGTAGTGTTTGGA-
CTGGT-3'. The nucleotide sequences of these primers correspond to sequences 1496—
1515and 1735-1716 of human TIMP3 cDNA (GenBank accession number NM_000362).
The size of amplified fragment is 240 bp. For amplification of TIMP4 cDNA we used for-
ward (5-CAGACCCTGCTGACACTGAA-3' and reverse (5-AGACTTTCCCTCTGCAC-
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CAA-3') primers. The nucleotide sequences of these primers correspond to sequences
696-715and 954—-935 of human TIMP4 cDNA (GenBank accession number NM_003256).
The size of amplified fragment is 259 bp. For real time RCR analysis of THBS71 cDNA
expression we used next primers: forward — 5-TTCTACGAGCTGTGGCAATG-3' and
reverse — 5-TTTCTTGCAGGCTTTGGTCT-3'. The nucleotide sequences of these pri-
mers correspond to sequences 1352-1371 and 1637-1618 of human THBS7 cDNA
(GenBank accession number NM_003246). The size of amplified fragment is 286 bp.
The amplification of THBS2 cDNA was performed using forward primer (5'-AGCGTCA-
GATGTGCAACAAG-3') and reverse primer (5'-CTTGTCCTTGCATGGGTTTT-3'). These
oligonucleotides correspond to sequences 1864—1883 and 2213-2194 of human THBS2
cDNA (GenBank accession number NM_003247). The size of amplified fragment is
350 bp. The amplification of ADAMTSS cDNA for real time RCR analysis was performed
using two oligonucleotides primers: forward — 5-GCCTGGAAGTGAGCAAGAAC-3’
and reverse — 5'-TTTCGTGAGCCACAGTGAAG-3'. The nucleotide sequences of these
primers correspond to sequences 1709-1728 and 1963—1944 of human ADAMTS5 cDNA
(GenBank accession number NM_007038). The size of amplified fragment is 255 bp. The
amplification of SPARC cDNA for qRCR analysis was performed using two oligonucle-
otides primers: forward —5'-TGCCTGATGAGACAGAGGTG-3' and reverse —5'-AAGTG-
GCAGGAAGAGTCGAA-3'. The nucleotide sequences of these primers correspond to
sequences 176—195 and 479—-460 of human SPARC cDNA (GenBank accession num-
ber NM_003118). The size of amplified fragment is 304 bp. The amplification of ACTB
(beta-actin) cDNA was performed using forward — 5-GGACTTCGAGCAAGAGATGG-3'
and reverse — 5'-AGCACTGTGTTGGCGTACAG-3’ primers. These primers nucleotide
sequences correspond to 747-766 and 980-961 of human ACTB cDNA (GenBank ac-
cession number NM_001101). The size of amplified fragment is 234 bp. The expression
of ACTB mRNA was used as control of analyzed RNA quantity. The primers were re-
ceived from ,Sigma” (USA). An analysis of quantitative PCR was performed using special
computer program ,Differential expression calculator” and statistical analysis — in Excel
program. The values of BAI2, SPARC, TIMP1, TIMP2, TIMP3, TIMP4, THBS1, THBS?2,
ADAMTSS5 and FGF2 mRNA expressions were normalized to the expression of beta-ac-
tin mRNA and represent as percent of control 1 (100%). All values are expressed as
mean + SEM from triplicate measurements performed in three independent experiments.

3. RESULTS

In this study, we found that genes related to the regulation of angiogenesis and
proliferation are expressed in human glioma cell line U87, and the levels of their expres-
sion were dependent upon the ERN1 signaling enzyme functioning. Thus, the expres-
sion of BA/2 gene in glioma cells deficient in signaling enzyme ERN1 is increased al-
most 4-fold as compared to control glioma cells (Fig. 1,A). An exposure of cells for 16
hrs to hypoxia did not change significantly the expression of BA/2 gene in control glioma
cells, but hypoxia inhibited its expression in cells with suppressed function of signaling
enzyme ERN1 (Fig. 1, A). As shown in Fig. 1, B, the blockade of ERN1 enzyme function
induced more that 4-fold the expression of SPARC gene. Moreover, the expression of
that gene was also induced (approximately in 4-fold) by hypoxia, but only in control glio-
ma cells.
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Fig. 1. Effect of hypoxia on the expression level of brain-specific angiogenesis inhibitor-2 (BAI2) and se-
creted protein acidic and rich in cysteine (SPARC) mRNA in glioma U87 cells (Vector) and its variant
with suppressed function of ERN1 signaling enzyme (dnERN1). The values of BA/2 and SPARC
mRNA expressions were normalized to the expression of beta-actin mRNA and are represented as a
percent of control 1. Data are expressed as mean + SEM of values from each group; * — P < 0.05
versus control 1; ** — P < 0.05 versus control 2

Puc. 1. EdekT rinokcii Ha piBeHb ekcnpecii MPHK iHribiTopa aHrioreHesy-2, cneumndiyHoro ansa mosky (BAI2),
Ta Kucrnoro i 36arayeHoro Ha uucteiH npoteiHy, Wwo cekpeTyeTbes (SPARC), y KNiTUHaX rnioMu niHii
U87 (Vector) Ta ii BapiaHTa 3 npurHiyeHoto dyHkuieto curHanbHoro eHsumy ERN1 (dnERN1). 3Ha-
YeHHs ekcnpecii MPHK BA/I2 ta SPARC HopmanidyBanu 3a ekcrnipecieto MPHK 6eta-akTuHy i npea-
CTaBMANY SK BiACOTOK Bif KOHTponto 1. PesynbraTti Bupaxanu cepefHim 3HayeHHsm = SEM ans kox-
HOI i3 rpyn; * — P < 0,05 nopiBHsiHO 3 KOHTponem 1; ** — P < 0,05 nopiBHSAHO 3 KOHTponem 2

At the same time, the expression of FGF2 and ADAMTSS5 genes in glioma cells with
ERNT1 loss of function, as compared to control glioma cells, was strongly decreased —
3- and 11-fold, correspondingly (Fig. 2). Hypoxia decreased the expression of FGF2
gene, but increased ADAMTSS gene in both types of glioma cells, and the effect of hy-
poxia did not depend significantly on ERN1 signaling enzyme functioning.

Analysis of the expression of tissue inhibitor of matrix metalloproteinase genes in
glioma cells with suppressed function of signaling enzyme ERN1 has shown that TIMP1
and TIMP4 gene expression is reduced as compared to control glioma cells (Fig. 3).
However, the expression of TIMP2 and TIMP3 genes was strongly (more than 7-fold) in-
creased (Fig. 4). An exposure of glioma cells for 16 hrs to hypoxia led to an increase of
TIMP1 and TIMP3 gene expressions in both types of studied glioma cells, independently
on ERN1 enzyme function. However, much stronger effect of hypoxia (almost 3-fold)
was shown for TIMP3 gene (Fig. 3 and 4). At the same time, the blockade the ERN1
signaling enzyme function completely eliminated the increasing effect of hypoxia on
TIMPZ2 gene expression. No significant changes in the expression of TIMP4 gene were
observed in both types of used glioma cells treated by hypoxia (Fig. 4).

As shown in Fig. 5, in glioma cells with ERN1 loss of function as compared to con-
trol glioma cells the expression of THBS1 and THBS2 genes is strongly increased, be-
ing more pronounced for THBS7 gene. No significant changes in the expression of
THBS1 gene were observed in control glioma cells, but blockade of ERN1 signaling
enzyme function led to a decrease of expression of that gene (Fig. 5, A). At the same
time, the expression of THBS2 gene was decreased 2-fold in control glioma cells sub-
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Effect of hypoxia on the expression level of fibroblast growth factor 2 (FGF2) and ADAM metallopepti-
dase with thrombospondin type 1 motif, 5 (ADAMTS5) mRNA in glioma U87 cells (Vector) and its vari-
ant with suppressed function of ERN1 signaling enzyme (dnERN1). The values of FGF2 and ADAMTS5
mRNA expressions were normalized to the expression of beta-actin mRNA and are represented as
a percent of control 1. Data is expressed as mean + SEM of values from each group; * — P < 0.05 versus
control 1; ** — P < 0.05 versus control 2

EdpekT rinokcii Ha piBeHb ekcnipecii MPHK dakTopa pocty dibpobnacTtis (FGF2) Ta ADAM meTarno-
nentugasv 5 3 motuBoM TpombocnoHamHy Tuny 1 (ADAMTSS) y knituHax rniomm nidii U87 (Vector)
Ta il BapiaHTa 3 NpurHideHo gyHkuieto curHansbHoro eHsumy ERN1 (dnERN1). 3HayeHHs ekcnpecii
MPHK FGF2 i ADAMTS5 HopmanisyBanu 3a ekcnpecieto MPHK 6eTa-akTuHy Ta npeacraBnsanv sik
BiACOTOK Bif KOHTponto 1. Pesynbratn Bupaxanu cepefHim 3HayeHHsaM = SEM ans KoxHoi i3 rpyn;
* — P < 0,05 nopisHsaHO 3 kOHTponeM 1; ** — P < 0,05 nopiBHAHO 3 KOHTpPoONeM 2
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Effect of hypoxia on the expression level of TIMP metallopeptidase inhibitor 1 and 4 (TIMP1 and
TIMP4) mRNA in glioma U87 cells (Vector) and its variant with suppressed function of ERN1 signaling
enzyme (dnERN1). The values of TIMP1 and TIMP4 mRNA expressions were normalized to the ex-
pression of beta-actin mRNA and are represented as a percent of control 1. Data is expressed as
mean + SEM of values from each group; * — P < 0.05 versus control 1; ** — P < 0.05 versus control 2

EdbekT rinokcii Ha piBeHb ekcnipecii MPHK iHriGiTopa metanonentugasu TIMP 1 ta 4 (TIMP1 ta TIMP4)
y kniTuHax rmiomu nixii U87 (Vector) Ta ii BapiaHTa 3 NpUrHiYeHot PyHKLIEI0 CUTHaNBLHOMO eH3NMyY
ERN1 (dnERN1). 3HaueHHs ekcnpecii MPHK TIMP1 ta TIMP4 HopmaniadyBanu 3a ekcnpecieto MPHK
6eTa-akTUHY | NpeaCcTaBnsnu sik BiCOTOK Big KOHTponto 1. Pesynbrati Bupaxanu cepenHiM 3HaueH-
Ham + SEM ansa koxHoi i3 rpyn; * — P < 0,05 nopiBHsiHO 3 koHTponem 1; ** — P < 0,05 nopiBHsIHO
3 KOHTpOnem 2
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Fig. 4. Effect of hypoxia on the expression level of TIMP metallopeptidase inhibitor 2 and 3 (TIMP2 and
TIMP3) mRNA in glioma U87 cells (Vector) and its variant with suppressed function of ERN1 signaling
enzyme (dnERN1). The values of TIMP2 and TIMP3 mRNA expressions were normalized to the ex-
pression of beta-actin mRNA and are represented as a percent of control 1. Data is expressed as
mean + SEM of values from each group; * — P < 0.05 versus control 1; ** — P < 0.05 versus control 2

Puc. 4. EdbexT rinokcii Ha piBeHb ekcnpecii MPHK iHribiTopa metanonentugasun TIMP 2 ta 3 (TIMP2 ta TIMP3)
y KniTuHax rmiomu ninii U87 (Vector) Ta ii BapiaHTa 3 NpUrHiYeHot YHKLIED CUTHANBHOTO eH3UMY
ERN1 (dnERN1). 3HaueHHs ekcnpecii MPHK TIMP2 ta TIMP3 Hopmaniaysanu 3a ekcnpecieto MPHK
©eTa-aKkTuHy | NpeacTaBnsanu SK BiACOTOK Big KOHTponto 1. Pe3ynsrat Bupaxanu cepegHim 3HayeH-
Ham + SEM ansa koxHoi i3 rpyn; * — P < 0,05 nopiBHsHO 3 KoHTpornem 1; ** — P < 0,05 nopiBHsIHO
3 KOHTpoOnem 2
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Fig. 5. Effect of hypoxia on the expression level of thrombospondin 1 and 2 (THBS1 and THBS2) mRNA in
glioma U87 cells (Vector) and its variant with suppressed function of ERN1 signaling enzyme
(dnERN1). The values of THBS1 and THBS2 mRNA expressions were normalized to the expression
of beta-actin MRNA and are represented as a percent of control 1. Data is expressed as mean + SEM
of values from each group; * — P < 0.05 versus control 1; ** — P < 0.05 versus control 2

Puc. 5. EdbekT rinokcii Ha piBeHb ekcripecii MPHK Tpom6ocnoHanHy 1 ta 2 (THBS1 ta THBS2) y knitnHax
rniomu nixii U87 (Vector) Ta ii BapiaHTa 3 npurHideHot dpyHkuieto curHanbHoro eHaumy ERN1 (dnERN1).
3HayeHHsa ekcnpecii MPHK THBS71 ta THBS2 HopmanisyBanu 3a ekcnpecieto MPHK 6eTta-akTuHy
i NpeacTaBNANm sK BiACOTOK Bif, KOHTporio 1. PesynsraTtv Bupaxanu cepefiHim 3HadeHHsam + SEM ans
KOXHOI i3 rpyn; * — P < 0,05 nopiBHsIHO 3 koHTporeMm 1; ** — P < 0,05 nopiBHSIHO 3 KOHTponem 2
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jected to hypoxia, but reverse changes in the expression of that gene in glioma cells
with suppressed function of signaling enzyme ERN1 were observed (Fig. 5, B). Thus, a
2-fold increase in THBS2 gene expression was shown in the hypoxic condition in glioma
cells with ERN1 loss of function.

DISCUSSION

We have demonstrated that the expression of different genes encoding for impor-
tant regulatory factors controlling angiogenesis and growth processes, is dependent
from endoplasmic reticulum stress signaling mediated by ERN1 enzyme. Angiogenesis
is an important component of different proliferative processes, in particular, tumor
growth. We studied the expression of genes mostly related to suppression of an angio-
genesis and shown that blockade of ERN1 signaling enzyme function leads to a signifi-
cant increase of the expression of BAI2, SPARC, TIMP2, TIMP3, THBS1 and THBS2
genes in glioma cells, besides that, the most significant increase was shown for TIMP2,
TIMP3 and THBS1 genes. These findings are largely consistent with data from previous
studies about the involvement of these genes in the regulation of different proliferative
processes and angiogenesis [16, 17, 21, 23, 24]. Recently, it was shown that an integ-
rin-binding N-terminal peptide region of TIMP-2 retains potent angio-inhibitory and anti-
tumorigenic activity in vivo [19]. These data together with our results can explain sup-
pression of glioma cell proliferation by blockade the ERN1 enzyme function [14, 15]. It
is possible that a significant effect in suppression of this glioma cell proliferation contrib-
utes strong induction of brain-specific angiogenesis inhibitor 2 and SPARC gene ex-
pression, as well as both THBS genes, since both of them have strong anti-angiogenic
properties and regulate cell growth [23, 24].

It should be noted that angiogenesis, like many other biological processes, is regu-
lated by complex network of different factors which are tightly interconnected [16, 18,
20, 21, 23, 25]. Thus, thrombospondin-1, a matrix-bound adhesive glycoprotein, has
been shown to modulate tumor progression and up-regulates tissue inhibitor of metal-
loproteinase-1 production in human tumor cells and also up-regulates matrix metallo-
proteinases MMP-2 and MMP-9 [18, 20]. These data suggest that the balance between
matrix metalloproteinases and tissue inhibitors of metalloproteinases is a key determi-
nant in different biological effects of THBS1, including tumor cell invasion, and may
provide an explanation for the divergent activities reported for thrombospondin-1 in tu-
mor progression.

Thus, the THBS1 is involved in affecting critical balance between MMPs and their
inhibitors, maintaining the controlled degradation of the extracellular matrix needed to
support tumor growth and metastasis in glioma cells where we find the overexpression
of THBS1 as well as THBS2, TIMPs and other factors [18-22]. TIMP-2 is involved in
binding to the receptor integrin .31 and mediates angio-inhibitory and tumor suppres-
sor activity [19]. Moreover, the enhanced neovascularization correlated with down-regu-
lation of anti-angiogenic connective tissue growth factor which binds VEGFA, and its
angiogenic activity is inhibited in the VEGFA-CTGF complex form [22]. At the same
time, stability of that complex, as well as the angiogenic activity of VEGF, depends on
the matrix metalloproteinases and its inhibitors [21, 22].

It is possible that a significant reduction in the expression of ADAMTSS5, FGF2 and
TIMP4 showing pro-angiogenic properties also contributed to a suppression of prolifera-
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tion of the glioma cell with suppressed function of ERN1 signaling enzyme. Thus, the
balance between different regulatory factors which participate in the control of angio-
genesis, including vascular endothelial growth factor, a key pro-angiogenic factor, really
determinate an angiogenesis in malignant tumors. As shown in Fig. 6, the regulation of
angiogenesis by different factors (BAI2, FGF2, SPARC, ADAMTS5, TIMP1-4, THBS1,
THBS2, endoplasmic reticulum stress and hypoxia) is complex and interconnected.

Fig. 6. Putative scheme of angiogenesis regulation by different factors, including BAI2, FGF2, SPARC, AD-
AMTSS5, TIMP1-4, THBS1 and THBS2. Pleiotropic functions of TIMP1, TIMP4 and SPARC as well as
the role of endoplasmic reticulum stress and function of ERN1, the main sensor and signaling enzyme
mediated this stress, in the angiogenesis are shown

Puc. 6. IMoBipHa cxema perynsuii aHrioreHe3y pisHMMU dpaktopamu, Bknodatodm BAI2, FGF2, SPARC, AD-
AMTS5, TIMP1-4, THBS1 i THBS2. lMNMoka3aHa nnenotponHa dyHkuis TIMP1, TIMP4 ta SPARC,
a TakoX porib CTpecy eHAonnasMaTuyHoro peTukynymy ta dyHkuii ERN1, o0CHOBHOro ceHCopHoO-cur-
HanbHOro eH3nMYy, Lo onocepeakoBYE Liei CTPeC, y aHrioreHesi

Moreover, some of these factors possess pleiotropic functions. Most of these regulatory
factors participated in the endoplasmic reticulum stress and its expression in normal
and hypoxic conditions mainly depends on ERN1 signaling enzyme functioning. How-
ever, the precise molecular regulatory mechanisms of angiogenesis regulation remain
unclear and require additional study.
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CONCLUSIONS

The results of this study provide strong evidence that the expression of genes
encoding key regulatory factors related to the control of proliferation and angiogenesis
in glioma cells with suppressed function of signaling enzyme ERN1 is deregulated. It is
possible that changes in the expression of BAI2, SPARC, TIMPs, THBSs, ADAMTS5
and FGF2 genes in glioma cells can contribute to a suppression of tumor growth through
modulation the angiogenesis, as well as proliferation. Thus, the obtained results under-
score a crucial role of BAI2, SPARC, THBSs, TIMPs, ADAMTS5 and FGF2 in tumor
progression and should be important for developing a new understanding concerning
molecular mechanisms of malignant tumors growth in relation to the ERN1 signaling
and hypoxia. They can also suggest the best targets for the design of specific inhibitors
acting as potent antitumor drugs.
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PErynaAuif EKCNPECI AHTUAHTIOMEHHUX FEHIB Y KNITUHAX IMIOMU
NIHIT U87 3 BTPAYEHOIO ®YHKLIIEIO CUTHANBHOIO EH3UMY ERN1
3A YMOB TIMOKCIi
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AHrioreHes € BaXXnvBuUM KOMMOHEHTOM POCTY 3MOAKICHUX MYXIWH | TICHO NOB’A3aHUN
3 rinokcieto. NpoBeaeHo AoCniaXeHHs piBHS €KCMNPECii reHiB, WO MatoTb BiQHOLWEHHS A0
aHrioreHesy (BAI2, SPARC, TIMP1, TIMP2, TIMP3, TIMP4, THBS1, THBS2, ADAMTS5
Ta FGF2) y knituHax rmiomu ninii U87 Ta kniTMHaXx i3 NPUrHiYeHo yHKLIE curHanb-
Horo eH3nmy ERN1, ocHOBHOro megiatopa ctpecy eHaonna3mMmaTtu4yHoro peTukynymy, 3a
gonomoroto kinbkicHoi IMIP. MNoka3aHo, Wwo ekcnpecis reHis, Aki KogyTe cnHTes BAI2,
SPARC, TIMP2, TIMP3, THBS1 ta THBS2, cyTTeBO 30inbLUYyETHCS Y KNITUHAX oMU
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3 NPUrHiYeHOo yHKLiE curHanbHoro eH3uMmy ERN1, npnyomy GinbLu BUpakeHi 3MiHM
BusiBneHi ans reHis TIMP2, TIMP3 ta THBS1. Y Ton xe yac, eKCnpecis reHis, Lo Kogy-
toTb cuHTe3 TIMP1, TIMP4, ADAMTS5 ta FGF2, cyTTeBO 3HUXYETbCSA, ane GinbL Bu-
paxeHo — reHiB ADAMTSS ta TIMPA4. TNinokcisa nopyLuye eKcrnpecito BinbLocTi AocChi-
OXKeHNX reHiB B 060X TMnax KNiTuH rniomu. Tak, rinokcis iHaykye ekcnpecito renis TIMP1,
TIMP3 Ta ADAMTSS 51K 'y KOHTPOSbHUX KNiTUHaX rmioMu, Tak i y KNiTMHax i3 NnpurHive-
Hoto dpyHKuieto eH3anmMy ERN1, xova edoekT rinokcii Ha ekcnpecito reHa TIMP2 cnocTepi-
raBcs NuLLe y KOHTPOMbHUX KNiTUHaX rmioMu. Y TON Xe Yac eKCrnpecis reHis, LWo kogy-
toTb cuHTe3 BAI2, SPARC, THBS1, THBS2, ADAMTSS ta FGF2, 3a rinokcii 3HUXy€eTb-
cq, ane Ix eKcrnpecis nepeBaxHO 3anexana Big (yHKuUii curHanbHoro eH3mmy ERN1.
Pesynbtaty LbOro SOCNIOXEHHS € CYTTEBUM [AOKA30M TOrO, LU0 MPUrHIYEHHSA dOyHKLIT
curHanbHoro eH3aumy ERN1, gk i rinokcig, 3MiHIOIOTbL eKCNpecito reHis, LWo MakTb Bif-
HOLLEHHSA 00 perynauil aHrioreHesy y KniTMHax rnioMu. IMOBIpHO, WO 3MiHM B eKcrnpecil
LUMX reHiB pobndaTtb BKNag y NpurHiveHHs nponidepadii KniTuH rniomn 3a ymoB 6riokaam
dyHKUiT curHanbHoro eH3nmy ERN1.

Knrovoei criosa: ekcnpecis MPHK, rinokcisa, ekcnpecia mPHK, BAI2, SPARC,
FGF2, TIMP1, TIMP2, TIMP3, TIMP4, THBS1, THBS2, ADAMTS5,
KNiTMHKW rniomn U87.

PErynAaumna 3KCNPECCUN AHTUAHITMONEHHbLIX TEHOB
B KNETKAX MWOMbI IMHWX U87 BE3 ®YHKLIUN
CUrHAJIbHOIO 3H3NMA ERN1 NMPU T’MMNOKCUAU

E. U. Kyb6aiiuyk', [. A. MunyeHko'?, C. B. [JaHunoeckull',
A. 10. KysHneuyoea', A. K. xxaccum', A. I MuH4YeHKO'
"MHemumym 6uoxumuu um. A.B. MNannaduHa HAH YkpauHbi

yn. JleoHmosuya, 9, Kuee 01601, YkpauHa

2HayuoHanbHbil MeduyuHckul yHusepcumem um. A. A. boeomorbya,
6ynee. LllesyeHko, 13, Kuee 01601, YkpauHa

e-mail: ominchenko@yahoo.com

AHrnoreHes sIBNSIETCA Ba)KHbIM KOMMOHEHTOM pOCTa 3M0Ka4YeCTBEHHbIX OMyXonemn
N TECHO CBS3aH C rmnokcuein. MNpoBedeHo MccrnefoBaHNE YPOBHSI 3KCMPECCUM TEHOB,
KOTOpble MMET OTHOLWEeHne K aHrnoreHesy (BAI2, SPARC, TIMP1, TIMP2, TIMPS3,
TIMP4, THBS1, THBS2, ADAMTS5 n FGF2) B knetkax rnvombl NuHum U87 n kneTkax
C YrHeTeHHoW (byHKUmMen curHanbHoro aH3ma ERN1, ocHOBHOro megumaTtopa ctpecca
3HOO0MNNAa3MaTMYeCcKoro peTukynyma, ¢ MOMoLLbio konmdectseHHon MNLUP. MokasaHo, 4To
aKcnpeccus reHoB, KoTopble koaupytoT cuHted BAI2, SPARC, TIMP2, TIMP3, THBS1
n THBS2, cywecTBEHHO YBENUYMBAETCSA B KIETKAX IMUOMbI C YTHETEHHOW (DYHKUMEN
curHaneHoro aH3MMma ERN1, npuuem Gonee BbipaXeHHblIe N3MEHEHUS BbISIBMEHbI ANd
reHoB TIMP2, TIMP3 n THBS1. B TO e BpeMsi 3KCMpPeccus reHOB, KOTOPbIe KOAMPYHOT
cuHTes TIMP1, TIMP4, ADAMTSS5 n FGF2, cywectBeHHO cHuxaeTcs, Ho 6onee Bbipa-
*eHo — reHoB ADAMTS5 n TIMP4. Tvnokcms HapyLlaeT 3Kkcnpeccuto 6onbLUINHCTBA UC-
CrnefoBaHHbIX TEHOB B 00OMX TuMax KMEeToK MMMOMbl. Tak, rMNOKCUS MHOYLMPYET 3K-
cnpeccuto reHoB TIMP1, TIMP3 n ADAMTS5 kak B KOHTPOJbHbIX KNeTKax rMmMoMbl, Tak
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M B KNeTKax C YyrHeTeHHon pyHkumen aH3mma ERN1, xoTa adhdekT runokcum Ha k-
cnpeccuio reHa TIMP2 Habntogancst Nuwb B KOHTPObHBIX KNeTKax rmuombl. B 1o xe
BpeMS 3KCrnpeccus reHoB, KoTopble koanpytoT cuHTes BAI2, SPARC, THBS1, THBS2,
ADAMTSS5 n FGF2, npu rmnokcum CHMXaeTcsl, HO MX SKCMPEeccuUs NpenmMyLLeCTBEHHO
3aBucena ot yHKUMM curHanbHoro aH3Mma ERN1. PesynbraTtbl 3T0ro nccnegoBaHuns
SIBMNSIOTCS CYLLECTBEHHbIM [OKA3aTeNbCTBOM TOTO, YTO YrHETEHME (PYHKLMN CUTHAMNBHO-
ro aH3nma ERN1, kak 1 runokcms, U3MeHsa0T 9KCNPEeCCUro reHoB, KOTOPbIE MMEKT OTHO-
LLEHME K perynaumm aHrmoreHesa B KrneTkax rmmomMbl. BnonHe BO3MOXHO, YTO U3MeHe-
HWS1 B 3KCMPECCUMN STUX FTeHOB BHOCAT BKMNaz B YrHETEHWe nponudepaummn KneTok rmmo-
Mbl Npy Griokage QyHKLUUN CUrHanbHoro sHanma ERN1.

Knrodeesle cnoea: runokcus, akcnpeccus MPHK, BAI2, SPARC, FGF2, TIMP1,

TIMP2, TIMP3, TIMP4, THBS1, THBS2, ADAMTS5, knetku
rnmmombl U87.
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