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AND CYCLIN D1 GENE EXPRESSIONS IN NORMAL
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Endoplasmic reticulum (ER) stress and hypoxia interaction in the progression of glioblastomas and
other malignant tumors has not yet been sufficiently studied. Both PSATI, as the ER stress-responsive phos-
phoserine aminotransferase, and cyclin DI are shown to participate in tumor progression and chemore-
sistance. Therefore, this study aimed to elucidate the effect of endoplasmic reticulum stress on PSATI and
CCNDI (cyclin DI) genes expression in normal human astrocytes of NHA/TS line, and US7TMG glioblastoma
cells. Hypoxia was created with the HIFIA prolyl hydroxylase inhibitor dimethyloxalylglycine. Tunicamycin
and thapsigargin were used for ER stress induction. PSATI and cyclin DI expression were examined by quan-
titative real-time RT-PCR. It has been established that hypoxia and tunicamycin had a similar suppressive ef-
fect on PSATI and CCNDI expression in normal astrocytes, but increased both genes expression in glioblas-
toma cells. Thapsigargin enhanced PSATI expression in both cell lines, but suppressed CCNDI expression
in normal astrocytes without any effect on its expression in glioblastoma cells. Hypoxia modified the effect
of tunicamycin and thapsigargin when these ER stress inducers were combined with hypoxia, but in different
ways in normal and glioblastoma cells. These results indicate that hypoxia and ER stress relationship in the
control of the studied genes expression differs in normal and tumor cells.

Keywords: hypoxia, endoplasmic reticulum stress, PSATI, cyclin DI, gene expression, normal human

astrocytes, glioblastoma cells.

ndoplasmic reticulum (ER) stress and
E hypoxia are key regulators of malignant tu-

mor development, including glioblastoma,
through changes in the expression of numerous
genes that reprogram cellular metabolic processes
for enhanced malignant tumor growth and survival
[1-5]. The rapid growth of malignant tumors gene-
rates microenvironmental changes in association
with nutrient deficiency and hypoxia, which initi-
ate neoangiogenesis and increase cell proliferation
[3, 6-8]. Malignant tumor cells utilize ER stress
signaling pathways to adapt to stressful environmen-
tal conditions [1, 3]. The response to unfolded pro-
tein responses is mediated by three tightly intercon-
nected sensory signaling pathways [3]. The ERN1
(endoplasmic reticulum to nucleus signaling 1) sen-
sory signaling pathway is the most evolutionarily
preserved and responds to unfolded and misfolded

proteins in a program aimed at removing stress or
apoptosis, making it a key regulator of cell death
and life [1, 3, 9, 10]. The ERNL1 signaling protein
has two domains that reveal endoribonuclease and
protein Kinase activities, which control the expres-
sion of numerous stress-dependent genes [3, 10-12].
Endoribonuclease activity of ERNL1 is involved in
the creation of transcription factor XBP1s (X-box
binding protein 1, splice variant) that controls the
expression of numerous stress-responsive genes as
well as in the degradation of a specific subset of mR-
NAs through the RIDD (regulated ERN1-dependent
decay of messenger RNAS) [1, 10, 13-15]. Previously,
we have also demonstrated that the ERN1 protein
kinase activity is an important regulator of stress-de-
pendent gene expression, possibly through JNK (c-
Jun N-terminal kinase), at least the EREG (epiregu-
lin) gene [11, 12, 16].
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The hypoxia inducible factor 1 (HIF) plays a
major role in the cellular response to hypoxia by
regulating the expression of many genes involved
in adaptive processes that allow cell survival under
low oxygen conditions [17-19]. Hypoxia also regu-
lates glutamine metabolism through HIF1, which is
essential for cancer growth [20]. Moreover, ER stress
signaling is responsible for development of hypoxia
resistance in cancer cells, which is necessary for tu-
mor growth [21, 22]. Hypoxia is known to reprogram
glucose metabolism through specific changes in the
expression of numerous genes that contribute to ma-
lignant tumor growth and its resistance to therapy
[23-25]. Hypoxia increases the alpha subunit of the
transcription factor HIF, which regulates the expres-
sion of genes with hypoxia-responsive element in
promoter region [26-28]. Moreover, this transcription
factor mediated metabolic reprogramming in tumor
cells [29, 30]. However, more than 150 proteins have
been identified that can interact with HIF1A, altering
its stability and transcriptional activity through dif-
ferent mechanisms, including phosphorylation [31].
It was established that HIF-1 mediates the hypoxic
induction of endothelin-1 gene expression in micro-
vascular endothelial cells, and that the protein kinase
inhibitor genistein abrogates the effect of hypoxia
on this gene’s expression [26]. We have previously
demonstrated that inhibition of the signaling protein
ERNL1 alters the hypoxic regulation of numerous
genes, indicating an interaction between ER stress
and hypoxia in the regulation of gene expression,
and is important for clarifying the role of HIF in
cancer progression [26, 27, 32-35]. Furthermore,
adaptation to the hypoxic tumor micro-environment
is also critical for cancer cell proliferation [36, 37].

At the same time, the mechanisms of organ-
specific changes in VEGF and different PFKFB gene
expressions under hypoxia in vivo remain enigmatic
[38, 39]. Moreover, differences in the efficiency of
hypoxic regulation of gene expression were also ob-
served in various adenocarcinoma cell lines from
both the same and different organs [40]. However,
despite significant advances in the study of mecha-
nisms regulating hypoxic gene expression, much re-
mains to be elucidated, particularly in understanding
the molecular mechanisms of action of numerous
factors that modify the effects of hypoxia, especially
ER stress [21, 32, 41-43]. Thus, hypoxia stimulates a
variety of adaptive responses, many mediated via the
hypoxia inducible factors family of transcriptional
complexes [44]. Furthermore, hypoxia-inducible
factor 1 is an oxygen-sensing transcriptional regu-
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lator orchestrating a complex of adaptive cellular
responses to hypoxia [45]. For this investigation
we select two genes, which have relation to tumor
growth: PSATI (phosphoserine aminotransferase
1) and CCNDI (cyclin D1). PSATL1 is an ER stress-
responsive enzyme responsible for serine synthesis
and necessary for tumor cell proliferation and ther-
apeutic resistance [12, 46, 47]. Furthermore, over-
expressed PSAT1 stimulates cancer cell growth and
increases their chemoresistance via the modulation
of the cell cycle [48]. Cyclin D1, which alters cell
cycle progression, is overexpressed in a variety of
human cancers and participates in glioma and other
tumor progression and chemoresistance [49-51].

This study aimed to investigate the dependence
of hypoxic regulation of the expression of PSAT! and
CCNDI genes from ER stress, induced by tunica-
mycin and thapsigargin, in normal human astrocytes
and U87MG glioblastoma cells. This is necessary to
identify differences in the response of these gene
expressions to different stress factors in normal and
tumor cells.

Materials and Methods

In this investigation, normal human astrocytes,
line NHA/TS, and U87MG glioblastoma cells were
used. Cells were grown in high glucose (4.5 g/l)
Dulbecco’s modified Eagle’s minimum essential
medium (Gibco, Invitrogen, Carlsbad, CA, USA)
supplemented with glutamine (2 mM), 10% fetal
bovine serum (Equitech-Bio, Inc., USA), penicil-
lin (100 units/ml, Gibco), and streptomycin (0.1 mg/
ml, Gibco) at 37°C in incubator with 5% CO, as de-
scribed [16]. Cells were treated for 4 h with tunica-
mycin and thapsigargin for induction of ER stress
(0.5 pg/ml and 2 pM, respectively), and 0.5 mM
dimethyloxalylglycine, a HIFLA prolyl hydroxylase
inhibitor, which mimics the effects of hypoxia un-
der normoxic conditions, as described [23]. In these
works, it was shown that the effect of dimethyloxalyl-
glycine and real hypoxic conditions (1% oxygen) on
the expression level of the alpha subunit of HIF and
HIF-dependent genes was similar. Tunicamycin and
thapsigargin were received from Sigma-Aldrich and
used for the induction of ER stress. Hypoxia was in-
troduced by the HIF1A prolyl hydroxylase inhibitor
dimethyloxalylglycine (DMOG), which mimics the
effects of hypoxia under normoxic conditions, which
was received from Selleck Chemicals, Huston, TX,
USA. RNA was obtained from NHA/TS and glio-
blastoma cells using the TRIzol reagent according
to the manufacturer’s protocol (Invitrogen, Carlsbad,



Y. M. Viletska, M. Y. Sliusar, A. I. Abramchuk et al.

CA, USA). The RNA pellets were washed with 75%
ethanol and dissolved in nuclease-free water. The ex-
pression of the PSAT1 and cyclin D1 genes in normal
astrocytes and glioblastoma cells was examined by
guantitative real-time RT-PCR using “QuantStudio 5
Real-Time PCR System” (Applied Biosystems, USA)
as described [11]. Primers for PSATI and ACTB were
described previously [32]. The pair of primers spe-
cific for CCNDI was received from Sigma-Aldrich
(St. Louis, MO, USA) and used for quantitative PCR:
forward 5'-gcatgttcgtggectctaag-3' and reverse 5'-gt-
gtttgcggatgatctgt-3' (NM_053056.3). The results of
quantitative PCR were analyzed using the “Differen-
tial Expression Calculator”. For analysis, statistics,
and graph presentation of obtained scientific results,
the GraphPad Prism 8.0.1 package was used. The
values of studied gene expression were normalized
to the expression of ACTB mRNA and expressed as
a percentage of controls (100%). All values were ex-
pressed as mean=SEM from triplicate measurements
performed in 4 independent experiments. A value of
P < 0.05 was considered significant in all cases. All
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experimental gPCR data were analyzed for the nor-
mality of distribution using a graphical tool (normal
probability plot) and a histogram as described previ-
ously [11]. A normal distribution was observed for
all analyzed datasets.

Results and Discussion

Studies have shown that the expression level
of the PSAT1 gene does not change significantly
in normal human astrocytes under the influence of
dimethyloxalylglycine, which mimics the effects of
hypoxia under normoxic conditions by inhibiting
HIF1A prolyl hydroxylase (Fig. 1).

It has previously been shown that changes in
the expression of HIFLA mRNA and protein are
similar to those induced by oxygen deficiency (1%)
or the iron chelator desferrioxamine in different can-
cer cell lines [19, 40, 41]. At the same time, induction
of ER stress by tunicamycin leads to downregulation
of phosphoserine aminotransferase 1 gene expres-
sion in normal human astrocytes by 32% (P < 0.01)
as compared to control (Fig. 1). By investigating the

H- %o

Control Hypoxia
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Tunicamycin Tunicamycin Thapsigargin Thapsigargin
+hypoxia

+hypoxia

Fig. 1. The effect of hypoxia and endoplasmic reticulum stress induced by tunicamycin or thapsigargin on the
expression of the PSATI (phosphoserine aminotransferase 1) gene in the normal human astrocyte line NHA/
TS, measured by quantitative PCR. The values of this gene expression were normalized to beta-actin mRNA
and represented as a percent of the control; mean + SEM; *P < 0.05 and **P < 0.01 vs control; OpP < 0.05 vs

tunicamycin; *P < 0.05 vs thapsigargin
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interaction of hypoxia and endoplasmic reticulum
stress induced by tunicamycin in the regulation of
PSATI gene expression in normal human astrocytes,
we demonstrated that hypoxia reduces the effect of
tunicamycin on the expression of this gene by 25%
(P < 0.05) compared to tunicamycin-treated cells
(Fig. 1). Thus, PSATI gene expression in normal hu-
man astrocytes is resistant to hypoxia; however, in
the presence of tunicamycin, hypoxia counteracts
the stress-dependent suppression of this gene expres-
sion, affecting the interaction between hypoxia and
stress in the regulation of gene expression, particu-
larly phosphoserine aminotransferase 1.

It has also been shown that induction of ER
stress by thapsigargin leads to oppositely directed
changes in PSATI gene expression in normal human
astrocytes compared to tunicamycin-treated cells.
From the data presented in Fig. 1, it is clear that the
level of PSATI gene expression in normal human
astrocytes increases by 26% (P < 0.05) under the
influence of thapsigargin compared to control cells.
However, when thapsigargin was used with hypoxia,

250

200

* kK

150
* ok

100

Relative mRNA expression, % of control

this effect was eliminated (Fig. 1). Thus, the expres-
sion of the PSATI gene in normal human astrocytes
changes upon induction of ER stress; however, the
nature of changes in PSAT1 gene expression signifi-
cantly depends on the nature of ER stress and the
mechanisms of its initiation. It is known that tuni-
camycin and thapsigargin initiate ER stress through
different mechanisms, and it is possible that this is
what determines both the magnitude and direction
of changes in gene expression, and different genes
in different ways. At the same time, despite the dif-
ferently directed changes in PSAT1 gene expression
induced by tunicamycin and thapsigargin, hypoxia
reduced the effects of both tunicamycin and thapsi-
gargin on the expression level of this gene in normal
human astrocytes.

Completely different changes in PSATI gene
expression were found in glioblastoma cells under
hypoxia and ER stress inducers compared to normal
human astrocytes (Fig. 2).

Hypoxia significantly increased the expression
of the PSAT1 gene (by 68%, P < 0.001) in glioblas-
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+hypoxia +hypoxia
PSAT1

Fig. 2. The effect of hypoxia and endoplasmic reticulum stress induced by tunicamycin or thapsigargin on the
expression of the PSATI gene in the glioblastoma cell line US7MG, measured by quantitative PCR. The values
of PSATI gene expression were normalized to beta-actin mRNA and represented as a percent of the control;
mean = SEM; *P < 0.05, ** P < 0.01, and ***P < 0.001 vs control; °P < 0.05 vs tunicamycin; **P < 0.01 vs

thapsigargin
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toma cells compared to control cells (Fig. 2). Tuni-
camycin also increased PSAT! gene expression (by
34%, P < 0.02) in the glioblastoma cells in compari-
son to control; however, when tunicamycin is com-
bined with hypoxia, the level of PSAT1 gene expres-
sion is reduced to a value that is significantly lower
than the effects of either tunicamycin or hypoxia
(Fig. 2). Thus, the effect of the combined action of
tunicamycin with hypoxia in glioblastoma cells is
reduced by 13% (P < 0.05) when compared with the
effect of tunicamycin alone and by 31% (P < 0.05)
when compared with the effects of hypoxia alone. At
the same time, upon induction of ER stress by thap-
sigargin, an increase in the expression level of the
PSATI gene was detected in glioblastoma cells, as
in normal astrocytes, but more pronounced (by 52%,
P < 0.001) (Fig. 2). However, the combined action
of thapsigargin with hypoxia in glioblastoma cells
did not result in inhibition, but rather an increase
in the expression level of the PSATI gene: by 110%
(P < 0.001) compared to control, by 38% (P < 0.01)
compared to thapsigargin, and by 25% (P < 0.05)
compared to hypoxia (Fig. 2).
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Next, we studied the impact of hypoxia and
endoplasmic reticulum stress inducers tunicamycin
and thapsigargin on the expression of the CCNDI
(cyclin D1) gene in the normal human astrocytes
(Fig. 3).

Hypoxia was shown to reduce the expression
level of the CCNDI gene by 28 % (P < 0.05) in the
normal human astrocytes as compared to control
cells (Fig. 3). Moreover, the level of this gene expres-
sion is also decreased in normal astrocytes treated
with tunicamycin and thapsigargin by 55 % in both
cases (P < 0.001) compared to control cells (Fig. 3).
However, the combined action of tunicamycin with
hypoxia on the expression level of the CCNDI gene
in glioblastoma cells decrease the effect of tunica-
mycin by 16% (P < 0.05) compared to tunicamycin
alone (Fig. 3). At the same time, the combined im-
pact of thapsigargin with hypoxia on this gene ex-
pression leads to additional suppression of its expres-
sion by 16% (P < 0.05) compared to thapsigargin
alone, by 47% (P < 0.01) compared to hypoxia, and
by 62% (P < 0.001) compared to control (Fig. 3).

‘Tunicamycin ‘Tunicamycin Thapsigargin Thapsigargin

+hypoxia +hypoxia

CCND1

Fig. 3. The impact of hypoxia and endoplasmic reticulum stress induced by tunicamycin or thapsigargin on
the expression of the CCNDI (cyclin DI) gene in the normal human astrocyte line NHA/TS, measured by
quantitative PCR. The values of CCNDI gene expression were normalized to beta-actin mRNA and repre-
sented as a percent of the control; mean = SEM; *P < 0.05, **P < 0.01, and ***P < 0.001 vs control; °P < 0.05

vs tunicamycin; *P < 0.05 vs thapsigargin
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Fig. 4. The impact of hypoxia and endoplasmic reticulum stress induced by tunicamycin or thapsigargin on
the expression of the CCNDI (cyclin DI) gene in the glioblastoma cell line US7TMG, measured by quantita-
tive PCR. The values of CCNDI gene expression were normalized to beta-actin mRNA and represented as a
percent of the control; mean £ SEM; *P < 0.05 vs control; *P < 0.05 vs thapsigargin

It was also shown that the expression level of
the CCNDI gene is increased by 25% (P < 0.05) in
hypoxia-treated glioblastoma cells compared to con-
trol cells (Fig. 4).

Tunicamycin decreases the expression of the
CCNDI gene by 12% (P < 0.05) in glioblastoma cells
as compared to control cells (Fig. 4). Furthermore,
the effect of hypoxia on the expression level of the
CCNDI gene was eliminated at the combined action
of tunicamycin and hypoxia in glioblastoma cells.
At the same time, the expression of the CCND1 gene
was resistant to thapsigargin in glioblastoma cells;
however, it was decreased by 25% (P < 0.05) at the
combined action of thapsigargin and hypoxia com-
pared to thapsigargin alone and by 36% (P < 0.01)
compared to hypoxia (Fig. 4).

Thus, hypoxia affects the expression of the
CCNDI gene in normal astrocytes and glioblasto-
ma cells in opposite directions. Moreover, hypoxia
modifies the effect of tunicamycin and thapsigargin
on this gene expression in normal astrocytes, but in
different ways.

Results of this investigation are summarized in
Fig. 5, which demonstrates the interaction between
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hypoxia and ER stress induced by two different com-
pounds, tunicamycin and thapsigargin, in the control
of PSATI and CCNDI gene expressions in normal
astrocytes and glioblastoma cells.

This study focused on investigating non-
canonical mechanisms of hypoxia-induced gene
expression regulation and its dependence on endo-
plasmic reticulum stress, induced by two different
compounds. As a result of the conducted studies, the
dependence of hypoxic regulation of gene expression
on ER stress, as well as the dependence of the effects
of ER stress on hypoxia, was revealed. Moreover, a
dependence on the type of ER stress was revealed,
which is determined by the mechanisms of its devel-
opment. Thus, a relationship between hypoxia and
ER stress in the control of gene expression has been
revealed, which differs in normal and tumor cells.
To a large extent, this difference is due to stress-
dependent reprogramming of hypoxic regulation in
malignant tumor cells. The revealed patterns should
be taken into account when developing methods to
combat malignant tumors.

Conclusions. Thus, hypoxia decreased the ex-
pression of the CCNDI gene and did not significantly
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Fig. 5. Schematic representation of the interaction between hypoxia and endoplasmic reticulum stress in-
duced by tunicamycin or thapsigargin in the regulation of PSATI and CCNDI gene expressions in normal
human astrocytes, line NHA/TS, and US7MG glioblastoma cells. Black numbers indicate changes in PSATI
and CCNDI gene expressions compared to the control, which is set at 100%. Blue numbers represent the com-
bined effect of tunicamycin with hypoxia on these gene expressions compared to tunicamycin alone. Green
numbers represent the combined effect of thapsigargin with hypoxia on the expression of PSATI and CCNDI

genes compared to thapsigargin alone

change PSATI gene expression in normal human as-
trocytes. However, in glioblastoma cells, the expres-
sion of both these genes increased under hypoxia.
It was demonstrated that tunicamycin has a similar
suppressive effect on PSATI and CCNDI gene ex-
pression in normal astrocytes, but increased PSAT]
expression in glioblastoma cells. At the same time,
thapsigargin enhanced the expression of the PSATI
gene in both cell lines, but more significantly in glio-
blastoma cells. The expression of the CCNDI gene is
suppressed under thapsigargin in normal astrocytes,
but its expression was resistant to this compound in
glioblastoma cells. Moreover, hypoxia modifies the
effect of tunicamycin and thapsigargin when these
endoplasmic reticulum stress inducers are combined
with hypoxia, but in different ways in normal and
tumor cells. However, the molecular mechanism of

the interaction between hypoxia and endoplasmic
reticulum stress is complex and requires further
investigation. This is necessary to identify differen-
ces in the response of these gene expressions to dif-
ferent stress factors in normal and tumor cells and
to understand the pathways of malignancy. The re-
vealed patterns should be taken into account when
developing methods to combat malignant tumors.
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CTPEC EHAOIIJIASMATUYHOI'O
PETUKYJYMA I10-PI3BHOMY
3MIHIO€ BILIUB I'lMIOKCIi HA
EKCHPECIIO 'EHIB PSAT1 TA
HOUKJIIHY D1 Y HOPMAJIBHUX
ACTPOLHUTAX I KJIUITUHAX
IIHIOBJIACTOMMUA
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Bsaemonisi cTpecy eHAOMIA3MaTHYHOIO pe-
tukynyma (EP) Ta rinmokcii y mnporpecyBanHi
r71i00JIACTOM Ta 1HIIMX 3JI0SKICHUX Iy XJIMH BHBYE-
Ha 11e HeoctatHbo. [lokazano, mo PSATI, sk ¢oc-
¢docepun aminoTpaHcdepasa, IO pearye Ha CTpec
EP, Tak i uuxmin D1 OepyTps ywacts y mporpecii
NyXJIMHU Ta Ximiope3ucTeHTHOCTi. OTKe, METOI0
LBOT0 JAOCIHiIKEHHS OyJIO 3’ICyBaTH BILIUB CTPECY
CH/IOMJIa3MAaTHYHOIO PETHKYJyMa Ha EKCIPECilo
rediB PSAT1 ta CCNDI (uukinin D1) y HopManbsHUX
actpouuntax sronuau niHii NHA/TS Ta kmitnHax
rmioonactomn  U87MQG. T'imokcio cTBOproBanu
3a JOMOMOrOI0 iHTIOITOpa MPOJINTiIPOKCHIA3H
HIF1A numernnokcaminrminuny. TyHikaMinuH Ta
TaNCHUraprid BUKOPUCTOBYBAJIM IJIs IHAYKLIi cTpe-
Cy eHJIOIJIa3MaTHYHOro peTukymnyma. Excmpecito
PSATI Tta uukniny D1 pocnimkyBanu 3a Z0mOMO-
roto KinbkicHoi 3BopotHoi [IJIP y peanpHOMY yaci.
Byno BcraHOBIEHO, IO TIMOKCisl Ta TyHiKaMillMH
MaJju oAiOHUI cynpecUBHUH BINIMB Ha EKCIPECit0
PSATI ta CCNDI y HOpMalIbHUX acTPOLUTAX, ajie
301IBIIYBaIM EKCIPECito 000X TeHiB y KIITHHAX
riiobnactoMu. Tancuraprid MOCUIIOBaB EKCIPECio
PSATI B 000X KJIITUHHUX JiHISAX, aJie IPUTHIYYBaB
excripecito CCND! 'y HOpManbHUX acTpPOLH-
Tax 0e3 OyAb-KOro BIUIMBY Ha HOTO €KCHpecito
B KiiTMHaX riiobmactomu. [imokcist 3MiHIOBana
epeKT TyHIKaMiLMHY Ta TalCHrapriHy, KOJIW i
ingykropu crpecy EP moennyBanucs 3 rinokciero,
aje TMo-pi3HOMY B HOpPMalbHUX KIITHHAX Ta
kmiTuHax Tiaioomacromu. Lli pesynasratu BKasy-
I0Th Ha Te, IO B3AEMO3B’I30K MIX TiNOKCi€l0 Ta
ctpecoM EP y koHTpoOmi ekcripecii qocijKyBaHuX
T'eHIB BiPI3HIETHCS B HOPMAIBbHUX Ta MyXJIMHHUX
KJIITHHAX.
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KnrwyoBi cio0Ba: rimokcis, cTpec eHio-
M1a3MaTUYHOro petukynyma, PSATI, uuknin DI,
eKCIIpecisi TeHiB, HOPMaJbHI aCTPOLUTH JIOAHHH,
KJIITUHY T1100J1aCTOMHU.
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