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Objective. The aim of this investigation was to study the expression of genes encoding cAMP-
activated protein kinase catalytic and regulatory A subunits (PRKACA and PRKAR1A) and related 
proteins such as cAMP-dependent protein kinase inhibitors A and G (PKIA and PKIG), catalytic 
subunit A of protein phosphatase 3 (PPP3CA), A-kinase anchoring protein 12 (AKAP12), and 
praja ring finger ubiquitin ligase 2 (PJA2) in U87 glioma cells in response to glucose deprivation 
in both control U87 glioma cells and cells with ERN1 (endoplasmic reticulum to nucleus signaling 
1) knockdown, the major pathway of the endoplasmic reticulum stress signaling, for evaluation 
of possible significance of glucose deprivation in ERN1 dependent regulation of glioma growth.

Methods. The expression level of PRKA related genes was studied in control (transfected by 
vector) and ERN1 knockdown U87 glioma cells under glucose deprivation by real-time quantita-
tive polymerase chain reaction.

Results. It was shown that the expression level of PRKACA and PKIA genes was down-regulated 
in control glioma cells treated by glucose deprivation, but PJA2 gene was up-regulated. At the same 
time, the expression of four other genes (PRKAR1A, PKIG, AKAP12, and PPP3CA) was resistant 
to this experimental condition. Furthermore, ERN1 knockdown of glioma cells significantly modi-
fied the effect glucose deprivation on the expression almost all studied genes. Thus, treatment of 
glioma cells with inhibited ERN1 enzymatic activity by glucose deprivation lead to a more sig-
nificant down-regulation of the expression level of PKIA and to suppression PRKAR1A gene ex-
pressions. Moreover, the ERN1 knockdown introduced up-regulation of PKIG and AKAP12 gene 
expressions in glioma cells treated by glucose deprivation and eliminated the sensitivity of PJA2 
gene to this experimental condition.

Conclusions. Results of this investigation demonstrated that ERN1 knockdown significantly 
modified the sensitivity of most studied PRKA related gene expressions to glucose deprivation and 
that these changes are a result of complex interactions of variable endoplasmic reticulum stress 
related and unrelated regulatory factors and contributed to the suppression of glioma cell prolifera-
tion and their possibly chemoresistance.
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Protein kinase A (PKA, cAMP-activated protein 
kinase) is composed of two regulatory and two 
catalytic subunits and is involved in the regulation 

of a variety of cellular functions including glucose 
and lipid metabolism through phosphorylation of a 
large number of substrates in the cytoplasm and the 
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nucleus and participate in the onset and progression 
of various tumors (Caretta and Mucignat-Caretta 
2011; Beristain et al. 2015; Cohen et al. 2017; Singhi 
et al. 2020). Furthermore, cAMP-activated protein 
kinase is a component of the signal transduction 
mechanism of certain G protein-coupled receptors, 
which can increase cAMP to activate protein kinase 
A and inhibit mTORC1 through phosphorylation 
the mTORC1 component Raptor (Jewell et al. 2019). 
There are also data indicating that deletion of RAP1B 
reduces PKA-mediated thyroid cancer (Huk et al. 
2018). It is interesting to note that regulatory subunit 
of PKA (PRKAR1A) is a functional tumor suppressor 
inhibiting ERK/Snail/E-cadherin pathway in lung 
adenocarcinoma and knockout of this gene leads 
to neuroendocrine tumorigenesis in the pancreas 
(Wang et al. 2016; Saloustros et al. 2017). The activity 
of cAMP-dependent protein kinase is controlled by 
specific protein kinase inhibitors including PKIA 
and PKIG as well as protein phosphatases (King 
et al. 1984; Knighton et al. 1991; Olsen and Uhler 
1991; Saloustros et al. 2017; Rusmini et al. 2019). 
The A-kinase anchor protein 12 (AKAP12) binds to 
the regulatory subunit of the protein kinase A and 
mediates the subcellular compartmentalization of 
protein kinase A. It associates with protein kinases 
A and phosphatase and serves as a scaffold protein 
in signal transduction and as metastasis suppressor 
because AKAP12 inhibits cell migration in breast 
cancer (Lester and Scott 1997; Shih et al. 1999; Soh 
et al. 2018). In the control of PKA stability and 
signaling, RING ligase praja2 (PJA2, praja ring finger 
ubiquitin ligase 2) plays an important role, which also 
attenuates the tumor-suppressor Hippo signaling 
and supports glioblastoma growth via proteolysis of 
MOB1 and positively regulates the TLR2 signaling 
pathway that leads to the activation of the down-
stream JNK and p38 pathways (Lignitto et al. 2011, 
2013; Zhong et al. 2017). PJA2 has E2-dependent E3 
ubiquitin-protein ligase activity and responsible for 
ubiquitination of cAMP-dependent protein kinase 
regulatory subunits, thus controlling the strength 
and duration of PKA signaling in response to cAMP 
(Cantara et al. 2012; Hedrick et al. 2013). Further-
more, it is involved in several types of cancers and 
markedly is overexpressed in differentiated thyroid 
cancer. Its levels inversely correlate with the malig-
nant phenotype of the tumor (Cantara et al. 2012; 
Gong et al. 2020).

Malignant gliomas are highly aggressive tumors 
with very poor prognosis and glucose as substrate for 
glycolysis is an important to glioma development as 
well as a more aggressive behavior through regulation 

of the cell cycle (Minchenko et al. 2002; Colombo et 
al. 2011; Yalcin et al. 2014; Zhao et al. 2017). Further-
more, glucose supply as well as endoplasmic retic-
ulum stress is important and complementary factors 
for tumor growth (Huber et al. 2013; Minchenko et 
al. 2013; Iurlaro et al. 2017). It is interesting to note 
that ERN1/IRE1 (endoplasmic reticulum to nucleus 
signaling 1/inositol requiring enzyme 1) mediated 
stress signaling significantly modifies the effects of 
glucose deprivation on numerous gene expressions 
(Minchenko et al. 2015b; Tsymbal et al. 2016; Riabovol 
et al. 2019). It has also been shown that ERN1/XBP1 
pathway is essential for the glucose response and 
protection of β cells (Hassler et al. 2015). A glucose-
related risk signature for the malignancy of glioma 
was identified by bioinformatic profiling (Zhao et al. 
2017). However, the detailed molecular mechanisms 
of the interaction of glucose deprivation with ERN1 
mediated stress signaling pathway are complex and 
prospective studies are needed for further clarifica-
tions. It is interesting to note that the glucose level in 
the cells is an important factor of cancer cells chemo-
resistance (Awale et al. 2006). There are data indi-
cating that glucose deprivation possibly by blocking 
the unfolded protein response increases the sensi-
tivity of various cancer cells to arctigenin, a natural 
lignan compound extracted from Arctium lappa, 
which inhibits the tumor growth and induces tumor 
cell death only under glucose deprivation (Awale et al. 
2006; Kim et al. 2010; Gu et al. 2012; He et al. 2018). 
Moreover, this antitumor agent has ability to elimi-
nate the tolerance of cancer cells to glucose depriva-
tion, but glucose deprivation leads to a suppression of 
chemoresistance through unknown mechanisms and 
further research is needed to confirm these findings.

Malignant tumors use endoplasmic reticulum 
stress response and its signaling pathways strongly 
enhances the tumor cells proliferation under stressful 
environmental conditions (Papaioannou and Chevet 
2018; Hughes and Mallucci 2019). It is well known that 
activation of ERN1 branch of the endoplasmic retic-
ulum stress response is tightly linked to apoptosis, 
and suppression of its functional activity has been 
demonstrated to result in significant anti-prolifera-
tive effect in malignant tumors including glioma (Auf 
et al. 2010; Minchenko et al. 2014; Hetz et al. 2019). 
Furthermore, inhibition of ERN1 endoribonuclease 
has more strong anti-proliferative effect on glioma 
cells and leads to specific changes in the expression of 
genes related to ERN1 signaling pathway (Auf et al. 
2013; Minchenko et al. 2015d).

The aim of this study was to examine the expres-
sion of genes encoding cAMP-activated protein 
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kinase and related proteins such as PKIA, PKIG, 
PPP3CA, AKAP12, and PJA2 in U87 glioma cells in 
response to glucose deprivation in both control U87 
glioma cells and cells with knockdown of ERN1 for 
evaluation of possible significance of glucose depri-
vation condition in ERN1 dependent regulation of 
glioma growth.

Materials and methods

Cell lines and culture conditions. We used 
two sublines of U87 glioma cells, which has been 
described previously (Auf et al. 2010; Minchenko 
et al. 2015d). Cells 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), penicillin 
(100 units/ml; Gibco) and streptomycin (0.1 mg/ml; 
Gibco) at 37oC in incubator with 5% CO2. One subline 
was obtained by selection of stable transfected clones 
with overexpression of vector pcDNA3.1, which was 
used for creation of dnERN1, and this untreated 
subline of glioma cells was used as control 1 (control 
glioma cells) in the study of the effect of glucose 
deprivation on the level of gene expressions. Second 
subline was obtained by selection of stable transfected 
clones with overexpression of ERN1 dominant/nega-
tive construct (dnERN1) and suppression of both the 
protein kinase and endoribonuclease activities of this 
signaling enzyme (Auf et al. 2010, 2013). It has been 
shown that cells with dnERN1 have a lower prolif-

eration rate, do not express spliced XBP1, a key tran-
scription factor in ERN1 signaling, and have not the 
phosphorylated isoform of ERN1 after induction of 
endoplasmic reticulum stress by tunicamycin (Auf et 
al. 2013). The expression of the studied genes in cells 
with a deficiency of ERN1, introduced by dnERN1, 
was compared with cells transfected with the previ-
ously mentioned, empty vector (control glioma cells, 
pcDNA3.1). Both sublines of glioma cells, used in this 
study, are grown in the presence of geneticin (G418), 
while these cells carrying empty vector pcDNA3.1 
or dnERN1 construct. Glucose deprivation condi-
tion was created by changing the complete DMEM 
medium into culture plates on DMEM medium 
without glucose and plates were exposed to this 
condition for 16 h.

RNA isolation. Total RNA was extracted from 
glioma cells using the Trizol reagent according to 
manufacturer’s protocol (Invitrogen, Carlsbad, CA, 
USA) and RNA pellets were washed with 75% ethanol. 
RNA samples were dissolved in nuclease-free water 
and for additional purification were re-precipitated 
with 95% ethanol (Minchenko et al. 2018). RNA 
pellets re-dissolved again in nuclease-free water and 
concentration of RNAs as well as their spectral char-
acteristics were measured using NanoDrop Spec-
trophotometer ND1000 (PEQLAB, Biotechnologie 
GmbH).

Reverse transcription and quantitative PCR 
analysis. The expression levels of genes encoding 
cAMP-activated protein kinase and related proteins 
as well as ACTB mRNA were measured in control 

Table 1
Characteristics of the primers used for quantitative real-time polymerase chain reaction

Gene symbol Gene name Primer’s sequence Nucleotide numbers in 
sequence

GenBank accession 
number

PRKACA protein kinase cAMP-activated 
catalytic subunit alpha

F: 5’- gcaagctgtcaactttccgt
R: 5’- agattctccggcttcaggtc

503–522
733–714

NM_002730

PRKAR1A protein kinase cAMP-dependent 
type I regulatory subunit alpha

F: 5’- gatgggcagaagattgtggt
R: 5’- ggccaagaacacgttcaaat

1008–1027
1257–1238

NM_002734

PKIA cAMP-dependent protein kinase 
inhibitor alpha

F: 5’- cagaacaaagtggggaagcc
R: 5’- tgcagcacagccattttctt

706–725
867–848

NM_006823

PKIG cAMP-dependent protein kinase 
inhibitor gamma

F: 5’- acttcatctcctgtgaccgg
R: 5’- gtctctcgtccagccttctt

320–339
556–537

NM_007066

PPP3CA protein phosphatase 3 catalytic 
subunit alpha

F: 5’- tgatcccaagttgtcgacga
R: 5’- acactctcttccagccttcc

751–770
909–890

NM_000944

PJA2 praja ring finger ubiquitin ligase 2 F: 5’- gatgttgaggtggccaatcc
R: 5’- ggcatgttcccgacttttgt

2018–2037
2234–2215

NM_014819

AKAP12 A-kinase anchoring protein 12 F: 5’- cccaagcacaggaggagtta
R: 5’- tgcctgctctccaattctca

5554–5573
5751–5732

NM_005100

ACTB beta-actin F: 5’- ggacttcgagcaagagatgg
R: 5’- agcactgtgttggcgtacag

747–766
980–961

NM_001101
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U87 glioma cells and cells with a deficiency of ERN1, 
introduced by dnERN1, by quantitative polymerase 
chain reaction using SYBRGreen Mix (ABgene, 
Thermo Fisher Scientific, Epsom, Surrey, UK) and 
“QuantStudio 5 Real-Time PCR System” (Applied 
Biosystems, USA). Thermo Scientific Verso cDNA 
Synthesis Kit (Germany) was used for reverse tran-
scription as described previously (Minchenko et al. 
2019). Polymerase chain reaction was performed in 
triplicate. The expression of beta-actin mRNA was 
used as control of analyzed RNA quantity. The pair 
of primers specific for each studied gene was received 
from Sigma-Aldrich (St. Louis, MO, U.S.A.) and used 
for quantitative polymerase chain reaction (Table 1).

Quantitative PCR analysis was performed using 
a special computer program “Differential expres-
sion calculator” and statistical analysis using Excel 
program and OriginPro 7.5 software as described 
previously (Minchenko et al. 2020). Comparison of 
two means was performed by the use of two-tailed 
Student’s t-test (Bochkov et al. 2006). The value 
p<0.05 was considered significant in all cases. The 
values of studied 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 4 independent experiments. The ampli-
fied DNA fragments were also analyzed on a 2% 
agarose gel and that visualized by SYBR* Safe DNA 
Gel Stain (Life Technologies, Carlsbad, CA, USA).

Results

To investigate a possible role of glucose depriva-
tion in the expression level of genes encoding cAMP-
activated protein kinase and related proteins in rela-
tion to the suppression of endoplasmic reticulum 
stress signaling mediated by ERN1, we studied the 
effect of glucose deprivation on gene expressions in 
U87 glioma cells with and without ERN1 functional 
activity. As shown in Figure 1, the expression of cata-
lytic alpha subunit of cAMP-activated protein kinase 
(PRKACA) mRNA in control glioma cells transfected 
by empty vector pcDNA3.1, is decreased (–19%) after 
exposure of these cells under glucose deprivation 
condition in comparison with the cells growing in 

Figure 1. Effect of glucose deprivation on the expression level 
of PRKACA (protein kinase cAMP-activated catalytic subunit 
alpha) mRNA in control U87 glioma cells (Vector) and cells 
with a blockade of the ERN1 by dnERN1 measured by qPCR. 
Values of this mRNA expression were normalized to beta-actin 
mRNA level and represented as percent for control 1 (100%); 
n=4.

Figure 2. Effect of glucose deprivation on the expression level 
of PRKAR1A (protein kinase cAMP-dependent type I regula-
tory subunit alpha) mRNA in control U87 glioma cells (Vector) 
and cells with a blockade of the ERN1 by dnERN1 measured 
by qPCR. Values of this mRNA expression were normalized to 
beta-actin mRNA level and represented as percent for control 
1 (100%); n=4.
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complete DMEM medium. Furthermore, inhibition 
of ERN1 signaling enzyme function by dnERN1 did 
not significantly change the sensitivity of PRKACA 
gene expression to this experimental condition 
(Figure 1). Thus, the level of PRKACA mRNA expres-
sion is decreased on 23% in cells without ERN1 
signaling enzyme function. Next, we investigated the 
effect of glucose deprivation on the expression of gene 
encoding regulatory alpha subunit of type I cAMP-
dependent protein kinase (PRKAR1A) in relation 
to inhibition of ERN1 function. As shown in Figure 
2, the expression of PRKAR1A gene in transfected 
by empty vector control glioma cells is resistant to 
glucose deprivation condition. At the same time, 
inhibition of ERN1 signaling protein function leads 
to significant down-regulation of the expression level 
of this gene (–35%; Figure 2).

We also studied the effect of glucose deprivation 
on the expression of gene encoding cAMP-dependent 
protein kinase inhibitor alpha (PKIA) in control U87 
glioma cells and cells with ERN1 knockdown. As 
shown in Figure 3, the expression of PKIA mRNA in 
control glioma cells exposure under glucose depriva-

tion condition is down-regulated (–39%) but inhi-
bition of ERN1 signaling leads to more significant 
down-regulation of this mRNA expression (–65%) 
in comparison with dnERN1 cells growing with 
glucose.

As shown in Figure 4, the expression level of 
cAMP-dependent protein kinase inhibitor gamma 
(PKIG) mRNA is resistant to glucose deprivation 
condition in control glioma cells in comparison with 
cells growing in regular medium. Furthermore, inhi-
bition of ERN1 signaling enzyme function in glioma 
cells significantly up-regulates this mRNA expres-
sion (+25%) as compared to corresponding control 
cells (transfected by dnERN1; Figure 4). At the same 
time, exposure of control glioma cells under glucose 
deprivation condition does not change the expression 
level of catalytic alpha subunit of protein phospha-
tase 3 (PPP3CA) mRNA and suppression of ERN1 
signaling does not modify the sensitivity of this 
gene expression to glucose deprivation condition 
(Figure 5).

We also studied the effect of glucose deprivation 
on the expression of gene encoding praja ring finger 

Figure 3. Effect of glucose deprivation on the expression level 
of cAMP-dependent protein kinase inhibitor alpha (PKIA) 
mRNA in control U87 glioma cells (Vector) and cells with a 
blockade of the ERN1 by dnERN1 measured by qPCR. Val-
ues of PKIA mRNA expression were normalized to beta-actin 
mRNA level and represented as percent for control 1 (100%); 
NS – no significant changes; n=4.

Figure 4. Effect of glucose deprivation on the expression level 
of cAMP-dependent protein kinase inhibitor gamma (PKIG) 
mRNA in control U87 glioma cells (Vector) and cells with a 
blockade of the ERN1 by dnERN1 measured by qPCR. Val-
ues of PKIG mRNA expression were normalized to beta-actin 
mRNA level and represented as percent for control 1 (100%); 
n=4.
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ubiquitin ligase 2 (PJA2) in glioma cells in relation to 
ERN1 knockdown. As shown in Figure 6, exposure 
of glioma cells under glucose deprivation condition 
leads to significant up-regulation of mRNA expres-
sion (+25%) in comparison with control cells growing 
under condition with glucose in the medium. 
Furthermore, inhibition of both enzymatic activities 
of ERN1 completely eliminates the effect of glucose 
deprivation condition on the expression of this gene 
(Figure 6). At the same time, the expression of gene 
encoding A-kinase anchoring protein 12 (AKAP12) 
in control glioma cells is resistant to glucose depri-
vation condition, but ERN1 knockdown introduces 
the sensitivity of this gene to glucose deprivation 
(Figure 7). Thus, inhibition of ERN1 signaling enzyme 
function in glioma cells significantly up-regulates 
this mRNA expression (+42%) as compared to corre-
sponding control cells growing under condition with 
glucose.

Thus, glucose deprivation condition affects the 
expression of genes encoding cAMP-activated 
protein kinase and related proteins in gene-specific 

manner and the effect of glucose deprivation on 
gene expressions preferentially depends on ERN1 
signaling. Results of this investigation are summa-
rized in Figure 8, which clearly demonstrated the 
ERN1-dependent character of changes in the expres-
sion profile of most studied genes encoding cAMP-
activated protein kinase and related proteins in 
glioma cells under glucose deprivation.

Discussion

In this work, we studied the effect of glucose depriva-
tion on the expression of genes encoding cAMP-acti-
vated protein kinase and related proteins, which are 
involved in the regulation of a variety of cellular func-
tions including glucose and lipid metabolism through 
phosphorylation of a large number of substrates in 
the cytoplasm and the nucleus and participate in the 
onset and progression of various tumors (Caretta and 
Mucignat-Caretta 2011; Beristain et al. 2015; Cohen 
et al. 2017; Singhi et al. 2020). It is important to note 
that glucose supply as well as endoplasmic reticulum 

Figure 5. Effect of glucose deprivation on the expression level 
of protein phosphatase 3 catalytic subunit alpha (PPP3CA) 
mRNA in control U87 glioma cells (Vector) and cells with a 
blockade of the ERN1 by dnERN1 measured by qPCR. Val-
ues of this mRNA expression were normalized to beta-actin 
mRNA level and represented as percent for control 1 (100%); 
NS – no significant changes; n=4.

Figure 6. Effect of glucose deprivation on the expression level 
of PJA2 (praja ring finger ubiquitin ligase 2) mRNA in con-
trol U87 glioma cells (Vector) and cells with a blockade of the 
ERN1 by dnERN1 measured by qPCR. Values of PJA2 mRNA 
expression were normalized to beta-actin mRNA level and rep-
resented as percent for control 1 (100%); n=4.
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stress are important and complementary factors for 
tumor growth including glioma. Moreover, ERN1 
signaling significantly modifies the effects of glucose 
deprivation on numerous gene expressions (Kubai-
chuk et al. 2013; Kryvdiuk et al. 2015; Minchenko et 
al. 2015b; Tsymbal et al. 2016; Riabovol et al. 2019). 
It has also been shown that ERN1/XBP1 pathway is 
essential for the glucose response and protection of 
β cells (Hassler et al. 2015). Furthermore, a glucose-
related risk signature for the malignancy of glioma 
was identified by bioinformatic profiling (Zhao et 
al. 2017). It is interesting to note that similar situa-
tion concerns the hypoxic regulation. Thus, there are 
data indicating that the endoplasmic reticulum stress 
plays an important role in the development of cancer 
cells resistance to toxic effects of hypoxia and that 
ERN1 inhibition modifies the effect of hypoxia in 
numerous gene expressions through genome repro-
gramming (Minchenko et al. 2015a, c, 2016a, b, c; 
Chevet et al. 2015; Tsymbal et al. 2017). It is possible 
that this mechanism may underline the resistance of 
cancer cells to toxic effects of hypoxia.

In this study, we obtained data indicating that 
glucose deprivation condition affects the expression 
of genes encoding cAMP-activated protein kinase 
and related proteins in gene-specific manner and 
that effect of glucose deprivation on the expression 

Figure 7. Effect of glucose deprivation on the expression level 
of A-kinase anchoring protein 12 (AKAP12) mRNA in con-
trol U87 glioma cells (Vector) and cells with a blockade of the 
ERN1 by dnERN1 measured by qPCR. Values of AKAP12 
mRNA expression were normalized to beta-actin mRNA level 
and represented as percent for control 1 (100%); n=4.

Figure 8. Schematic demonstration of changes in the expression profile of cAMP-activated 
protein kinase related genes in the control and ERN1 knockdown U87 glioma cells under glu-
cose deprivation; NS – no significant changes. 
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of most studied genes preferentially depends on 
ERN1 signaling. This is important for evaluation of 
possible significance of ERN1 dependent control of 
glioma cell proliferation because endoplasmic retic-
ulum stress signaling mediated by ERN1 is involved 
in numerous metabolic pathways and ERN1 knock-
down has clear anti-tumor effects (Auf et al. 2010, 
2013; Minchenko et al. 2014; Tsymbal et al. 2017; 
Lhomond et al. 2018; Logue et al. 2018). Furthermore, 
there are data indicating that glucose deprivation can 
enhance the sensitivity of cancer cells to anti-cancer 
drugs, particularly arctigenin, which inhibits the 
growth of various cancer cells and induces tumor cell 
death under this experimental condition possibly by 
blocking the unfolded protein response and by inhib-
iting cellular energy metabolism (Awale et al. 2006; 
Kim et al. 2010; Gu et al. 2012; He et al. 2018). Results 
of our study clarify possible mechanisms of glucose 
deprivation on the proliferation/surviving of ERN1 
knockdown glioma cells through specific changes in 
the expression of genes encoding important cAMP-
related proteins.

We have shown that exposure of control glioma 
cells under glucose deprivation condition leads to a 
down-regulation of the expression of PRKACA gene 
and up-regulation of PJA2 gene. These data agree well 
with the functional significance of proteins encoding 
by these genes: PRKACA participates in the onset 
and progression of various tumors, but PJA2 has 
reverse effect because it is responsible for ubiquitina-
tion of cAMP-dependent protein kinase regulatory 
subunits, thus controlling the strength and duration 
of PKA signaling (Caretta and Mucignat-Caretta 
2011; Cantara et al. 2012; Beristain et al. 2015). 
Furthermore, in ERN1 knockdown glioma cells 
glucose deprivation condition introduces similar 
down-regulation of PRKACA gene expression as well 
as suppression of PRKAR1A and up-regulation of 
PKIG gene expressions. These changes of PRKAR1A 
and PRKACA gene expressions under glucose depri-
vation condition in ERN1 knockdown glioma cells 

possibly contribute to decreased proliferation poten-
tial of these cells as it has been shown by Auf et al. 
(2010, 2013) and Minchenko et al. (2015d). We also 
showed that glucose deprivation down-regulates 
the expression of PKIA gene in both control and 
ERN1 knockdown glioma cells. It is possible that 
this decrease in PKIA gene expression has protective 
effect on the cells because there are data indicating 
that highly expressed protein kinase A inhibitor α 
and suppression of protein kinase A may potentiate 
acetaminophen-induced hepatotoxicity (Yun et al. 
2014). It is possible that our results should contribute 
to decreased chemoresistance of ERN1 knockdown 
glioma cells upon both glucose deprivation and inhi-
bition of endoplasmic reticulum stress, which agree 
with data reported by Kim et al. (2010), Gu et al. 
(2012), He et al. (2018), and Logue et al. (2018).

This study provides unique insights into the 
molecular mechanisms regulating the expression of 
genes encoding cAMP-activated protein kinase and 
related proteins in glioma cells in response to glucose 
deprivation and inhibition of ERN1 activity and their 
correlation with reduced cell proliferation in cells 
harboring dnERN1, attesting to the fact that endo-
plasmic reticulum stress is a necessary component of 
malignant tumor growth and cell survival, including 
glucose deprivation. It is important to note that our 
results validate a tight interaction of endoplasmic 
reticulum stress signaling pathways with glucose 
deprivation in the regulation of the expression of 
genes encoding cAMP-activated protein kinase and 
some related proteins and clarify some aspects of 
chemoresistance mechanism, but the detailed molec-
ular mechanisms of this regulation have not been yet 
clearly defined and warrant further investigation.
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