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Since 2005, the Department of Molecular Biology has initiated research aimed at solving key prob-
lems in biochemistry and molecular biology, with an emphasis on elucidating the molecular basis of malig-
nant tumor growth and the mechanisms of hypoxic regulation, the role of alternative splicing in the mecha-
nisms of gene expression regulation, as well as the fundamental importance of endoplasmic reticulum stress 
in maintaining homeostasis and the development of pathological conditions, in particular, the growth of glio-
blastomas, the most malignant brain tumors that are difficult to treat. It has been shown that the expression of 
different 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB), key glycolysis regulators, is exac-
erbated in various malignant tumors and that PFKFB4 is a marker of tumor growth. It has been established 
that the expression level of PFKFB4 is controlled under hypoxia by a HIF-dependent mechanism, and a 
HIF-specific sequence has been identified in the promoter, the mutation of which completely removes hypoxic 
regulation of the PFKFB4 gene. Numerous splice variants of different PFKFB and VEGFA genes have also 
been identified. It has been established that inhibition of endoplasmic reticulum stress, its ERN1 signaling 
pathway, reduces the proliferation of glioblastoma cells by changing the expression levels of oncogenes, tu-
mor suppressors, mitochondrial enzymes, as well as insulin and glucocorticoid receptors and their dependent 
proteins. An important role of ERN1 protein kinase activity in regulating the expression of various genes has 
been revealed, and its inhibition has been shown to lead to increased invasiveness of glioblastoma cells upon 
ERN1 knockdown. Attention is focused on studying non-canonical mechanisms of hypoxic gene expression 
regulation and its dependence on endoplasmic reticulum stress.

K e y w o r d s: glioblastoma cells, hypoxia, endoplasmic reticulum stress, ERN1, gene expression.

It has previously been established that a key 
regulator of glucose is the bifunctional enzyme 
6-phosphofructo-2-kinase/fructose-2,6-bisphos-

phatase (PFKFB), whose isoforms are encoded by 
four genes [1, 2]. This enzyme is responsible for 
maintaining cellular levels of fructose-2,6-bispho-
sphate, a potent allosteric activator of glycolysis. 
It has also been shown that the expression of these 
genes is controlled by hypoxia, but in different ways 
[1, 2]. Since glycolysis is a rather important factor in 
the growth of malignant tumors, studies have been 
conducted aimed at studying the expression level of 
PFKFB family genes in various malignant tumors, 
in particular adenocarcinomas of the lung, breast, 
stomach, and colon of humans, as well as at eluci-
dating the molecular mechanisms of their hypoxic 
regulation.

PFKFB expression in malignant 
tumors, mechanisms of hypoxic 
regulation of gene expression

It has been established that the mRNA expres-
sion levels of PFKFB1, PFKFB2, PFKFB3, and 
PFKFB4, assessed by ribonuclease protection assay 
in human lung adenocarcinomas is increased com-
pared to corresponding non-malignant tissue coun-
terparts taken from the same patients, and this is as-
sociated with a sharp increase in the level of mRNA 
expression of the pro-tumorigenic genes glucose 
transporter 1 (GLUT1/SLC2A1) and vascular en-
dothelial growth factor A (VEGFA) (Fig. 1) [3]. The 
intensity of RNase-protected bands from tumors and 
corresponding non-malignant tissue counterparts 
from 20 patients was quantified using a Fujix BAS 
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2000 Bio-Image Analyzer (Fuji Photo Film Co., Ja-
pan) and normalized to 18S rRNA [3].

The same figure also presents the results of 
a study of the expression level of the PFKFB2, 
PFKFB3, and PFKFB4 genes in A549 human lung 
adenocarcinoma cells in culture. When comparing 
the expression levels of these genes in human lung 
tumors with expression in lung adenocarcinoma tu-
mor cells, a large difference is revealed, especially in 
the expression of PFKFB4. The significantly lower 
level of expression of these genes in cultured tumor 
cells is due to hyperoxia (high oxygen levels in incu-
bators), since keeping these cells in hypoxic condi-
tions (3% oxygen for 16 hours) led to an increase in 
the expression level of the PFKFB2, PFKFB3, and 
PFKFB4 genes in cultured lung adenocarcinoma 
cells, to the level found in human lung adenocarci-
nomas (Fig. 1) [3]. It is known that the oxygen level 
in malignant tumors is close to 0.5-1.5%; while in 
normal tissues it is much higher, from 3.4 to 8.4% 
(24-60 mm Hg) [4]. These results reveal the molecu-
lar mechanisms of increased glycolysis in malignant 
tumors and the role of hypoxia in this. It has also 
been demonstrated that increased expression of the 
PFKFB3 and PFKFB4 genes in malignant lung tu-
mors is accompanied by a sharp increase in the level 
of proteins encoded by them [3].

The overexpression of PFKFB3 and PFKFB4 
genes was also observed in the human breast and co-

Fig. 1. Representative polyacrylamide gel autoradiograph employed in a typical ribonuclease protection as-
say of PFKFB-2, PFKFB-3, PFKFB-4, Glut1, and VEGF mRNAs from the human lung malignant tumors (T) 
and corresponding non-malignant tissue counterparts (N) from same patients as well as PFKFB2, PFKFB3, 
and PFKFB4 in A549 lung adenocarcinoma cells exposures under normoxic (Nx) and hypoxic (Hx) conditions, 
using 18 S rRNA as control of analyzed RNA quantity [3]

lon malignant tumors as compared to corresponding 
non-malignant tissue counterparts from same pa-
tients [5]. From the data presented in Fig. 2, it is clear 
that the expression of the genes PFKFB3, PFKFB4, 
and HIF1A, as well as GLUT1 and VEGFA, was 
dramatically increased in malignant breast tumors 
compared to corresponding non-malignant tissue 
counterparts from the same patient [5].

The results of PFKFB3, PFKFB4, HIF1A, 
GLUT1, and VEGFA gene expression obtained from 
20 sites were quantified using a Fujix BAS 2000 
Bio-Image Analyzer and statistically processed 
[5]. The results shown in this figure also show that 
PFKFB3 mRNA is present in relatively normal 
breast tissue, but PFKFB4 is not. At the same time, 
both mRNAs’ levels are very high in tumour tissue 
[5]. This demonstrates that the so-called normoxia 
is hyperoxia, which is responsible for the sharp de-
crease in PFKFB3 and PFKFB4 in MCF7 breast 
adenocarcinoma cells during their culture. In human 
breast adenocarcinoma cells of the MCF7 line under 
normoxic conditions, mRNAs of both PFKFB3 and 
PFKFB4 were detected; however, in significantly 
lower quantities compared to tumor tissue. But hy-
poxia strongly increases the mRNA levels of both 
PFKFB3 and PFKFB4 in MCF7 breast adenocarci-
noma cells.

However, PFKFB4 mRNA is still detected in 
MCF7 cells under normoxia, but is absent in condi-
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Fig. 2. Representative polyacrylamide gel autoradiograph employed in a typical ribonuclease protection as-
say of PFKFB-3, PFKFB-4, HIF1A, Glut1, and VEGF mRNAs from the human lung malignant tumors (T) and 
corresponding non-malignant tissue counterparts (N) from same patients as well as PFKFB3, PFKFB4, and 
HIF1A in MCF7 breast adenocarcinoma cells exposures under normoxic (Nx) and hypoxic (Hx) conditions, 
using 18 S rRNA as control of analyzed RNA quantity [5]

tionally normal (non-malignant) breast tissue. Simi-
lar results were obtained when studying the PFKFB4 
protein (Fig. 3) [5].

At the same time, the level of HIF1A protein 
is detected in non-tumor breast tissue and increases 
during tumor growth; however, in MCF7 cells under 
normoxia, its level is significantly lower compared 
to tumor tissue and increases under hypoxia (Fig. 3) 
[5].

Thus, PFKFB4 expression in MCF7 adeno-
carcinoma cells is possibly controlled not only by 
hypoxia but also by oncogenes. It is important to 
note that the increased expression of PFKFB3 and 
PFKFB4 in MCF7 adenocarcinoma cells under 
hypoxia is accompanied by a decrease in HIF1A 
mRNA levels (Fig. 2). But the HIF1A protein level 
in these cells is increased, as is the PFKFB4 pro-
tein level (Fig. 3) [5]. An increase in HIF1A protein 
levels under hypoxia, accompanied by a decrease 
in HIF1A mRNA levels, has been shown for many 
other tumor and non-tumor cells [6-9].

Fig. 3 shows the results of a typical Western 
blot analysis of PFKFB3, PFKFB4, and HIF1A pro-
teins in extracts from human breast and colon adeno-
carcinoma compared to corresponding conditionally 
normal tissue (N) from the same patients, as well 
as PFKFB4 and HIF1A from human breast adeno-
carcinoma cells of the MCF7 line under normoxia 
(Nx) and hypoxia (Hx) conditions. It has been shown 

that the levels of PFKFB3 and PFKFB4 proteins in 
extracts from conditionally normal breast tissue are 
very low, but increase intensely with tumor growth. 
At the same time, the HIF1A protein is present in 
conditionally normal tissue and increases in adeno
carcinomas (Fig. 3). The level of PFKFB3 and 
PFKFB4 proteins in colon tumors also increased, 
but to a lesser extent, which is due to their high level 
in non-malignant tissue counterparts (Fig.  3) [5]. 
Thus, hypoxia inducible factor HIF1, together with 
PFKFB3 and PFKFB4, are important factors for 
solid tumor growth [1, 3, 5, 10-14].

In this regard, studies were conducted to in-
vestigate the impact of hypoxia on PFKFB3 and 
PFKFB4 gene expression in various tumor cell lines 
and elucidate the molecular basis of the hypoxic 
regulation of PFKFB4 gene expression. Thus, it was 
found that in breast adenocarcinoma cells of the 
T47D, SKBR-3, MDA-MB-468, and BT549 lines, 
the level of PFKFB4 gene expression increases under 
hypoxia, but with different magnitudes [16]. At the 
same time, the effect of hypoxia on PFKFB3 gene 
expression was significantly smaller in most of these 
cell lines, but the basal level of its expression was 
much higher compared to PFKFB4 [16]. PFKFB4 
protein levels also increased under hypoxia, al-
though not as pronounced as the mRNA. Moreover, 
in adenocarcinoma cells of the MDA-MB-468 line, 
the level of PFKFB4 protein was practically unde-



119

Fig. 3. Typical Western blot analysis of PFKFB3, PFKFB4, and HIF1A protein levels in extracts from hu-
man breast and colon malignant tumors (T) and corresponding non-malignant tissue counterparts (N) from 
the same patients, as well as PFKFB4 and HIF1A from human breast adenocarcinoma MCF7 cells under 
normoxia (Nx) and hypoxia (Hx) conditions; using β-actin to estimate the total amount of proteins taken for 
analysis [5]

tectable, despite the presence of mRNA [16]. The 
reason for this phenomenon is not entirely clear and 
warrants further study.

Interestingly, PFKFB4 mRNA expression was 
less sensitive to hypoxia in human gastric adenocar-
cinoma cells of the MKN45 and NUGC3 lines com-
pared to cells of the Panc1 line (Fig. 4, A) [8]. From 
the data presented in this figure, it is also clear that 
PFKFB3 mRNA expression was, conversely, more 
sensitive to hypoxia in gastric adenocarcinoma cells 
of the MKN45 line and, especially, the NUGC3 line 
compared to Panc1 pancreatic adenocarcinoma cells 
[8]. This may indicate the cell-specific nature of 
hypoxic regulation of PFKFB3 and PFKFB4 gene 
expression and their functional significance in differ-
ent tumor cells. Moreover, in these cells, the level of 
PFKFB4 mRNA is relatively low under normoxia, as 
well as in gastric adenocarcinoma cells of both lines, 
which is even lower than in Panc1 pancreatic cells 
(Fig. 4, A). However, the protein level in Panc1 cells 
under these conditions is very low, and in gastric 
adenocarcinoma cells of both lines, it is very high, 
especially in NUGC3 cells (Fig. 4, B) [8]. Analysis 
of HIF1A protein levels in these three cell lines indi-
cates the absence of clear relationships between dif-
ferent levels of PFKFB4 and HIF1A proteins under 
both normoxia and hypoxia (Fig. 4, C) [8]. Thus, the 
level of PFKFB4 protein is cell-specific and is de-
termined not only by the mRNA level but also by 
several other mechanisms that affect its stability, in 
particular, post-translational modifications.

It was also demonstrated that PFKFB4 mRNA 
expression in PC-3, HeLa, Hep3B, and HepG2 tumor 
cell lines was highly sensitive to hypoxia, especially 
to dimethyloxalylglycine, an inhibitor of HIF1A pro-
lyl hydroxylase. All this suggests that the response 
of this gene to hypoxia is regulated by the transcrip-
tion factor HIF [17, 18]. To elucidate the molecular 
mechanisms of the dependence of PFKFB4 expres-
sion on hypoxia, the promoter region of the PFKFB4 
gene was isolated, reporter constructs with deletions 
and site-specific mutations were created, and the ef-
fect of hypoxia on the activity of these constructs 
was investigated in cells after transfection [18]. As 
a result of these studies, the hypoxia-responsive ele-
ment (HRE) was identified in the promoter region 
of the PFKFB4 gene, which mediates the hypoxic 
regulation of this gene. This was confirmed using 
two cell lines by site-specific mutagenesis of the pro-
moter region of the PFKFB4 gene [17, 18].

Investigations have also been conducted to 
study the impact of in vivo hypoxia on the expres-
sion of different PFKFB variants in various mouse 
and rat tissues. Moreover, the tissue-specific nature 
of various PFKFB gene expressions and their re-
sponse to hypoxia was shown [2, 19, 20]. Many new 
alternative splice variants of various PFKFB and 
VEGFA mRNAs with unique characteristics have 
also been identified [18, 20-26]. Based on the iden-
tified alternative splice variants of PFKFB, as well 
as through the introduced mutations in the kinase 
domain, dominant-negative constructs were cre-
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Fig. 4. Effect of hypoxia (H) and hypoxia mimic prolyl hydroxylase inhibitor dimethyloxalylglycine (I) on the 
expression of PFKFB3 and PFKFB4 mRNA (A), protein level of PFKFB4 (B) and HIF1A (C) in human gastric 
cancer cell lines MKN45 and NUGC3 and pancreatic cancer cell line Panc1. The mRNA level was measured 
using a ribonuclease protection assay, and protein levels were measured using Western-blot analysis; N: nor-
moxic (control) cells [8]

ated to suppress tumor cells by reducing the level of 
PFKFB expression [27]. It is also important to note 
that PFKFB enzymes and hypoxia are not only key 
regulators of glycolysis; they also have other, equally 
important functions, such as transcriptional regula-
tion and cell survival [4, 5].

The key role of endoplasmic reticulum 
stress and hypoxia in the control of gene 
expression during tumor growth

Endoplasmic reticulum stress and hypoxia are 
key regulators of malignant tumor development 
through changes in the expression of numerous 
genes that reprogram cellular metabolic processes 
for enhanced tumor growth and survival [28-32]. 
The rapid growth of malignant tumors generates 
microenvironmental changes in association with 
hypoxia, nutrient deficiency, and acidosis, which 
initiate angiogenesis and enhance cell proliferation 

[31, 33-35]. Malignant tumors utilize endoplasmic 
reticulum stress signaling systems to adapt to stress-
ful environmental conditions [29, 31]. The response 
to endoplasmic reticulum stress is mediated by three 
interconnected sensory-signaling systems [30, 31]. 
The ERN1 (endoplasmic reticulum to nucleus signa
ling 1) sensory signaling pathway is the most evo-
lutionarily conserved and responds to misfolded 
proteins in a program aimed at eliminating stress or 
apoptosis, making it a key regulator of cell life and 
death [29-31, 36].

The ERN1 protein contains two domains that 
exhibit protein kinase and endoribonuclease en-
zymatic activities, which control the expression of 
numerous stress-dependent genes [30, 31, 37]. En-
doribonuclease activity of ERN1 initiates the cyto-
solic splicing of the pre-XBP1 (X-box binding pro-
tein 1) mRNA, whose mature transcript encodes for 
a transcription factor that controls the expression of 
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numerous stress-responsive genes, including regula-
tory and transcription factors [29, 30, 37, 38]. This 
ERN1 enzymatic activity is also involved in the deg-
radation of a specific subset of mRNAs through the 
RIDD (Regulated ERN1-dependent decay of mes-
senger RNAs) mechanism [39, 40]. Recently, the 
role of ERN1 endoribonuclease activity in CD95-
mediated cell death has been demonstrated [36]. We 
have also shown that the ERN1 protein kinase ac-
tivity is an important regulator of stress-dependent 
gene expression [41, 42]. For this purpose, a subline 
of glioblastoma cells with knockdown of ERN1 en-
doribonuclease activity was created [41]. This made 
it possible to establish that epiregulin (EREG), 
which is a ligand for the epidermal growth factor 
(EGF) receptor, is involved in glioblastoma growth 
through the signaling protein ERN1, namely through 
its protein kinase activity and further through JNK 
(c-Jun N-terminal kinase) [41] (Fig. 5).

It is important to note that ERN1-mediated 
EREG expression was not significantly dependent 
on the endoribonuclease activity of ERN1, as its 
blockade by a dominant-negative ERN1 construct 
with a mutation in the endoribonuclease domain or 
silencing of XBP1 did not alter EREG expression 
[41]. The leading role of ERN1 protein kinase ac-
tivity in stress-dependent regulation of gene expres-
sion has also been demonstrated for the transcrip-
tion factor ATF3 and endothelin 1 (EDN1), as well 
as for insulinase (IDE, insulin-degrading enzyme) 
and PITRM (pitrilysin metallopeptidase 1) [42-44]. 
The multifunctional enzymes insulin-degrading en-
zyme and pitrilysin metallopeptidase 1 are essential 
for normal brain function, including glial cells, as 
well as in diseases such as insulin resistance, type 
2 diabetes, neurodegenerative disorders, and cancer 
[45-47]. The mechanism of stress-dependent regula-
tion of gene expression mediated by ERN1 protein 
kinase activity has also been demonstrated for the 
transcription factors PBX3 and PRRX1, as well as 
for enzymes such as SHMT1 (serine hydroxymethyl
transferase 1), SHMT2, PHGDH (phosphoglycerate 
dehydrogenase), CPE1 (carboxypeptidase 1), and 
EDEM1 (endoplasmic reticulum degradation en-
hancing alpha-mannosidase like protein 1) [48-52].

To study the role of ERN1 in regulating gene 
expression in glioblastoma cells and under hypoxia, 
cells with complete ERN1 knockdown were used 
[41, 53]. In these cells, both enzymatic activities of 
ERN1 (endoribonuclease and protein kinase) were 
inhibited using a dominant-negative construct of 

Fig. 5. Schematic representation of stress-depen
dent, ERN1/IRE1-mediated epiregulin (EREG) ex-
pression in glioblastoma cells through protein ki-
nase activity of ERN1 with the participation of JNK 
(c-Jun N-terminal kinase) but not through ERN1 
endoribonuclease activity [41]

dnERN1. In glioblastoma cells with complete knock-
down of ERN1, increased expression levels of the 
tumor suppressor TP53 and the ubiquitin-specific 
peptidase USP7, as well as TP53BP2 and SESN1, 
were observed [54, 55]. However, the expression 
level of the ubiquitin ligase MDM2 and the apoptosis 
effector TP53 (PERP), on the contrary, was reduced 
in glioblastoma cells with suppressed activity of the 
signaling protein ERN1 [54]. It was also found that 
changes in the expression of the TP53, MDM2, and 
USP7 genes were mediated by the protein kinase 
ERN1, and the PERP gene was mediated by both 
enzymatic activities of the ERN1 protein [54]. In this 
regard, the expression level of the apoptosis effector 
TP53 in glioblastoma cells with only suppressed en-
doribonuclease activity sharply increased almost to 
the level of normal human astrocytes of the NHA/
TS line [54]. The results of the study of the expres-
sion of the TP53, MDM2, USP7, and PERP genes 
in glioblastoma cells with suppressed activity of the 
ERN1 signaling protein indicate the antitumor effect 
of knockdown of this signaling protein by increasing 
the expression of the tumor suppressor TP53 and 
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the ubiquitin-specific peptidase USP7 and reducing 
the expression level of the ubiquitin ligase MDM2, 
which is a proto-oncogene responsible for TP53 
ubiquitination and its proteosomal degradation.

When studying the effect of hypoxia on the ex-
pression of the TP53, USP7, and PERP genes, it was 
found that their expression level changes in glioblas-
toma cells under hypoxia and that ERN1 knockdown 
modifies the effect of hypoxia: it eliminates hypox-
ic regulation of TP53 and USP7 gene expressions, 
while increasing the sensitivity of the PERP gene 
expression to hypoxia [54]. And in the case of hy-
poxia, we also have a clear antitumor effect of ERN1 
knockdown: elimination of the negative impact of 
hypoxia on the expression of the TP53 and USP7 
genes, as well as an increase in the hypoxia impact 
on the level of PERP gene expression, which con-
tributes to the suppression of proliferation and the 
enhancement of glioblastoma cell apoptosis.

Similar results were obtained when studying 
other tumor suppressor genes, in particular RB1 
(retinoblastoma 1) and RBL1 (retinoblastoma-like 
1), and the dependence of their expression on ERN1 
knockdown in glioblastoma cells. Thus, it was found 
that knockdown of ERN1 in glioblastoma cells in-
creases the expression levels of these tumor suppres-
sors, and hypoxia sharply decreases the expression 
level of the RBL1 gene, and inhibition of ERN1 ac-
tivity reduces the effect of hypoxia on the expression 
of this gene [56]. Using the example of these genes, 
the anti-tumor effect is also observed in ERN1 
knockdown glioblastoma cells both, at the level of 
gene expression and their sensitivity to hypoxia.

Molecular basis of inhibition of 
glioblastoma cell proliferation by 
knockdown of the signaling protein ERN1

Since endoplasmic reticulum stress is a key reg-
ulator of malignant tumor growth, mainly through 
the sensory-signaling protein ERN1, the main efforts 
of scientists are focused on finding effective ways 
to suppress its activity [29, 31, 41, 53, 57-61]. This 
is primarily the inhibition of the endoribonuclease 
activity of ERN1, but there are also inhibitors of its 
protein kinase activity.

It has been shown that inhibiting the function 
of the sensory signaling protein ERN1 by a domi-
nant-negative construct of ERN1 (dnERN1) results 
in a significant antiproliferative effect on glioblas-
toma cells [50, 53, 54]. This is primarily due to a de-
crease in the expression of proangiogenic genes and 

an increase in the expression of antiangiogenic fac-
tors both in vitro and in the CAM (chorio-allantoic 
membrane) model, as well as in mice that were in-
tracerebral transplanted with U87MG glioblastoma 
cells with dnERN1 [53] (Fig. 6).

The reduction in the proliferative potential of 
glioblastoma cells after inhibition of both enzymatic 
activities of the sensory-signaling protein ERN1 by 
the dominant-negative construct dnERN1, as well as 
after inhibition of only its endoribonuclease activi
ty, was assessed by various methods [50, 54]. It was 
found that inhibition of only the endoribonuclease 
activity of ERN1 resulted in a significantly greater 
reduction in the proliferative potential of glioblas-
toma cells compared to inhibition of both of its en-
zymatic activities (Fig. 6) [50, 54].

The anti-proliferative effect of ERN1 knock-
down may be mediated by VEGF (vascular en-
dothelial growth factor). Its expression depends on 
hypoxia and endoplasmic reticulum stress signaling 
pathways, in particular ERN1 [62-64]. Thus, inhibi-
tion of the ERN1 signaling protein in glioblastoma 
cells reduces the level of VEGFA and VEGFB ex-
pression, and hypoxia increases their expression 
level [64]. However, ERN1 inhibition dramatically 
reduces the effect of hypoxia on the expression of 
both VEGFA and VEGFB, indicating that the hy-
poxic regulation of both VEGF gene expressions 
is ERN1-mediated [64]. In glioblastoma cells with 
ERN1 knockdown, a decrease in the protein of two 
VEGFA splice variants (VEGFA165 and VEG-
FA189) in the cytosolic fraction was also found [64]. 
Thus, the reduction in VEGFA levels in glioblastoma 
cells with ERN1 knockdown may be involved in the 
decrease in their proliferation and tumor growth in 
model experiments on the chorio-allantoic mem-
brane and the mouse brain [41, 50, 53].

The uniqueness of this work lies in the detec-
tion of VEGFA189 in nuclear extracts of glioblastoma 
cells, as well as in the significant increase of this 
VEGFA splice variant after ERN1 knockdown [64]. 
The functional significance of VEGFA189 localization 
in the nuclei of glioblastoma cells and its increase 
after inhibition of the ERN1 has not yet been clari-
fied and requires further study. However, it is worth 
noting that angiogenesis is controlled not only by 
VEGF, but also by many other pro-angiogenic and 
anti-angiogenic factors, and their role may differ sig-
nificantly in different cells [65].

Insulin-like growth factors (IGFs) and proteins 
that bind to them and regulate their activity in dif-
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Fig. 6. A: Growth of glioblastoma from cells with 
vector (control; Ctrl) and with dominant-negative 
construct dnERN1 (dn) in chorio-allantoic mem-
brane (CAM) model [41]. B: Number of glioblastoma 
cells in culture after 72 h of cultivation according 
to flow cytometry data: U87, control – control glio-
blastoma cells transfected with an empty vector; 
dnERN1 – cells with both ERN1 enzymatic activi-
ties suppressed; dnrERN1 – cells with only ERN1 
endoribonuclease activity suppressed; dnERN1 
and dnrERN1 were compared with control; n = 4; 
***P < 0.001 [50]
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ferent ways play an equally important role in tumor 
growth, although most of them are polyfunctional 
[66-69]. The IGF system is involved in the develop
ment of many malignant neoplasms. It has been 
found that ERN1 inhibition reduces the expression 
levels of IGF1, IGF2, IGFBP1, IGFBP2, IGF2BP3, 
IGFBP6, and NOV in glioblastoma cells [70-72], in-
dicating a possible contribution of these factors to 
the antitumor effect of ERN1 knockdown. Moreo-

ver, the expression of most of these growth factors 
is regulated by hypoxia, and the effect of hypoxia 
was significantly reduced by inhibiting the enzy-
matic activity of the ERN1 protein, indicating that 
the detected changes in these gene expressions are 
mediated by ERN1 [70-72].

Serine synthesis enzymes and transcription 
factors, the expression levels of which are regu-
lated by ERN1 and hypoxia, play an important role 
in glioblastoma growth [49, 50, 73, 74]. Therefore, 
understanding the molecular mechanisms of gene 
expression regulation on serine synthesis enzymes 
and key transcription factors in malignant tumor 
growth through ERN1 and hypoxia is important in 
the search for molecular targets to combat malig-
nant growth. It has been established that inhibition 
of the endoribonuclease and protein kinase activi-
ties of ERN1 reduces the expression level of serine 
synthesis genes such as PHGDH (phosphoglyce
rate dehydrogenase), PSAT1 (phosphoserine ami-
notransferase 1), PSPH (phosphoserine phosphatase), 
SHMT2 (serine hydroxymethyltransferase 2) and the 
transcription factor ATF4, which controls the ex-
pression of the PSAT1 gene but increases SHMT1 
[50]. It has also been shown that the expression of 
PHGDH, SHMT1, and SHMT2 in glioblastoma cells 
is controlled by the protein kinase activity of ERN1, 
ATF4 by its endoribonuclease activity, and PSAT1 
and PSPH by both enzymatic activities of this signa
ling protein [50]. Serine synthesis gene expression 
is sensitive to hypoxia in glioblastoma cells, but the 
effect of hypoxia is modified by ERN1 [73]. Moreo-
ver, it has been demonstrated that the regulation of 
PSAT1 gene expression is controlled not only by 
endoplasmic reticulum stress but also by glucocor-
ticoids in glioblastoma cells and normal human as-
trocytes differently [75]. These results indicate that 
decreased expression of serine synthesis genes in 
ERN1 knockdown glioblastoma cells is associated 
with their suppressed proliferation, as serine synthe-
sis is essential for glioblastoma growth.

The expression of the pro-oncogenic transcrip-
tion factors TGIF1 and ZEB2 genes in glioblastoma 
cells with ERN1 knockdown was also investigated. 
The reduction in the expression level of these genes 
in ERN1-knockdown glioblastoma cells was re-
vealed and mediated by the endoribonuclease activi
ty of ERN1, which is in good agreement with the 
antiproliferative effect of ERN1 knockdown [49]. 
However, the level of gene expression of pro-onco-
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genic transcription factors PBX3, PRRX1, PBXIP1, 
and PAX6 in glioblastoma cells with suppressed 
protein kinase and endoribonuclease activities of 
ERN1, on the contrary, increases due to the suppres-
sion of the protein kinase activity of this signaling 
protein [49]. Since the transcription factors PBX3, 
PRRX1, PBXIP1, and PAX6, as well as the serine 
synthase enzyme SHMT1, are pro-invasive factors 
that are controlled by the protein kinase activity of 
ERN1. It has been suggested that the protein kinase 
activity of ERN1 controls not only proliferation but 
also invasion of glioblastoma cells. Since the tran-
scription factors PBX3, PRRX1, PBXIP1, and PAX6, 
as well as the serine synthase enzyme SHMT1, are 
pro-invasive factors that are controlled by the pro-
tein kinase activity of ERN1, it has been suggested 
that ERN1 protein kinase activity regulates not only 
proliferation but also invasion of glioblastoma cells. 
This is consistent with data on enhanced invasive-
ness and significantly less reduction in proliferation 
of glioblastoma cells with suppressed protein kinase 
and endoribonuclease activities of ERN1 compared 
to suppression of its endoribonuclease activity alone 
[49, 50, 53].

Two other pro-invasive genes with oncogenic 
properties have also been investigated: CPE (car-
boxypeptidase E) and EDEM1 (endoplasmic reticu-
lum degradation enhancing alpha-mannosidase like 
protein 1) [76-79]. Their expression is also controlled 
by the protein kinase activity of ERN1 [51,  52]. 
However, in glioblastoma cells with suppressed 
protein kinase and endoribonuclease activities of 
ERN1, the level of expression of the CPE gene is 
sharply increased, and that of the EDEM1 gene, on 
the contrary, is reduced [51, 52]. These results indi-
cate a multifaceted, orchestrating role of ERN1 pro-
tein kinase activity in stress-dependent regulation of 
gene expression in malignant tumor cells. Inhibition 
of ERN1 protein kinase activity contributes to the 
inhibition of tumor growth, particularly in glioblas-
toma [60]. Conversely, it enhances cell proliferation 
by increasing the expression of pro-oncogenic fac-
tors with pro-invasive properties [43, 49-51]. As a re-
sult, the proliferation rate of glioblastoma cells with 
suppressed endoribonuclease activity is significantly 
lower compared to cells with both ERN1 activities 
(protein kinase and endoribonuclease) suppressed 
(Fig. 6) [50].

Conclusions. Thus, the studies conducted in the 
Department of Molecular Biology contributed to the 
elucidation of the molecular basis of malignant tumor 
growth, the mechanisms of hypoxic regulation of 

gene expression through canonical and non-canoni
cal pathways, and the role of alternative splicing in 
gene expression control. Methodological approaches 
were created for fundamental research into the role 
of endoplasmic reticulum stress in the development 
of pathological conditions, particularly the growth of 
glioblastomas, the most malignant brain tumors. The 
molecular mechanisms of glioblastoma cell prolife
ration inhibition through knockdown of the ERN1 
signaling protein, as well as the molecular mecha-
nisms of stress-dependent regulation of tumor sup-
pressor and oncogene expressions, have been studied 
in detail. The role of ERN1 protein kinase activity in 
the regulation of gene expression, particularly genes 
responsive to cell invasion, has been identified and 
studied in detail in glioblastoma cells. This opens 
up a new and promising field for further scientific 
research.
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Наукові досягнення відділу 
молекулярної біології у 
пізнанні стрес-залежних 
механізмів росту гліом
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М. Ю. Слюсар, O. O. Хіта 
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З 2005 року у відділі молекулярної біології 
були розпочаті дослідження, направлені на 
вирішення ключових проблем біохімії та 
молекулярної біології з акцентом на виясненні 
молекулярних основ росту злоякісних пухлин, 
механізмів гіпоксичної регуляції, ролі альтер-
нативного сплайсингу у механізмах регуляції 
експресії генів, а також фундаментального 
значення стресу ендоплазматичного ретику-
лума у підтриманні гомеостазу та розвитку 
патологічних станів, зокрема росту гліобластом, 
найбільш злоякісних пухлин головного моз-
ку, що тяжко піддаються лікуванню. Показано, 
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що експресія різних 6-фосфофрукто-2-кіназ/
фруктозо-2,6-біфосфатаз (PFKFB), ключових 
регуляторів гліколізу, посилюється у різних 
злоякісних пухлинах і що PFKFB4 є марке-
ром пухлинного росту. Встановлено, що рівень 
експресії PFKFB4 контролюється за гіпоксії 
HIF-залежним механізмом, а у промоторі 
ідентифікована специфічна до HIF послідовність, 
мутація якої повністю знімає гіпоксичну 
регуляцію гена PFKFB4. Ідентифіковані також 
численні сплайс-варіанти різних генів PFKFB 
та VEGFA. Встановлено, що пригнічення стресу 
ендоплазматичного ретикулума, зокрема його 
сигнального шляху ERN1, знижує проліферацію 
клітин гліобластоми змінюючи рівень експресії 
онкогенів, пухлинних супресорів, ензимів 
мітохондрій, а також рецепторів інсуліну і 
глюкокортикоїдів та залежних від них протеїнів. 
Виявлена важлива роль протеїнкіназної 
активності ERN1 у регуляції експресії різних 
генів і показано, що її пригнічення є причиною 
посиленої інвазивності клітин гліобластоми 
після нокдауну ERN1. Концентрується увага на 
ролі гормонів у контролі ефектів стресу ендо-
плазматичного ретикулума та гіпоксії, а також на 
неканонічних механізмах гіпоксичної регуляції 
експресії генів, її залежності від стресу.

К л ю ч о в і  с л о в а: клітини гліобластоми, 
гіпоксія, стрес ендоплазматичного ретикулума, 
ERN1, експресія генів. 
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