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Objective. The aim of the current study was to investigate the expression of genes encoded 
homeobox proteins such as MEIS3 (Meis homeobox 3), SPAG4 (sperm associated antigen 4), 
LHX1 (LIM homeobox 1), LHX2, and LHX6 in U87 glioma cells in response to glutamine depriva-
tion in control glioma cells and cells with knockdown of ERN1 (endoplasmic reticulum to nucleus 
signaling 1), the major pathway of the endoplasmic reticulum stress signaling, for evaluation of a 
possible dependence on the expression of these important regulatory genes from glutamine supply 
and ERN1 signaling.

Methods. The expression level of MEIS3, SPAG4, LHX, LHX2, and LHX6 genes was studied 
by real-time quantitative polymerase chain reaction in control U87 glioma cells (transfected by 
vector) and cells with ERN1 knockdown after exposure to glutamine deprivation.

Results. It was shown that the expression level of MEIS3 and LHX1 genes was up-regulated in 
control glioma cells treated by glutamine deprivation. At the same time, the expression level of 
three other genes (LHX2, LHX6, and SPAG4) was down-regulated. Furthermore, ERN1 knock-
down significantly modified the effect of glutamine deprivation on LHX1 gene expression in 
glioma cells, but did not change significantly the sensitivity of all other genes expression to this 
experimental condition.

Conclusion. The results of this investigation demonstrate that the exposure of U87 glioma cells 
under glutamine deprivation significantly affected the expression of all genes studied encoding the 
homeobox proteins and that this effect of glutamine deprivation was independent of the endoplas-
mic reticulum stress signaling mediated by ERN1, except LHX1 gene.
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Glutamine, as a substrate for glycolysis, is an 
important for the development and a more aggressive 
behavior of gliomas, which are highly aggressive 
tumors with very poor prognosis (Colombo et al. 
2011; Yalcin et al. 2014; Zhao et al. 2017; Alimoham-
madi et al. 2020). Glutamine supply and endoplasmic 
reticulum stress are very important and complemen-
tary factors for the tumor growth and inhibition 

of ERN1/IRE1 (endoplasmic reticulum to nucleus 
signaling 1/inositol requiring enzyme 1) mediated 
stress signaling can significantly modify the effects 
of glutamine deprivation on some gene expressions 
(Minchenko et al. 2013, 2015a, 2021; Tsymbal et al. 
2016). It has been shown that ERN1 – XBP1 pathway is 
also essential for the glucose response and protection 
of β cells (Riabovol et al. 2019). Furthermore, 
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bioinformatics profiling identifies a  glucose-related 
risk signature for the malignancy of glioma (Zhao et 
al. 2017). At the same time, the complete molecular 
mechanisms of the interaction of ERN1 mediated 
stress signaling pathway with glutamine as well as 
glucose supply are complex yet and warrant further 
study. Furthermore, there are also data that nutrient 
starvation is very important factor of cancer cells 
chemoresistance (Awale et al. 2006). Therefore, 
arctigenin, a natural lignan compound extracted 
from Arctium lappa, inhibits the proliferation of 
various cancer cells and induces tumor cell death 
under nutrient starvation possibly by inhibiting the 
unfolded protein response (Awale et al. 2006; Kim et 
al. 2010; He et al. 2018).

Transcription factors play an important role in 
malignant tumor growth preferentially through 
ERN1 (endoplasmic reticulum to nucleus signaling 
1) signaling pathway of endoplasmic reticulum stress 
(Minchenko et al. 2015b, 2015c; Tsymbal et al. 2016). 
The homeobox proteins represent an important group 
of transcription factors, which are related to tumori-
genesis and are largely investigated (Guca et al. 2018; 
Le Magnen et al. 2018; Miyashita et al. 2018; Chen et 
al. 2019; Hamaidi et al. 2019; Li et al. 2019). Recently, 
it was shown that transcriptional inhibitor ZEB2 
(zinc finger E-box binding homeobox 2) functions 
as an oncogene in human laryngeal squamous cell 
carcinoma (Li et al. 2019). Furthermore, transcrip-
tion factor ETS1 (ETS proto-oncogene 1) is coex-
pressed with ZEB2 and mediates ZEB2-induced 
epithelial-mesenchymal transition in human tumors 
(Yalim-Camci et al. 2019).

SPAG4 (sperm associated antigen 4) has a fun-
damental pathological function in the migration 
of lung carcinoma cells (Knaup et al. 2014; Ji et al. 
2018). Recently, it was shown that SPAG4 mRNA 
is overexpressed in lung squamous cell carcinoma 
tissue compared with their paired para-cancerous 
histological normal tissue samples (Wang et al. 2021). 
Moreover, SPAG4 could serve as an independent 
prognostic factor for glioblastoma patients and might 
be valuable for the clinical management of these 
patients (Zhang et al. 2021). There are data indicating 
that MEIS proteins are associated with tumorigen-
esis, metastasis, and invasion in cancer and may 
act as tumor suppressors or oncogenes in different 
cellular settings and that the expression of MEIS3 is 
upregulated in glioblastoma and many other cancers 
(Girgin et al. 2020).  Furthermore, it was also shown 
that microRNA-202-3p has tumor-suppressive role in 
the hepatocellular carcinoma through the KDM3A/
HOXA1/MEIS3  pathway because upregulation of 

this miRNA reduced the growth of human hepato-
cellular carcinoma cells in vivo (Zhang et al. 2020).

LIM homeobox proteins (LHX1, LHX2 and 
LHX6) have also relation to tumor growth (Chen 
et al. 2019; Hamaidi et al. 2019; Liang et al. 2019; 
Miyashita et al. 2018; Nathalia et al. 2018).  There 
are data that LHX1 is involved in the expression 
of various proteins regulating cell movements and 
EMT in renal carcinoma cells and that silencing of 
LHX1 decreased pulmonary metastasis in the in vivo 
model (Hamaidi et al. 2019). Furthermore, LHX1 
is an important transcription factor for the  histone 
deacetylase 8 (HDAC8) gene and may play a role in 
neurogenesis (Ghiaghi et al. 2019). Recently, it was 
shown that LHX2 acts as a transcriptional activator 
and is involved in the control of cell differentiation in 
developing lymphoid and neural cell types and that 
miR-506 inhibits tumor growth and metastasis via 
inhibition of WNT/beta-catenin signaling by down-
regulating LHX2 (Liang et al. 2019). Furthermore, 
LHX2 promotes malignancy and inhibits autophagy 
via mTOR in osteosarcoma and is negatively regulated 
by miR-129-5p (Song et al. 2019). Furthermore, there 
are also data indicating that LHX2 is capable of 
proliferation blocking in human T cell acute lym-
phoblastic leukemia-derived cells (Miyashita et al. 
2018). LHX6 contains the LIM domain, a unique 
cysteine-rich zinc-binding domain. The encoded 
protein has tandem LIM domains as well as a DNA-
binding homeodomain. Recently, it was shown that 
transcription factor LHX6 is tumor suppressor and 
its expression is regulated by DNA methylation and 
can inhibit the proliferation, invasion and migration 
through WNT/beta-catenin and TP53 signaling 
pathways during the Microcystin-LR-induced hepa-
tocarcinogenesis (Chen et al. 2019). Furthermore, 
miR-1290 promotes proliferation, migration, and 
invasion of glioma cells by inhibiting LHX6, while 
LHX6 overexpression inhibited tumor growth (Yan 
et al. 2018). There are also data indicating that down-
regulation of miR-214 reverses erlotinib resistance in 
non-small-cell lung  cancer  through up-regulation 
of  LHX6  expression (Liao et al. 2017). It is possible 
that these transcription factors are regulating by long 
noncoding RNAs in human cancers (Liu et al. 2018).

Malignant tumors use endoplasmic reticulum 
stress response and its signaling pathways to adapt 
and enhance tumor cells proliferation under stressful 
environmental conditions (Almanza et al. 2019; 
Doultsinos et al. 2017; Manié et al. 2014; Obacz et 
al. 2017; Papaioannou et al. 2018). It is well known 
that activation of ERN1 branch of the endoplas-
mic reticulum stress response is tightly linked to 
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apoptosis and cell death and suppression of its 
function has been demonstrated to result in a signifi-
cant anti-proliferative effect in glioma growth (Auf 
et al. 2010; Minchenko et al. 2014; Hetz et al. 2019). 
Furthermore, inhibition of ERN1 (endoplasmic 
reticulum to nucleus signaling 1) 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, the 
major pathway of the endoplasmic reticulum stress 
signaling (Auf et al. 2013; Minchenko et al. 2015c).

The aim of the current study was to investigate the 
expression of genes encoded MEIS3, SPAG4, LHX1, 
LHX2, and LHX6 homeobox proteins in U87 glioma 
cells in response to glutamine deprivation in control 
glioma cells and cells with knockdown of ERN1 for 
evaluation of possible dependence of the expression 
of these important regulatory genes from glutamine 
supply and ERN1 mediated endoplasmic reticulum 
stress signaling.

Materials and methods

Cell Lines and Culture Conditions. The glioma cell 
line U87 was obtained from ATCC (USA) and 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 strepto-
mycin (0.1 mg/ml; Gibco) at 37oC in incubator with 
5% CO2. In this work we used two sublines of these 
cells. One subline was obtained by selection of stable 
transfected clones with overexpression of vector 
pcDNA3.1, which was used for creation of dnERN1. 
These untreated glioma cells were used as control 

1 (control glioma cells) in the study of the effect of 
glutamine deprivation on the level of gene expres-
sions. Second subline was obtained by selection of 
stable transfected clones with overexpression of ERN1 
dominant/negative construct (dnERN1), having sup-
pression of both the protein kinase and endoribo-
nuclease activities of this signaling enzyme (Auf et 
al. 2010). It has been shown that cells with dnERN1 
have a lower proliferation rate, do not express spliced 
variant of XBP1, a key transcription factor in ERN1 
signaling, and have not the phosphorylated isoform of 
ERN1 after induction of endoplasmic reticulum stress 
by tunicamycin (Auf et al. 2010, 2013; Minchenko et 
al. 2015c). The impact of glutamine deprivation on 
the expression of MEIS3, SPAG4, LHX, LHX2, and 
LHX6 genes in the cells with a deficiency of ERN1, 
introduced by dnERN1, was compared with cells 
transfected with the previously mentioned, empty 
vector pcDNA3.1 (control glioma cells). Both used in 
this study sublines of glioma cells are grown in the 
presence of geneticin (G418) while these cells carrying 
empty vector pcDNA3.1 or dnERN1 construct. 
Glutamine deprivation condition were created by 
changing the complete DMEM medium into culture 
plates on DMEM medium without glutamine and 
plates were exposed to this condition for 16 hrs.

RNA isolation. Total RNA was extracted from 
glioma cells using the Trizol reagent according to 
manufacturer’s protocol (Invitrogen, Carlsbad, CA, 
USA). The RNA pellets was washed with 75% ethanol 
and dissolved in nuclease-free water. For additional 
purification RNA samples were re-precipitated with 
95% ethanol and re-dissolved again in nuclease-free 
water. RNA concentration and spectral characteris-
tics were measured using NanoDrop Spectrophotom-
eter ND1000 (PEQLAB, Biotechnologie GmbH).

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

MEIS3 Meis homeobox 3 F: 5’-cagcctcccagaccagaata
R: 5’-tcctggtccaagtcctcatc

1028–1047
1222–1203

NM_020160.3

SPAG4 sperm associated antigen 4 F: 5’-cagcttctggaactacgcac
R: 5’-gtggatgctgcagagtgatg

1042–1061
1193–1174

NM_003116.3

LHX1 LIM homeobox 1 F: 5’-atttatttccgttcccgccg
R: 5’-ccaaaactcgcaccaggaaa 

354–373
591–572

NM_005568.5

LHX2 LIM homeobox 2 F: 5’-tccctactacaatggcgtgg
R: 5’-gtcggggttgtggttaatgg

1214–1233
1457–1438

NM_004789.4

LHX6 LIM homeobox 6 F: 5’-cggaacagctgcaggttatg
R: 5’-ctgaacggggtgtagtggat

987–1006
1224–1205

NM_014368.5

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

747–766
980–961

NM_001101
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Reverse transcription and quantitative PCR 
analysis. Thermo Scien tific Verso cDNA Synthesis 
Kit (Germany) was used for reverse transcription as 
described (Minchenko et al. 2018). The expression 
levels of homeobox mRNAs as well as ACTB mRNA 
were measured in control 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). 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 Metabion 
Int. AG (Martinstried, Germany) and used for quan-
titative polymerase chain reaction (Table 1).

Quantitative PCR analysis. This analysis was 
performed using a special computer program “Differ-
ential expression calculator” and statistical analysis 
using Excel program and OriginPro 7.5 software 
as described previously (Minchenko et al. 2015c). 

Comparison of two means was performed by the use 
of two-tailed Student’s t-test. A 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 amplified 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 reveal a possible role of glutamine depriva-
tion and endoplasmic reticulum stress signaling 
mediated by ERN1 protein in the expression level of 
homeobox genes in U87 glioma cells, we studied the 
effect of glutamine deprivation on MEIS3, SPAG4, 
LHX, LHX2, and LHX6 gene expressions in cells with 
and without ERN1 functional activity. As shown 
in Figure 1, the expression of Meis homeobox 3 
(MEIS3) mRNA in control glioma cells, transfected 

Figure 1. Effect of glutamine deprivation on the expression lev-
el of Meis homeobox 3 (MEIS3) mRNA in control U87 glioma 
cells (Vector) and cells with a blockade of the ERN1 signal-
ing protein by dnERN1 measured by qPCR. Values of MEIS3 
mRNA expression were normalized to beta-actin mRNA level 
and represented as percent for control 1 (100%); n=4.

Figure 2. Effect of glutamine deprivation on the expression 
level of sperm associated antigen 4 (SPAG4) mRNA in con-
trol U87 glioma cells (Vector) and cells with a blockade of 
the ERN1 by dnERN1 measured by qPCR. Values of SPAG4 
mRNA expression were normalized to beta-actin mRNA level 
and represented as percent for control 1 (100%); NS – no sig-
nificant changes; n=4.
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by empty vector pcDNA3.1, increased after exposure 
to glutamine deprivation (+27%) in comparison 
with the cells growing in complete DMEM medium. 
Furthermore, inhibition of ERN1 signaling enzyme 
function by dnERN1 not significantly modified the 
sensitivity of MEIS3 gene expression to this experi-
mental condition (+20%) in comparison with cor-
responding control (Figure 1). Next, we investigated 
the effect of glutamine deprivation on the expression 
of gene encoding SPAG4 (sperm associated antigen 
4) in relation to inhibition of ERN1 function. As 
shown in Figure 2, glutamine deprivation resulted 
in a significant down-regulation of this homeobox 
gene expression (–28%) in comparison with control 
glioma cells, transfected by empty vector. Further-
more, inhibition of ERN1 signaling protein function 
led to similar changes in the expression level of this 
gene (–25%; Figure 2).

We also studied the effect of glutamine deprivation 
on the expression of gene encoding LIM homeobox 1 
(LHX1) protein in glioma cells in relation to complete 
inhibition of ERN1 signaling enzyme function. It 

was shown that the expression level of LHX1 gene is 
up-regulated (+24%) in control glioma cells (trans-
fected by empty vector) under glutamine depriva-
tion in comparison with the cells growing in regular 
medium (Figure 4). At the same time, inhibition 
of ERN1 signaling enzyme function significantly 
decreased the effect of glutamine deprivation on this 
homeobox gene expression (–29%) as compared to 
corresponding control cells (transfected by dnERN1; 
Figure 3).

As shown in Figure 4, exposure of control glioma 
cells to glutamine deprivation led to significant down-
regulation of LHX2 mRNA expressions (–60%) in 
comparison with cells growing with glutamine in the 
medium. Furthermore, inhibition of both enzymatic 
activities of ERN1 does not significantly modify the 
effect of glutamine deprivation on the expression 
of this homeobox gene expression (–69%). Further-
more, the expression of LIM homeobox 6 gene was 
also down-regulated (–30%) in control glioma cells 
treated by glutamine deprivation and inhibition of 
ERN1 did not significantly change the sensitivity of 

Figure 3. Effect of glutamine deprivation on the expression 
level of LIM homeobox 1 (LHX1) mRNA in control U87 gli-
oma cells (Vector) and cells with a blockade of the ERN1 by 
dnERN1 measured by qPCR. Values of LHX1 mRNA expres-
sion were normalized to beta-actin mRNA level and represent-
ed as percent for control 1 (100%); n=4.

Figure 4. Effect of glutamine deprivation on the expression 
level of LIM homeobox 2 (LHX2) mRNA in control U87 gli-
oma cells (Vector) and cells with a blockade of the ERN1 by 
dnERN1 measured by qPCR. Values of LHX2 mRNA expres-
sion were normalized to beta-actin mRNA level and represent-
ed as percent for control 1 (100%); n=4.
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this LIM homeobox gene to glutamine deprivation 
in comparison with the corresponding control cells 
growing with glutamine (Figure 5).

Thus, glutamine deprivation affects the expression 
of different homeobox genes in gene-specific manner 
and these effects of glutamine deprivation on gene 
expressions were preferentially resistant to inhibition 
of ERN1 signaling. Results of this investigation are 
summarized in Figure 6, which clearly demon-
strates the gene-specific character of changes in the 
expression profile of studied homeobox genes in 
glioma cells under glutamine deprivation indepen-
dently from ERN1 inhibition, except LHX1 gene.

Discussion

In this work, we studied the effect of glutamine 
deprivation on the expression of genes encoding 
important homeobox proteins, which control tran-
scription preferentially as transcription factors, in 
U87 glioma cells in relation to inhibition of ERN1, 
the major signaling pathway of the unfolded protein 
response. For this purpose, we used control glioma 
cells, transfected by empty vector pcDNA3.1, and cells 
with full ERN1 deficiency introduced by dnERN1. 
This is important for the evaluation of possible signif-
icance of glutamine deprivation in ERN1 dependent 
control of glioma cell proliferation because there are 
data indicating that the endoplasmic reticulum stress 
signaling mediated by ERN1 is involved in numerous 
metabolic pathways and ERN1 knockdown has clear 
anti-tumor effect (Auf et al. 2010, 2013; Bravo et al. 
2013; Manié et al. 2014; Minchenko et al. 2014, 2015 
a, c; Logue et al. 2018). Results of our study clarify 
possible mechanisms of glutamine deprivation on the 
proliferation/surviving of ERN1 knockdown glioma 
cells through specific changes in the expression 
profile of genes encoding important transcription 
factors of homeobox family especially LHX1.

We showed that glutamine deprivation leads to 
significant up-regulation of the expression of MEIS3 
gene in both control and ERN1 knockdown glioma 
cells. Furthermore, these changes in MEIS3 gene 
expression under glutamine deprivation are essen-
tially independent of ERN1 inhibition. There are data 
indicating that the expression of this gene is up-regu-
lated in glioblastoma as well as in many other tumors 
(Girgin et al. 2020). It is possible that the up-regu-
lation of MEIS3 gene under glutamine deprivation 
reflects compensatory mechanism connected with 
decreased proliferation rate of glioma cells under 
nutrient starvation (Awale et al. 2006; Colombo et 
al. 2011; Drogat et al. 2007; Kim et al. 2010; He et al. 

2018). At the same time, the expression level of SPAG4 
gene is down-regulated in control glioma cells under 
glutamine deprivation. Furthermore, similar changes 

Figure 5. Effect of glutamine deprivation on the expression 
level of LIM homeobox 6 (LHX6) mRNA in control U87 gli-
oma cells (Vector) and cells with a blockade of the ERN1 by 
dnERN1 measured by qPCR. Values of LHX6 mRNA expres-
sion were normalized to beta-actin mRNA level and represent-
ed as percent for control 1 (100%); n=4.

Figure 6. Schematic demonstration of changes in the expres-
sion profile of MEIS3, SPAG4, LHX, LHX2, and LHX6 genes 
in the control and ERN1 knockdown U87 glioma cells under 
glutamine deprivation.
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in the expression of this gene we have received in 
cells with ERN1 knockdown. The protein encoded by 
SPAG4 gene has a fundamental pathological function 
in the migration of lung carcinoma cells (Knaup et 
al., 2014; Ji et al., 2018; Zhang et al. 2020) and down-
regulation of its expression under glutamine depriva-
tion condition in both control and ERN1 knockdown 
glioma cells possibly reflects a glutamine and prolif-
eration dependent character of this gene expression 
because glutamine supply is very important factor for 
tumor growth (Colombo et al. 2011).

Results of this study also demonstrate variable 
effects of glutamine deprivation on the expression 
of LIM homeobox genes encoding proteins LHX1, 
LHX2, and LHX6, which have diverse effects on 
tumor growth (Chen et al. 2019; Hamaidi et al., 2019; 
Liang et al., 2019; Miyashita et al., 2018; Nathalia 
et al., 2018).  Thus, the exposure of control gliomas 
cells without glutamine leads to the up-regulation of 
LHX1 gene expression and down-regulation of the 
expression of LHX2 and LHX6 genes. At the same 
time, we showed that ERN1 knockdown in glioma 
cells leads to suppression of LHX1 gene expression 
under glutamine deprivation and does not signifi-
cantly modulate the effect of this treatment on the 
expression of LHX2 and LHX6 genes. Functional 
significance of ERN1 knockdown mediated changes 
in the expression of LNX1 gene under glutamine 
deprivation condition is possibly connected with 
suppression of ERN1 knockdown glioma cells pro-
liferation (Auf et al. 2010) because this transcription 
factor functions as pro-proliferative tumor factor 
(Ghiaghi et al., 2019; Hamaidi et al., 2019). However, 
the expression of LHX2 and LHX6 genes is reduced 
under conditions of glutamine deficiency, although 
these genes have different functional significance 

(Liao et al., 2017; Liang et al., 2019; Miyashita et al., 
2018; Nathalia et al., 2018). Moreover, the expression 
of LHX2 and LHX6 genes is resistant to inhibition of 
ERN1 signaling. It is possible that down-regulation 
of the expression of LHX2 and LHX6 genes under 
glutamine deprivation in both control and ERN1 
knockdown glioma cells possibly reflects a glutamine 
dependent as well as proliferation related character 
of these gene expressions because glutamine is very 
important for tumor growth (Colombo et al. 2011; 
Drogat et al. 2007). 

In conclusion. This study provides unique 
insights into the molecular mechanisms regulating 
the expression of genes encoding some homeobox 
transcription factors in glioma cells in response to 
glutamine deprivation and their correlation with 
inhibition of ERN1 activity and reduced cell prolif-
eration in cells harboring dnERN1, attesting to the 
fact that endoplasmic reticulum stress as well as 
glutamine are necessary components of the glioma 
growth and cell survival. Furthermore, our results 
validate interaction of endoplasmic reticulum stress 
signaling pathway ERN1 with glutamine depri-
vation in gene-specific manner, in particular in 
the regulation of LHX1 gene expression encoding 
homeobox transcription factor for the histone deacet-
ylase 8 and many other genes and may play a role in 
neurogenesis. The detailed molecular mechanisms of 
this regulation have not been yet clearly defined and 
warrant further investigation.
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