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A b s t r a c t

Glioblastoma multiforme (GBM) is the most common and malignant type of central nervous system tumours in 
adults. Strict regulation of glucose homeostasis has a significant role in GBM pathogenesis. Insulin receptor sub-
strate 1 (IRS1) protein is the most important adaptor molecule involved in the regulation of glucose metabolism. 
It interacts with many cancer-related receptors and its overexpression is strongly associated with cell proliferation 
and survival. Our study was aimed to understand the role of IRS1 proteins in GBM cell viability. U-87 MG cells 
were transfected with pcDNA3.1-flagtagged-human IRS1 expression vector. Insulin induced phosphorylation levels 
of IRS1, AKT1 and ERK1/2 and Grb2 expression were examined to determine the effects of ectopic IRS1 overexpres-
sion on insulin signalling and the viability levels of U-87 MG cells were determined by MTT analysis. Overexpression 
of IRS1 in U-87 MG cells led to an increase in cell viability. Its overexpression also increased Grb2 expression and 
phosphorylation of AKT1 through elevation of IRS1 tyrosine phosphorylation in IRS1-transfected U-87 MG cells 
compared to control and mock transfected groups. Our study showed that increased IRS1 expression and activation 
may promote the cell viability via AKT1 activation. IRS1 signalling may be considered as a therapeutic target for 
further studies. 
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Introduction

Glioblastoma multiforme (GBM) is the most com-
mon and aggressive primary malignant brain tumour 
in adults. It constitutes nearly 45% of all gliomas and 
has the poorest prognosis. Despite the progress in 
treatment options such as surgery, chemotherapy 
and radiotherapy, the survival rate of GBM patients 
is very low [16,22]. Therefore, understanding the 
molecular pathogenesis of GBM is crucial. 

Metabolic complications such as type 2 diabetes 
increase the risk of cancer development and poorer 
outcomes [8]. Several studies showed that hypergly-

caemia is associated with shorter survival time in 
GBM patients [1,5]. The recent study has also demon-
strated that physiologically relevant insulin concen-
trations induce cell proliferation in patient derived 
glioblastoma xenograft models [12]. Therefore, reg-
ulation of glucose metabolism has a pivotal role for 
GBM patients. Insulin signalling is the main cellular 
pathway that is responsible for glucose homeosta-
sis [6]. Insulin is an anabolic hormone that shows its 
metabolic and mitogenic effects through insulin and 
insulin like growth factor receptors (IGFR) [3]. Expres-
sion levels of insulin growth factor (IGF) and insulin 
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receptors are significantly increased and aberrantly 
activated in human cancers [23]. Insulin receptor sub-
strate proteins (IRS) are the main adaptor molecule of 
these receptors. They can also interact with several 
growth hormone receptors that are strongly correlat-
ed with tumour growth [11]. IRS1 is the first mem-
ber of this family and is widely expressed in human 
tissues. When IRS1 binds to its receptors, it is phos-
phorylated on tyrosine residues. Tyrosine phosphory-
lation of IRS1 induces the activation of PI3K-AKT and 
Ras-ERK pathways [13]. Transformation capacity of 
IRS1 was first shown in mouse embryonic fibroblasts 
and its overexpression is primarily responsible for cell 
proliferation in breast cancer [4]. In addition to breast 
cancer, many researchers determined the overex-
pression and aberrant activation of IRS1 in numerous 
cancer cell lines and tumour samples and they report-
ed that IRS1 overexpression is associated with lung, 
prostate, pancreatic, hepatocellular, ovarian cancers 
and medulloblastoma [18]. To date, the relationship 
between IRS1 expression and the viability of GBM 
cells has not been demonstrated.

In view of these findings, this study aimed to 
determine the effects of IRS1 overexpression on GBM 
cell viability and insulin signalling pathway. 

Material and methods
Cell culture and biological reagents

Monoclonal anti-IRS1, antiphosphotyrosine, anti-
ERK1/2, anti-pERK1/2, anti-AKT1 and pAKT1 antibo- 
dies were obtained from Thermo Fisher Scientific 
(USA); monoclonal b-actin and Grb2 antibodies were 
obtained from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA); anti-rabbit HRP and anti-mouse HRP were 
purchased from BioRad (Hercules, CA). U-87 MG cells 
were grown in DMEM supplemented with 10% FBS,  
100 mg/ml penicillin, 50 mg/ml streptomycin, and 1 mM 
glutamine.

Transfections and treatments

Sixty to seventy percent confluent U-87 MG cells 
were transfected with 15 ug of mock or IRS1 expres-
sion vectors prepared in flag-tagged pcDNA3.1. Ther-
mo TurboFect Transfection reagent (Thermo Scientific, 
USA) was used and the reverse transfection method 
was applied according to the manufacturer’s instruc-
tions. Overexpression of IRS1 was verified by western 
blotting using anti-IRS1 antibody. U-87 MG transfect-
ed and control cells were cultured in FBS-free medium 

for 16 h and treated with 100 ng/ml insulin for 15 and 
30 minutes. 

Western blotting

Control and transfected cells were lysed in Triton 
X-100 buffer containing 50 mM HEPES, pH 7.0, 150 
mM NaCl, 10% glycerol, 1.2% Triton X-100, 1.5 mM 
MgCl2, 1 mM EGTA, 10 mM sodium pyrophosphate, 
100 mM NaF, 1 mM sodium orthovanadate, 1 mM 
PMSF, 0.15 units/ml aprotinin, 10 μg/ml leupeptin, 
and 10 μg/ml pepstatin A. 75 micrograms of total 
proteins were separated by SDS-PAGE, then blot-
ted onto PVDF membranes. The membranes were 
blocked in 1% BSA in PBST. The blots were first 
labelled with phospho-specific antibodies for IRS1, 
AKT, Grb2 and ERK1/2. Labelled blots were then 
stripped off and re-labelled with antibodies which 
detect all forms of these proteins. β-actin was used 
as a loading control for these blots. Signal intensity 
on blots was determined using the enhanced chemi-
luminescent detection system.

MTT assay

The viability levels of transfected and control U-87 
MG cells were detected by the MTT assay. Cells were 
seeded into the wells of 96-well plates at densities of 
5 thousand with 6 replicates in complete DMEM. They 
were incubated for 24 h, 48 h and 72 h. At the end of 
incubation, 5 mg/ml MTT solution was added for 4 hours 
at 37°C in an incubator, then the medium was removed 
and DMSO was added to dissolve the formazan crystals. 
The plates were shielded from light using a foil and left 
in an orbital shaker maintained at 600 revolutions/min-
ute for 5 minutes. The amount of MTT formazan product 
formed was determined by measuring absorbance (A) 
at 540 nm, with 690 nm as the reference wavelength. 
Statistical analysis was performed using GraphPad 
Prism version 8.2.0 (San Diego; USA).

Results 

Effects of IRS1 overexpression 
on insulin signalling 

To determine the effects of exogenic IRS1 expres-
sion on the expression and activation of downstream 
targets of IRS1, insulin induced IRS1, ERK1/2, AKT1 
activation and Grb2 expression level were examined. 

First, we detected the changes in insulin induced 
IRS1 tyrosine phosphorylation in IRS1 overexpressed 
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U-87 MG cells. Tyrosine phosphorylation of IRS1 two 
fold increased after treatment of insulin for 15 min 
in control and mock groups compared to untreat-
ed matches (Fig. 1). After 30 min insulin treatment, 
the tyrosine phosphorylation level of IRS1 was 50% 
higher compared to untreated groups. Interestingly, 
untreated IRS1 overexpressed U-87 MG cells showed 
two-fold increased IRS1 activation compared to con-
trol and mock transfected groups. Insulin treatment 
for 15 min also led to an increase in the level of IRS1 
phosphorylation in the IRS1 overexpressed group 
compared to its untreated group. Although tyrosine 
phosphorylation of IRS1 was decreased in control 
and mock groups after 30 min insulin treatment, we 
observed an increase in IRS1 tyrosine phosphoryla-
tion in IRS1 transfected U-87 MG cells (Fig. 1). 

Grb2 is one of the main downstream targets of 
IRS1 protein. Therefore, we wanted to determine the 
expression level of Grb2 after insulin treatment in IRS1 
overexpressed cells. Based on our western blot analy-

ses, we observed a 20% increase in Grb2 expression 
after insulin treatment for 15 min and 30 min in con-
trol and mock transfected groups compared to their 
untreated groups however we did not detect any sig-
nificant changes between control and mock transfect-
ed groups in Grb2 expressions (Fig. 1). In the IRS1 over-
expressed group, Grb2 expression gradually increased 
depending on the incubation time of insulin treatment. 
Expression levels of Grb2 were 40% and 70% increased 
compared to its untreated control after 15 min and 
30 min treatment of insulin, respectively. Although, 
Grb2 expression elevated by insulin for 15 and 30 min 
in control and mock groups, expression levels of Grb2 
were higher in ectopic IRS1 overexpressed U-87 MG 
cells after 15 and 30 min insulin treatment (Fig. 1).

Phosphorylation levels of ERK1/2 is 10% increased 
after treatment of insulin for 15 min compared to the 
untreated group in control cells (Fig. 2). Its activation 
level was still the same for 30 min insulin treatment. 
Although ERK1/2 activation was increased by insu-

Fig. 1. A) IRS1 tyrosine phosphorylation and B) Grb2 expression levels of U-87 MG cells. (Control: un- 
transfected cells; pcDNA3.1: mock transfected; WT-IRS1: pcDNA3.1-IRS1 transfected; ***p < 0.005;  
****p < 0.0001).
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lin in IRS1 overexpressed U-87 MG cells, we did not 
observe any significant changes in ERK1/2 phosphor-
ylation compared to control and mock transfected 
groups (Fig. 2). 

After 15 and 30 min insulin treatment, we 
detected approximately a 12-fold increase in AKT1 
phosphorylation in control and mock transfected 
groups (Fig. 2). Interestingly, AKT1 phosphorylation 
level was 2-fold higher in untreated IRS1 overex-
pressed cells compared to untreated control and 
mock transfected cells. We also observed that AKT1 
phosphorylation gradually increased depending on 
the incubation time unlike the levels of AKT1 phos-
phorylation in control and mock groups (Fig. 2).

Effect of IRS1 overexpression 
on the viability of U-87 MG cells 

After determining the effects of IRS1 overex-
pression on insulin signalling, we wanted to deter-
mine whether increased IRS1 and AKT1 activations 
directly affect the viability of U-87 MG cells. Based 
on the MTT analysis, at the end of 24 h incubation, 

viability of U87-MG cells was  increased by 18% in 
IRS1 transfected cells compared to the control group 
(Fig. 3). This elevation was gradually increased in 
the time-dependent manner. 48% increases were 

Fig. 2. A) ERK1/2 phosphorylation and B) AKT1 phosphorylation levels of U-87 MG cells. (Control: untrans-
fected cells; pcDNA3.1: mock transfected; WT-IRS1: pcDNA3.1-IRS1 transfected; **p < 0.01; ***p < 0.005; 
****p < 0.0001).
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detected in IRS1 overexpressed U-87 MG cells com-
pared to the control group at the end of 72 h (Fig. 3).

Discussion

Insulin and insulin like growth factor receptors 
show their mitogenic and metabolic effects on cells 
through IRS1 protein. IRS1 is the main adaptor mole-
cule in insulin and insulin like growth factor receptor 
signalling. Although it has no intrinsic kinase activi-
ty, it is phosphorylated by receptors it interacts with. 
Tyrosine phosphorylation of IRS1 induces the activa-
tion of two main signalling pathways AKT and ERK 
which are highly associated with cell proliferation 
and cell invasion [25,27]. 

Glioblastoma multiforme is the most common 
and aggressive type of primary brain tumour. GBM 
patients with metabolic disorders such as type 2 
diabetes have poor prognosis compared to other 
patients [5,20]. Dysregulation of IRS1 signalling is 
one of the main causes of type 2 diabetes and IRS1 
overexpression is strongly associated with cell prolif-
eration [25]. Although the increased expression level 
of IRS1 and its effect on cell proliferation have been 
shown by many studies in different cancer types [18], 
studies that have shown the association between 
the tyrosine phosphorylation level of IRS1 and cell 
proliferation are limited. IRS1 activation was signifi-
cantly increased upon insulin treatment and this 
activation is important for the metabolic and mito-
genic effects of insulin [25]. Based on our findings, 
ectopic IRS1 overexpression significantly increased 
the tyrosine phosphorylation level of IRS1 depending 
on the time of exposure and it has an upregulatory 
effect on IRS1 tyrosine phosphorylation. In accor-
dance with our findings, ectopic IRS1 expression in 
MDA-MB-231 led to an increase in tyrosine phos-
phorylation of IRS1 after estradiol treatment for 96 h 
compared to untransfected control cells [19]. Inter-
estingly, we observed a 62% increase in the tyrosine 
phosphorylation of IRS1 without insulin treatment 
in IRS1 overexpressed U-87 MG cells. IRS1 can inter-
act with many receptor tyrosine kinases such as 
epidermal growth factor receptor (EGFR) through its 
phosphotyrosine binding domain [7]. Aberrant acti-
vation and increased gene copy number of EGFR are 
the most common genetic changes in GBM. Knowl-
den et al. showed that increased tyrosine phosphor-
ylation of IRS1 through the interaction with EGFR 
led to the increase in cell proliferation and has an 

important effect on the responsiveness of gefitinib 
therapy in breast cancer cell line [15]. In accordance 
with this study, increased IRS1 tyrosine phosphory-
lation without insulin treatment may occur due to 
the aberrant EGFR signalling in our study. Another 
cellular mechanism that may affect the activation 
level of IRS1 without insulin treatment is the pro-
duction of insulin and IGF ligands in glioblastoma 
cells [2,10,12]. Autocrine effect of these ligands may 
induce the elevation of IRS1 activation in IRS1 over-
expressed cells in the absence of insulin. Therefore, 
increased IRS1 expression may have a crucial role in 
the activation of proliferative pathways in GBM cells 
without any ligands. 

After determining the level of IRS1 activation, we 
wanted to determine whether the activation of IRS1 
would directly affect the expression and activation 
of its downstream signalling elements in U-87 MG 
cells. Similar to IRS1 activation, Grb2 expression 
gradually increased depending on insulin exposure 
time. During insulin signalling, Grb2 binds pYVNI 
motif of IRS1 that is located in C-terminal of IRS1. 
This interaction plays a crucial role in RAS and AKT 
signalling [26]. Therefore, increased IRS1 activation 
and expression may induce the elevation of Grb2 
expression directly.

Increased Grb2 expression triggers the activa-
tion of ERK directly and the phosphorylation of AKT 
via RAS protein [21]. Based on our results, we did 
not find any changes in ERK1/2 phosphorylation in 
GBM cells compared to mock groups. In that case, 
we thought ectopic IRS1 may induce AKT1 signalling 
selectively. Therefore, we studied S473 phosphory-
lation level of AKT1 and it showed similar activation 
patterns of IRS1 and Grb2. We observed AKT1 acti-
vation was significantly increased in IRS1 overex-
pressed U-87 MG cells without any treatment and 
its activation gradually increased in the presence of 
insulin in a time dependent manner. In concordance 
with our findings, Gong et al. reported that insulin 
treatment led to an increase in AKT activation in 
patient derived glioblastoma xenograft lines how-
ever they also did not find any changes in ERK1/2 
activation in these samples [12].

Since overexpression of IRS1 induced the activa-
tion of AKT1, we wanted to see whether this activa-
tion affects cell survival. As shown in Figure 3, IRS1 
overexpression significantly increased the viability of 
U-87 MG cells. Previous studies have shown the role 
of IRS1 in cell proliferation and viability [9,14,17]. 
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In addition to these studies, Sakurai et al. showed 
that inhibiting the tyrosine phosphorylation of IRS1 
significantly decreased diethynitrosamine-induced 
hepatocellular carcinoma cell proliferation through 
the inhibition of AKT activation [24]. Another study 
also suggested that insulin-induced AKT activation 
promotes the cell survival in primary glioblastoma 
cells [12]. 

Taken together, our findings suggested that ecto-
pic IRS1 overexpression may induce the cell viability 
via AKT1 activation in U-87 MG cells. 
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