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Abstract: EGFR/EGFR variant III (EGFRvIII) glioblastoma is seriously malignant, and the underlying mechanism re-
mains unclear. In this study, EGFR and GLUT3 were found to be co-expressed in our collected tissues and associated 
with worse overall survival in glioblastoma via bioinformatics analysis. Functionally, in vitro and in vivo tests revealed 
that silencing GLUT3 substantially inhibited the viability of U87-EGFRvIII and LN229-EGFRvIII cells. Compared with 
wild-type U87 or LN229 cells, the expression level of SOX9 in U87-EGFRvIII or LN229-EGFRvIII cells (U87 and LN229 
over-expressing EGFRvIII) was substantially increased. Chromatin immunoprecipitation and Dual-luciferase reporter 
assays revealed that SOX9 bound to the promoter of GLUT3 and promoted the expression of GLUT3. Collectively, 
our findings indicated that the EGFR/EGFRvIII-SOX9-GLUT3 axis mediated the tumourigenesis of glioblastoma and 
might be a potential target for glioblastoma therapy.
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Introduction

Glioblastoma is one of the most common and 
fatal primary adult brain malignancies and seri-
ously endangers human health [1]. Over the 
past two decades, the infiltrative growth and 
heterogeneity of glioblastoma have made it dif-
ficult to pinpoint an effective therapeutic strat-
egy under recurrence-free status [2]. Even less 
optimistic, the overall survival time of patients 
with glioblastoma was generally less than 15 
months [3]. Therefore, in-depth explorations of 
its infiltrative growth and heterogeneity are 
expected to be effective ways to solve this clini-
cal dilemma.

Genome analysis revealed that EGFR was 
amplified and mutated in more than half of  
glioblastoma [4]. Upregulation of EGFR expres-
sion promoted the malignant characteristics  
of glioblastoma [5], including increased cell 
proliferation, cell invasion, and cell migration 
[6-8]. Among EGFR mutations, EGFR variant III 
(EGFRvIII) was the most active mutant in glio-
blastoma [9]. Moreover, EGFRvIII was found 

only in tumour tissues and tumour cells [10], 
and the elevated expression of EGFRvIII pro-
moted cell proliferation, angiogenesis and inva-
sion of glioblastoma [9]. Thus, EGFR/EGFRvIII is 
considered as a good candidate for targeted 
therapy in glioblastoma.

EGFRvIII participated in the regulation of cell 
function by downregulating the phosphorylation 
of GLUT3 in U87 cells [11]. However, the under-
lying mechanism by which EGFRvIII regulates 
GLUT3 is still unknown. SRY-box transcription 
factor 9 (SOX9) is a member of the SRY-related 
high mobility box transcription factor family 
[12], which contains super enhancers and regu-
lates the expression of target genes [13]. 
Researches also revealed that SOX9 was pro-
moted by EGFR in UroCa cells [14]. There- 
fore, we speculated that EGFR/EGFRvIII might 
regulate the expression of GLUT3 dependent 
on the super-enhancer function of SOX9 in 
glioblastoma.

In view of the above, our understanding of the 
interaction among EGFRvIII, SOX9 and GLUT3 in 
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glioblastoma seemed to be insufficient. To 
address this issue, in vitro and in vivo experi-
ments were performed to elucidate the latent 
mechanisms among EGFRvIII, SOX9 and GLUT3 
in depth and to further reveal the infiltrative 
growth and heterogeneity of glioblastoma.

Material and methods

Glioblastoma specimens

Thirty glioblastoma specimens collected from 
the Affiliated Hospital of Hainan Medical 
College Institutional Clinical Care and Use 
Committee were tested by pathologists at  
Ren Ji Hospital, School of Medicine, Shanghai 
Jiao Tong University. Informed consent was  
collected, and this research was approved by 
the ethics committee of the hospital (No. 
2015-19-36).

Cell culture

U87 and LN229 were obtained from ATCC 
(Manassas, VA, the States). U87 and LN229 
with stable ligand-independent activated EGFR 
mutant EGFRvIII (U87-EGFRvIII and LN229-
EGFRvIII) were constructed in our previous 
study [15]. All cells were cultivated in DMEM 
(Invitrogen, Carlsbad, CA) including 10% FBS 
(Invitrogen, Carlsbad, CA) and 1% penicillin/
streptomycin (Beyotime, Shanghai, CN) and cul-
tivated with 5% CO2 at 37°C.

Cell transfection

The lentivirus-mediated short hairpin RNA 
(shRNA) knock-down of GLUT3 used in this 
study was accomplished with the following 
sequences: sh1-GLUT3: 5’-CTTGGTCTTTGTAGC- 
CTTC-3’ and sh2-GLUT3: 5’-CTTCCTCTTTCTAG- 
CCTTC-3’. An empty lentivirus vector (sh-NC) 
was used as a negative control. The lentivirus 
that knock down SOX9 (sh-SOX9) and the plas-
mids that overexpress SOX9 (pcDNA-SOX9) 
were constructed in our previous study, and 
stable cells were made in the same way as 
described above [16]. The plasmid in the pLVX-

EGFP (Clontech) vector was treated with virus 
packaged plasmids and transfected into 
HEK293T cells using Lipofectamine 2000 
(Invitrogen). Viral supernatant was transferred 
to the culture media of U87vIII and LN229vIII 
with 8 µg/ml polybrene (Sigma-Aldrich).

Western blot assay (WB)

WB was conducted the same way as above 
[15]. The protein concentrations were tested 
using a BCA kit (Beyotime, Shanghai, CN). Fifty 
micrograms of protein were added into SDS–
PAGE gels and transferred onto nitrocellulose 
membranes (GE healthcare). The antibodies  
we applied were β-actin (ab8229, 1:1000, 
Abcam), GLUT3 (G-5, 1:400, Santa Cruz), EGFR 
(1C6, 1:1000, Cell Signaling Technology) and 
anti-SOX9 (E-9, 1:1000, Santa Cruz). HRP-
conjugated anti-rabbit (SC-2004, Santa Cruz) 
and anti-mouse (SC-2005, Santa Cruz) second-
ary antibodies were applied. The bands were 
visualized using the ECL Substrate Detection 
Kit (Bio-Rad) and were detected using Image 
Lab software v3.0.

Cell proliferation and colony formation assays

For the CCK-8 assay, cells were seeded in 
96-well plates (1000 cells/well) including 10 µl 
of CCK-8 agent (Boster), and the absorbance at 
450 nm was measured. For the colony forma-
tion, cells were plated in 6-well plates (1000 
cells/well) and cultivated for 3 weeks. Cells 
were dyed with crystal violet and counted.

Real-time fluorescence quantitative PCR (RT-
PCR)

Total RNA was obtained from cells using the 
TRIzol Plus RNA Purification Kit (Thermo Fisher) 
and was reverse transcribed into cDNA using 
the Reverse Transcription Kit (Takara). RT-PCR 
was conducted using Power SYBR Green 
Master Mix (Life Technologies) in the Applied 
Biosystems StepOne Plus Real-Time Thermal 
Cycling Block. The primers are shown in Table 
1. GLUT3 was tested using the 2(-ΔΔCt).

Table 1. The primers for RT-PCR
Gene Forward primer Reverse primer
EGFR 5’-AAAGTTAAAATTCCCGTCGCTATCAAG-3’ 5’-TCACGTAGGCTTCATCGAGGATTTC-3’
GLUT3 5’-GCCTTTGGCACTCTCAACCAG-3’ 5’-AGTAGCAGCGGCCATAGCTC-3’
GAPDH 5’-TTCACCACCATGGAGAAGGC-3’ 5’-GGCATGGACTGTGGTCATGA-3’
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Luciferase assay

The promoter of GLUT3 was amplified with U87 
and LN229 using the primer 5’-CTATTATTC-3’ 
and was subcloned into the pGL3 vector 
(Promega). The pGL3-GLUT3 promoter was co-
transfected with or without a SOX9 expression 
plasmid into U87-EGFRvIII and LN229-EGFRvIII 
cells using the Lipofectamine 2000 reagent 
(Thermo Fisher). pRL-TK (Renilla luciferase, 
Promega) was applied as a control. Luciferase 
and Renilla signals were tested using the  
Dual-Luciferase Reporter Assay Kit (Promega) 
according to a protocol (Berthold Technologies).

Chromatin immunoprecipitation (CHIP)

CHIP assay was conducted in the same way as 
described above [15]. A Chromatin Immunopre- 
cipitation Kit (Millipore-Upstate) was applied to 
immunoprecipitate DNAs, and then the purified 
DNAs were tested using qPCR. Purified DNA 
was subjected to PCR using primers specific for 
a region in the GLUT3 promoter (440-448 nt), 
which spanned two putative SOX9-binding 
sites. The primer sequences: Forward: 5’-TAG- 
CCCGGGCTCGAGGCGCCAGCAGTATCAATTTGA- 
ATTC-3’ and Reverse: 5’-CGGAATGCCAAGCTTC- 
CTTCTGTGTCCCCATCGCT-3’.

In vivo study

Six-week-old female athymic nude mice (BALB/
c-nu/nu) were obtained from SLAC (Shanghai, 
China), with five mice in each group. In general, 
5×105 U87-EGFRvIII or LN229-EGFRvIII cells 
transfected with sh-NC and sh1-GLUT3 were 
implanted into the mouse brain with stereotac-
tic technology. Mice were euthanized at the 
onset of neuropathologic symptoms. Tumour 
volumes were determined using the largest 
tumour cross-section for each sample and were 
calculated by (W2 x L)/2. All tests were approved 
by the Animal Care and Use Committee (No. 
2019-07-12).

Immunohistochemistry (IHC)

Tissue sections from paraffin-embedded de-
identified human glioblastoma specimens were 
dyed with antibodies against GLUT3 (1:60, 
Abcam), EGFR (1:100, Abcam), Ki67 (1:60, 
Abcam), and SOX9 (1:100, Abcam), and non-
specific IgG was applied as a negative control. 
The IHC staining procedure was explained in 
detail in a previous study [15].

Statistical analysis

GraphPad Prism 5.0 and SPSS 20.0 (Interna- 
tional Business Machines Corp.) were applied 
to perform data analysis. The experimental 
results were represented as the mean ± SD. 
Statistical analysis was conducted using one-
way ANOVA and Student’s t-test. P value <0.05 
indicates statistically significant difference.

Results

EGFR/EGFRvIII promoted GLUT3 and was as-
sociated with a worse overall survival in glio-
blastoma

In the 329 glioblastoma samples from the Re- 
mbrandt tumour database (http://Rembrandt.
nic.nih.gov/), high expression levels of EGFR 
and GLUT3 were associated with worse overall 
survival (Figure 1A). Spearman correlation 
analysis showed that EGFR and GLUT3 were 
positively co-expressed at the mRNA level 
according to the Rembrandt tumour database 
(Figure 1B). In our collected glioblastoma sam-
ples, high-EGFR and high-GLUT3 expressions 
were associated with worse overall survival 
(Figure 1C). And EGFR and GLUT3 were posi-
tively co-expressed at the mRNA level (Figure 
1D). Further IHC results indicated that in EGFR-
negative tissues (n=3), the expression of GLUT3 
was lower compared to that of EGFR-positive 
tissues (n=3) (Figure 1E). In conclusion, EGFR 
co-expressed with GLUT3, and was associated 
with worse overall survival in glioblastoma.

Compared with wild-type U87 and LN229, EGFR 
and GLUT3 were substantially overexpressed in 
U87-EGFRvIII and LN229-EGFRvIII at the mRNA 
level (Figure 2A), and the protein levels of EGFR 
and GLUT3 were confirmed by WB (Figure 2B). 
Additionally, after adding the EGFR agonist 
NSC228115 (HY-101084; MedChemExpress, 
0.36 μM for 24 h) to U87-EGFRvIII cells, the 
expression of GLUT3 increased substantially, 
and after adding the EGFR inhibitor osimertinib 
(AZD-9291; MedChemExpress, 1 nM for 24 h) 
to U87-EGFRvIII cells, the expression of GLUT3 
decreased substantially (Figure 2C). Compared 
with the osimertinib group, when NSC228115 
and osimertinib were co-administrated, the 
expression of GLUT3 increased substantially. 
Moreover, compared with the NSC228115 
group, GLUT3 in the NSC228115+osimertinib 
group was substantially reduced (Figure 2C).  
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In conclusion, EGFR/EGFRvIII promoted the 
expression of GLUT3 in glioblastoma.

GLUT3 was required for the tumourigenesis of 
EGFRvIII-driven glioblastoma

The knockdown efficiency of GLUT3 was detect-
ed by WB in U87-EGFRvIII cells and LN229-
EGFRvIII cells (Figure 3A). Clone formation 
assay (Figure 3B) showed that compared with 
the sh-NC group, the proliferation of U87-
EGFRvIII and LN229-EGFRvIII cells in the sh1-
GLUT3 and sh2-GLUT3 groups was substantial-
ly inhibited, and this result was further con-
firmed by CCK-8 assay in U87-EGFRvIII cells 
and LN229-EGFRvIII (Figure 3C). To further 
investigate whether GLUT3 was required for the 
tumourigenesis of EGFRvIII-driven glioblasto-
ma, an orthotopic model was constructed in 
vivo. The H&E results showed that after silenc-

ing GLUT3, the tumour area of U87-EGFRvIII 
and LN229-EGFRvIII cells was substantially 
reduced (Figure 3D), and IHC detecting Ki67 
was used to further verify our hypothesis 
(Figure 3E). These data supported that GLUT3 
was critical for cell proliferation and tumour 
growth in EGFRvIII-driven glioblastoma in vitro 
and in vivo.

EGFRvIII promoted the expression of GLUT3 in 
a manner dependent on the combination of 
SOX9 and the GLUT3 promoter

In the 329 clinical glioblastoma samples from 
the Rembrandt tumour database, as shown in 
Figure 4A, high SOX9 was associated with poor 
overall survival, and this result was confirmed 
by our collected samples (Figure 4B). Spearman 
correlation analysis showed that EGFR, SOX9 
and GLUT3 were positively co-expressed at the 

Figure 1. EGFR and GLUT3 were co-expressed in glioblastoma and were correlated with worse overall survival. (A) El-
evated expression of EGFR and GLUT3 was related to worse overall survival in glioblastoma according to Rembrandt 
database analysis. (B) EGFR and GLUT3 were positively co-expressed at the mRNA level according to Rembrandt 
database analysis. (C) High levels of EGFR and GLUT3 were associated with poorer overall survival, and (D) EGFR 
and GLUT3 were co-expressed at the mRNA level via RT-PCR detection in glioblastoma in our collected samples. (E) 
IHC results showed that in EGFR-positive tissues (n=3), the expression of GLUT3 was relatively higher than that in 
EGFR-negative tissues (n=3). Original magnification: 40×; scale bar: 100 µm. 



EGFR/EGFRvIII in glioblastoma

6059 Am J Transl Res 2021;13(6):6055-6065

mRNA level (Figure 4C and 4D). Further IHC 
results indicated that the expressions of EGFR 
and GLUT3 were reduced in SOX9-positive  
tissues (n=3) compared with those in SOX9-
negative tissues (n=3). In addition, according to 
the Rembrandt tumour database, compared 
with EGFRlow/GLUT3low or GLUT3low/SOX9low tis-
sues, the overall survival was poorer in EGFRhigh/
GLUT3high or GLUT3high/SOX9high tissues, respec-
tively (Figure 4C). Together, EGFR, SOX9 and 
GLUT3 were positively co-expressed with each 
other, and associated with poorer overall 
survival. 

RT-PCR assay revealed that SOX9 was sub- 
stantially elevated in U87-EGFRvIII and LN229-

EGFRvIII cells compared with that in wild-type 
U87 and LN229 cells (Figure 5A). We con-
structed a shRNA that silenced SOX9 (Figure 
5B) and a plasmid that overexpressed SOX9 
(Figure 5C), and RT-PCR assay indicated that 
silencing SOX9 inhibited the expression of 
GLUT3 (Figure 5D), while overexpression of 
SOX9 promoted the expression of GLUT3 (Fig- 
ure 5E) in U87-EGFRvIII and LN229-EGFRvIII. 

CHIP assay revealed that the protein of SOX9 
was substantially elevated in U87-EGFRvIII 
compared with wild-type U87 cells (Figure 6A). 
Through bioinformatics analysis (http://jaspar.
genereg.net/), we found that there were bind-
ing sites between SOX9 and the promoter area 

Figure 2. EGFR/EGFRvIII upregulated GLUT3 expression in glioblastoma. (A and B) EGFR and GLUT3 were substan-
tially overexpressed in U87-EGFRvIII and LN229-EGFRvIII cells at the mRNA (A) and protein (B) levels compared 
with those in wild-type U87 and LN229 cells. (C) Through treatment of U87-EGFRvIII cells with osimertinib and 
NSC228115, we found that EGFR promoted the expression of GLUT3. Mean ± SD. ***P<0.001. P values were 
calculated using two-tailed Student’s t-tests and one-way ANOVA.
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of GLUT3 (Figure 6B). Further CHIP assay  
indicated that inhibition of SOX9 reduced the 
protein of GLUT3 (Figure 6C), while the up- 
regulation of SOX9 promoted the protein of 
GLUT3 (Figure 6D) in U87-EGFRvIII and LN229-

EGFRvIII. In addition, the promoter sequence  
of GLUT3 was further constructed, and the 
luciferase reporter assay revealed that after 
transfection of U87-EGFRvIII and LN229-
EGFRvIII cells with si-SOX9, the promoter fluo-

Figure 3. GLUT3 was crucial for the cell viability of EGFRvIII-driven glioblastoma. A. The efficiency of GLUT3 deple-
tion using two different shRNAs (sh1-GLUT3 and sh2-GLUT3) in U87-EGFRvIII and LN229-EGFRvIII cells was tested 
by WB. B. Silencing of GLUT3 inhibited the proliferation of U87-EGFRvIII and LN229-EGFRvIII by clone formation 
experiment. C. CCK-8 results showed that inhibition of GLUT3 reduced the proliferation of U87-EGFRvIII and LN229-
EGFRvIII cells. D. Representative images of H&E staining after GLUT3 knockdown in U87-EGFRvIII cells were listed 
and the tumor mass was calculated as (W2 x L)/2. Original magnification: 40×; scale bar: 100 µm. E. IHC analysis 
of Ki67 indicated that knockdown of GLUT3 inhibited the proliferation of U87-EGFRvIII cells. Original magnification: 
40×; scale bar: 100 µm. Mean ± SD. Data represented two or three independent experiments with similar results. 
**P<0.01 and ***P<0.001, paired Student’s t-test, compared with parental or EGFRvIII cells or tumours treated 
with sh-NC.
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rescence of GLUT3 was decreased (Figure 6E), 
and after transfection of U87-EGFRvIII and 
LN229-EGFRvIII cells with different concentra-
tions of plasmids overexpressing SOX9, the pro-
moter fluorescence of GLUT3 was increased in 
a dose-dependent manner (Figure 6F). In con-
clusion, EGFR/EGFRvIII partly promoted the 

dependent transcriptional regulatory networks 
[18]. We also concluded that EGFRvIII elevated 
SOX9. Generally, EGFRvIII regulates the cellular 
functions of glioblastoma through RTK path-
ways, such as the phosphoinositide 3-kinase 
(PI3K) and protein kinase B (AKT) pathways [9]. 
In oesophageal cancer, SOX9 activated the 

Figure 4. SOX9 was positively co-expressed with EGFR and GLUT3, and was 
correlated with worse overall survival. (A and B) Elevated expression of SOX9 
was correlated with worse overall survival in glioblastoma according to Rem-
brandt database analysis (A) and our collected samples (B). (C and D) RT-
PCR results showed that SOX9 was positively co-expressed with EGFR and 
GLUT3 at mRNA level. (E) Compared with SOX9-negative tissues (n=3), the 
expression of EGFR and GLUT3 was higher than that in SOX9-positive tis-
sues (n=3). Original magnification: 40×; scale bar: 100 µm. (F) When EGFR/
GLUT3 or GLUT3/SOX9 were simultaneously highly expressed, the prognosis 
for patients with glioblastoma was worsened. 

expression of GLUT3 by the 
binding of SOX9 to the promot-
er of GLUT3 (Figure 6G).

Discussion

In this work, we identified the 
crucial role of GLUT3 in the 
tumourigenesis of EGFRvIII-
driven glioblastoma in vitro 
and in vivo. Mechanistically, 
the sensitization of SOX9 was 
triggered by EGFRvIII, and 
SOX9 further promoted GLUT3 
expression by binding to the 
GLUT3 promoter.

It has been reported that  
compared with normal glial 
cells, the expression of GLUT3 
is increased, which is one of 
the malignant features in glio-
blastoma cells [17]. To investi-
gate whether EGFRvIII-driven 
glioblastoma is depended on 
GLUT3, we explored the regu-
lation of GLUT3 by EGFRvIII 
and investigated the impor-
tance of GLUT3 on the pro-
gression of EGFRvIII glioblas-
toma through in vitro and in 
vivo experiments. Our results 
revealed increased GLUT3 ex- 
pression in U87-EGFRvIII and 
LN229-EGFRvIII compared to 
controls. After silencing GLU- 
T3 in U87-EGFRvIII cells, cell 
growth decreased substanti- 
ally. However, the potential 
mechanism by which EGFG- 
vIII regulates GLUT3 is still un- 
known, so we further explored 
it.

As reported by a previous 
study, EGFRvIII promoted the 
tumourigenesis of glioblasto-
ma through SOX9- and FOXG1-
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PI3K/AKT through the miR-203a axis [19]. 
Consistently, inhibition of the PI3K/Akt by miR-
605 depended on the downregulation of SOX9 
expression in glioblastoma [20]. Therefore, by 
promoting the expression of SOX9, EGFRvIII  
further activated the PI3K/AKT. Inhibition of  
the PI3K signalling pathway led to decreased 
expression of SOX9 in fibroblasts [21]. In addi-
tion, the hinder of the PI3K/AKT could also 
inhibit the expression of SOX9 in NP cells [22]. 
Therefore, we speculate that there is a positive 
feedback loop among the EGFRvIII, SOX9 and 
PIAK/AKT pathways in glioblastoma, and these 
meaningful mechanisms need to be further 
confirmed.

It is well known that as a member of the tran-
scription factor family [12], SOX9 contains 

super enhancers and regulates the expression 
of target genes [13]. Therefore, we speculated 
that SOX9 might be essential for the regulation 
of GLUT3 by EGFRvIII. On this basis, RT-PCR, 
luciferase reporter and CHIP assays were con-
ducted, and the results showed that SOX9 
bound to the promoter and promoted the 
expression of GLUT3. As shown in Figure 2A 
and 2B, EGFR was substantially up-regulated in 
U87-EGFRvIII and LN229-EGFRvIII compared 
with wild-type U87 and LN229 cells. A previous 
study reported that EGFR was activated in wild-
type hair follicle stem cells labelled with SOX9 
[23]. It is suggested that EGFRvIII might pro-
mote the expression of EGFR by activating 
SOX9, which requires further verification in glio-
blastoma. In dedifferentiated mouse acinar 

Figure 5. SOX9 promoted the expression of GLUT3 
in U87-EGFRvIII and LN229-EGFRvIII cells. (A) 
RT-PCR results showed that the mRNA expres-
sion of SOX9 was elevated in U87-EGFRvIII and 
LN229-EGFRvIII cells. (B-D) After transfection of 
shRNA that silences SOX9 (B) or a plasmid that 
overexpresses SOX9 (C), the expression of GLUT3 
was substantially reduced (D) or substantially in-
creased (E), respectively. Mean ± SD. *P<0.05, 
paired Student’s t-test, compared with NC.
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cells, EGFR promoted the formation of the 
NFATc1 and C-JUN complex, which led to SOX9 
transcriptional activation [24]. EGFR, GLUT3 
and SOX9 were positively expressed in our col-
lected thirty glioblastoma specimens, suggest-
ing that EGFR might upregulate GLUT3 through 
SOX9. Based on the above, we speculated that 
EGFRvIII promoted the transcriptional activa-
tion of EGFR through SOX9 and promoted the 
expression of GLUT3 by forming a positive feed-

back loop (EGFRvIII-SOX9-EGFR-SOX9). How- 
ever, there are some limitations in our research. 
We have not studied the epithelial-mesenchy-
mal transition, metastasis and drug resistance 
of tumor cells. We hope to solve the above 
problems in our follow-up research to improve 
our research conclusions.

In conclusion, this study elucidated that the 
SOX9-GLUT3 axis is a potential mechanism by 

Figure 6. EGFR/EGFRvIII promoted the expression of GLUT3 through the combination of SOX9 and the GLUT3 pro-
moter. (A) EGFR/EGFRvIII promoted the expression of SOX9, as detected by CHIP (D) assay. (B) There were binding 
sites between SOX9 and the promoter area of GLUT3 through bioinformatics analysis. (C and D) Inhibition of SOX9 
reduced the expression of GLUT3 (C), while up-regulation of SOX9 promoted the expression of GLUT3 (D), as de-
tected by CHIP assays. (E and F) Silencing SOX9 reduced the expression of GLUT3 (E), while overexpression of SOX9 
promoted the expression of GLUT3, as detected by luciferase reporter assays. (G) The potential workflow of EGFR/
EGFRvIII in glioblastoma was listed. Mean ± SD. ***P<0.001. P values were calculated using one-way ANOVA. EG-
FRhigh represents EGFR/EGFRvIII high-expression and EGFRlow represents EGFR/EGFRvIII low-expression. 
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which EGFR/EGFRvIII promotes glioblastoma 
cell vitality. However, due to the limitations of 
experimental funds and conditions, whether a 
positive feedback loop EGFRvIII-SOX9-EGFR-
SOX9 exists to regulate the cell vitality of glio-
blastoma remains to be further explored.

Acknowledgements

We thank Dr. Haizhong Feng (Renji-Med X 
Clinical Stem Cell Research Center, Shanghai) 
for providing the SOX9 plasmid (shRNA-SOX9 
and PCDNA3.1-SOX9). This work was funded by 
the Natural Science Foundation of Hainan 
Province, P.R. China (No. ZDYF2019129) and 
the National Science Foundation of China (No. 
82060456).

Disclosure of conflict of interest

None.

Address correspondence to: Kun Yang, Depart- 
ment of Neurosurgery, The Affiliated Hospital of 
Hainan Medical College, 31 Longhua Road, Haikou 
570102, Hainan, P. R. China. Tel: +86-0898-6252- 
8118; E-mail: yangkun222@yeah.net; Haizhong 
Feng, State Key Laboratory of Oncogenes and 
Related Genes, Renji-Med X Clinical Stem Cell 
Research Center, Ren Ji Hospital, School of Medi- 
cine, Shanghai Jiao Tong University, Shanghai 200- 
127, China. Tel: +86-021-58752345; E-mail: feng- 
haizhong@yeah.net

References

[1] Bush NA, Chang SM and Berger MS. Current 
and future strategies for treatment of glioma. 
Neurosurg Rev 2017; 40: 1-14.

[2] Van Meir EG, Hadjipanayis CG, Norden AD, Shu 
HK, Wen PY and Olson JJ. Exciting new advanc-
es in neuro-oncology: the avenue to a cure for 
malignant glioma. CA Cancer J Clin 2010; 60: 
166-193.

[3] Thakkar JP, Dolecek TA, Horbinski C, Ostrom 
QT, Lightner DD, Barnholtz-Sloan JS and Vill- 
ano JL. Epidemiologic and molecular prognos-
tic review of glioblastoma. Cancer Epidemiol 
Biomarkers Prev 2014; 23: 1985-1996.

[4] Keller S and Schmidt MHH. EGFR and EGFRvIII 
promote angiogenesis and cell invasion in glio-
blastoma: combination therapies for an effec-
tive treatment. Int J Mol Sci 2017; 18: 6.

[5] Sigismund S, Avanzato D and Lanzetti L. 
Emerging functions of the EGFR in cancer. Mol 
Oncol 2018; 12: 3-20.

[6] Yang R, Li X, Wu Y, Zhang G, Liu X, Li Y, Bao Y, 
Yang W and Cui H. EGFR activates GDH1 tran-

scription to promote glutamine metabolism 
through MEK/ERK/ELK1 pathway in glioblas-
toma. Oncogene 2020; 39: 2975-2986.

[7] Mizuguchi A, Yamashita S, Yokogami K, Mori- 
shita K and Takeshima H. Ecotropic viral inte-
gration site 1 regulates EGFR transcription in 
glioblastoma cells. J Neurooncol 2019; 145: 
223-231.

[8] Guo Y, He X, Zhang M, Qu Y, Gu C, Ren M,  
Wang H, Ning W, Li J, Yu C and Zhang H. 
Reciprocal control of ADAM17/EGFR/Akt sig-
naling and miR-145 drives GBM invasiveness. 
J Neurooncol 2020; 147: 327-337.

[9] An Z, Aksoy O, Zheng T, Fan QW and Weiss WA. 
Epidermal growth factor receptor and EGFRvIII 
in glioblastoma: signaling pathways and tar-
geted therapies. Oncogene 2018; 37: 1561-
1575.

[10] Chen M, Sun R, Shi B, Wang Y, Di S, Luo H,  
Sun Y, Li Z, Zhou M and Jiang H. Antitumor ef-
ficacy of chimeric antigen receptor T cells 
against EGFRvIII-expressing glioblastoma in 
C57BL/6 mice. Biomed Pharmacother 2019; 
113: 108734.

[11] Xavier S, Gopi Mohan C, Nair S, Menon KN and 
Vijayachandran LS. Generation of humanized 
single-chain fragment variable immunothera-
peutic against EGFR variant III using baculovi-
rus expression system and in vitro validation. 
Int J Biol Macromol 2019; 124: 17-24.

[12] Symon A and Harley V. SOX9: a genomic view 
of tissue specific expression and action. Int J 
Biochem Cell Biol 2017; 87: 18-22.

[13] Mead TJ, Wang Q, Bhattaram P, Dy P, Afelik S, 
Jensen J and Lefebvre V. A far-upstream (-70 
kb) enhancer mediates Sox9 auto-regulation 
in somatic tissues during development and 
adult regeneration. Nucleic Acids Res 2013; 
41: 4459-4469.

[14] Ling S, Chang X, Schultz L, Lee TK, Chaux A, 
Marchionni L, Netto GJ, Sidransky D and 
Berman DM. An EGFR-ERK-SOX9 signaling 
cascade links urothelial development and re-
generation to cancer. Cancer Res 2011; 71: 
3812-3821.

[15] Lv D, Li Y, Zhang W, Alvarez AA, Song L, Tang J, 
Gao WQ, Hu B, Cheng SY and Feng H. TRIM24 
is an oncogenic transcriptional co-activator of 
STAT3 in glioblastoma. Nat Commun 2017; 8: 
1454.

[16] Sang Y, Li Y, Song L, Alvarez AA, Zhang W, Lv D, 
Tang J, Liu F, Chang Z, Hatakeyama S, Hu B, 
Cheng SY and Feng H. TRIM59 promotes glio-
magenesis by inhibiting TC45 dephosphoryla-
tion of STAT3. Cancer Res 2018; 78: 1792-
1804.

[17] Xie Q, Wu Q, Horbinski CM, Flavahan WA, Yang 
K, Zhou W, Dombrowski SM, Huang Z, Fang X, 
Shi Y, Ferguson AN, Kashatus DF, Bao S and 

mailto:yangkun222@yeah.net
mailto:fenghaizhong@yeah.net
mailto:fenghaizhong@yeah.net


EGFR/EGFRvIII in glioblastoma

6065 Am J Transl Res 2021;13(6):6055-6065

Rich JN. Mitochondrial control by DRP1 in 
brain tumor initiating cells. Nat Neurosci 2015; 
18: 501-510.

[18] Liu F, Hon GC, Villa GR, Turner KM, Ikegami S, 
Yang H, Ye Z, Li B, Kuan S, Lee AY, Zanca C, Wei 
B, Lucey G, Jenkins D, Zhang W, Barr CL, 
Furnari FB, Cloughesy TF, Yong WH, Gahman 
TC, Shiau AK, Cavenee WK, Ren B and Mischel 
PS. EGFR mutation promotes glioblastoma 
through epigenome and transcription factor 
network remodeling. Mol Cell 2015; 60: 307-
318.

[19] Wang L, Zhang Z, Yu X, Li Q, Wang Q, Chang A, 
Huang X, Han X, Song Y, Hu J, Pang L, Hou  
J and Li F. SOX9/miR-203a axis drives PI3K/
AKT signaling to promote esophageal cancer 
progression. Cancer Lett 2020; 468: 14-26.

[20] Jia J, Wang J, Yin M and Liu Y. microRNA-605 
directly targets SOX9 to alleviate the aggres-
sive phenotypes of glioblastoma multiforme 
cell lines by deactivating the PI3K/Akt path-
way. Onco Targets Ther 2019; 12: 5437-5448.

[21] Li N, Cui J, Duan X, Chen H and Fan F. 
Suppression of type I collagen expression by 
miR-29b via PI3K, Akt, and Sp1 pathway in hu-
man Tenon’s fibroblasts. Invest Ophthalmol Vis 
Sci 2012; 53: 1670-1678.

[22] Tan Y, Yao X, Dai Z, Wang Y and Lv G. Bone 
morphogenetic protein 2 alleviated interverte-
bral disc degeneration through mediating the 
degradation of ECM and apoptosis of nucleus 
pulposus cells via the PI3K/Akt pathway. Int J 
Mol Med 2019; 43: 583-592.

[23] Tripurani SK, Wang Y, Fan YX, Rahimi M, Wong 
L, Lee MH, Starost MF, Rubin JS and Johnson 
GR. Suppression of Wnt/beta-catenin signal-
ing by EGF receptor is required for hair follicle 
development. Mol Biol Cell 2018; 29: 2784-
2799.

[24] Chen NM, Singh G, Koenig A, Liou GY, Storz P, 
Zhang JS, Regul L, Nagarajan S, Kuhnemuth B, 
Johnsen SA, Hebrok M, Siveke J, Billadeau DD, 
Ellenrieder V and Hessmann E. NFATc1 links 
EGFR signaling to induction of Sox9 transcrip-
tion and acinar-ductal transdifferentiation in 
the pancreas. Gastroenterology 2015; 148: 
1024-1034, e9.


