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STAT3-mediated upregulation of LINC00520 
contributed to temozolomide chemoresistance 
in glioblastoma by interacting with RNA-binding 
protein LIN28B
Shuai Yuan1†, Qi Yan2†, Zhi‑yong Zhao1, Jing‑long Zhang1, He Zhang1, Hang Yin1 and Zhi Yuan1*   

Abstract 

A considerable number of glioblastoma (GBM) patients developed drug resistance to Temozolomide (TMZ) during 
chemotherapy, resulting in therapeutic failure and tumor recurrence. However, the exact mechanism of TMZ chem‑
oresistance in GBM is still poorly clarified. As a novel identified lncRNA, LINC00520 was located on chromosome 
14 and overexpressed in multiple human cancers. This study was designed and conducted to investigate the role 
and underlying mechanism of LINC00520 in GBM chemoresistance to TMZ. The qRT‑PCR assay demonstrated that 
LINC00520 was significantly overexpressed in TMZ‑sensitive and/or TMZ‑resistant GBM cells (P < 0.001). The silenc‑
ing of LINC00520 markedly reduced the cell viability, suppressed colony formation, induced cell apoptosis and G1/S 
phase arrest in TMZ‑resistant cells (P < 0.001). In contrast, overexpression of LINC00520 conferred TMZ‑resistant phe‑
notype of GBM cells in vitro (P < 0.001). The orthotopic xenograft model was established and the results indicated that 
the volume of tumor xenografts in vivo was markedly inhibited by TMZ treatment after the silencing of LINC00520 
(P < 0.001). Luciferase reporter assay and chromatin immunoprecipitation (ChIP) assay revealed a strong affinity 
of transcription factor STAT3 to the promoter regions of LINC00520, suggesting that STAT3 mediated the aberrant 
expression of LINC00520 in GBM. Further experiments demonstrated that LINC00520 could interact with RNA‑binding 
protein LIN28B to inhibit autophagy and reduce DNA damage, thereby contributing to TMZ chemoresistance in GBM. 
These findings suggested that STAT3/LINC00520/LIN28B axis might be a promising target to improve TMZ chemore‑
sistance of GBM.
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Background
Glioblastoma (GBM) is the most common primary 
malignant in the central nervous system [1, 2]. The major 
therapeutic strategies for GBM patients included surgi-
cal resection, adjuvant chemotherapy and radiotherapy 

[3, 4]. Due to high bioavailability across the blood brain 
barrier and few adverse effects, Temozolomide (TMZ) 
has been extensively used as the first-line chemother-
apy regimen in GBM patients. It has been shown that 
GBM patients could benefit from TMZ treatment, with 
a survival improvement by 4.9 months [3]. However, a 
considerable number of GBM patients developed drug 
resistance to TMZ during chemotherapy, resulting in 
therapeutic failure and tumor recurrence. Various fac-
tors and underlying mechanism, including DNA dam-
age repair, mismatch repair, the presence of cancer stem 
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cells and autophagy, have been reported to be involved in 
TMZ chemoresistance [5–9]. However, the exact molec-
ular mechanism is still not completely clarified.

As a group of RNA transcripts over 200 nucleotides in 
length, long noncoding RNAs (lncRNAs) are widely dis-
tributed in human genomics and play vital functions in 
multiple pathophysiological processes and human dis-
eases [10, 11]. It has been reported that the dysregula-
tion or dysfunction of numerous lncRNAs contributes 
to cell proliferation, invasion, migration and TMZ chem-
oresistance in GBM [12–15]. A recent study has dem-
onstrated that LINC00520 regulated the tumorigenesis 
and metastasis of cutaneous squamous cell carcinoma by 
targeting epidermal growth factor receptor (EGFR) [16]. 
Also, EGFR signaling was identified as a key therapeutic 
target to overcome TMZ resistance [17, 18]. However, 
little known about the role of LINC00520 and its under-
lying mechanisms in TMZ chemoresistance of GBM. 
In terms of regulatory relationship, emerging evidence 
has suggested that the transcription of lncRNAs could 
be induced by transcription factors such as STAT3, C/
EBPβ and SP1 [19–21]. As a transcription activator of 
lncRNAs, STAT3 function as an oncogene to promote 
malignant phenotype of GBM cells [22–24]. In addition, 
it has been shown that lncRNAs exert their oncogenic or 
anti-cancer role via acting as a miRNA sponge or inter-
acting with RNA binding protein [25, 26]. In this study, 
bioinformatics analysis revealed a potential interaction 
between LINC00520 and Lin-28 Homolog B (LIN28B), 
a RNA-binding protein. Hence, we hypothesized that 
transcription factor STAT3-mediated upregulation of 
LINC00520 contributed to TMZ chemoresistance in 
GBM by interacting with LIN28B. This study might pro-
vide a novel insight into TMZ chemoresistance in GBM.

Methods
All animal experiments were approved and conducted by 
the Animal Care and Ethics Committee of Lanzhou Uni-
versity Second Hospital.

Cell lines and cell culture
The U251 and SKMG were two kinds of human GBM 
cell lines which were purchased from the Cell Bank 
of Chinese Academy of Sciences. The corresponding 
TMZ-resistant cell lines, which were named as U251/
TMZ and SKMG-1/TMZ, were established by continu-
ous selection with increasing concentrations of TMZ for 
6 months. The cells were routinely cultured in DMEM 
medium (HyClone, USA) containing 10% fetal bovine 
serum (GIBCO, USA) and 100 U/ml streptomycin-peni-
cillin (HyClone, USA) at a 37 °C humidified environment 
with 5%  CO2. Furthermore, U251/TMZ and SKMG-1/
TMZ cells were maintained in the medium with 50 µg/ml 

TMZ (Sigma, USA) to obtain a stable phenotype of TMZ 
resistance.

Plasmid construction and cell transfection
The cDNA fragments with LINC00520 and/or LIN28B 
were synthesized and cloned into pcDNA3.1 vector (Inv-
itrogen, USA). The short interfering RNAs (siRNA) for 
LINC00520 (si-LINC00520) and LIN28B (si-LIN28B) 
were designed to silence their expression in GBM cells 
(Shanghai, China), respectively. The transfection proce-
dure was carried out following the manufacturer’s pro-
posal. Briefly, GBM cells were inoculated into a six-well 
plate with a density of 5 ×  105 cells/well. Cells were then 
transfected by Lipofectamine 3000 (Invitrogen, USA) 
with pcDNA3.1 control vector, pcDNA3.1-LINC00520 
vector, pcDNA3.1-LIN28B vector, siRNA control vector, 
si-LINC00520 vector and si-LIN28B vector, respectively. 
The efficiency of cell transfection was detected by qRT-
PCR assay.

RNA extraction and qRT‑PCR
The extraction of total RNAs from TMZ-sensitive and 
TMZ-resistant GBM cells was performed using TRIzol 
Reagent (Invitrogen, USA). Then, 1 µg of extracted RNAs 
were used as a template to synthesize cDNA by means of 
a specific reverse transcription kit (Takara, China). The 
value of cycle threshold (Ct) was used to quantify the 
relative expression level of LINC00520, and the data was 
persented using.

the  2−ΔΔ CT method.

Cell counting kit (CCK‑8)
The viability of GBM cells was measured through CCK-8 
assay to investigate the effects of LINC00520 expression 
on TMZ chemoresistance. Briefly, the transfected TMZ-
sensitive or TMZ-resistant cells were plated with 3000 
cells per well. Each well was added 10 µL CCK-8 regent 
diluted with culture medium and was incubated for 2 h 
under 37 °C atmosphere with 5%  CO2. The value of opti-
cal density under 490 nm was measured to detect the cell 
viability of GBM.

Colony formation assay
For colony formation assay, TMZ-sensitive or TMZ-
resistant GBM cells were planked with 5000 cells per 
well. After adherence growth, GBM cells were treated 
with 50  µg/ml TMZ for 24  h, and then were incubated 
with TMZ-free medium for 14 days. 4% formaldehyde 
and 0.1% crystal violet was used to fix and stain cell colo-
nies, respectively.
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Flow cytometry analysis of cell apoptosis and cell cycle
After transfections, GBM cells and their TMZ-resistant 
cells were treated with 50 µg/ml TMZ for 48 h, and then 
were collected and digested with 0.25% trypsin. Next, 
these cells were resuspended by binding buffer at 4  °C 
and treated with 5 µL of FITC-labeled Annexin-V and 
propidium iodide (PI) reagent for 15 min under the dark. 
The apoptotic cells were immediately analyzed using flow 
cytometry (FACScan, USA). For the detection of cell 
cycle, GBM cells and their TMZ-resistant cells were addi-
tionally treated with serum starvation for 12  h to syn-
chronize cell cycle. The cells were fixed with 70% ethanol 
at 4 °C overnight and stained with PI solution before flow 
cytometry of cell cycle.

TUNEL assay
The apoptosis of GBM cells treated with TMZ was fur-
ther measured by TUNEL assay. In briefly, GBM cells 
were harvested and incubated with 0.1% Triton X-100 
(Solarbio, China). Then, GBM cells were fixed with 4% 
paraformaldehyde and apoptotic cells were labeled by 
the TUNEL reagent containing the rTdT enzyme (Roche, 
Germany). In addition, Nuclei were stained with DAPI. 
The amount of staining-positive cells was counted under 
six random fields using a fluorescent microscope (Nikon, 
Japan).

Western blot
Radio-immunoprecipitation assay (RIPA) buffer with 
protease inhibitor was used to lyse GBM cells and extract 
total proteins, and their concentrations were quantified 
by bicinchonininc acid protein kit (Thermo, USA). The 
protein samples were electrophoretically separated by 
10-12% SDS-PAGE gel and then were electrotransfered 
onto PVDF membranes (Millipore, USA). After seal-
ing with 5% milk for 1 h, the membranes were incubated 
with primary antibodies against LIN28B (abcam, UK; 
ab229628, rabbit, polyclonal, 1:2500), LC3B (abcam, UK; 
ab48394, rabbit, polyclonal, 1:2000), Beclin-1 (abcam, 
UK; ab207612, rabbit, polyclonal, 1:2000) and β-actin 
(abcam, UK; ab8226, mouse monoclonal, 1:2000) under 
4  °C overnight, respectively. Next, the membranes were 
incubated with the anti-rabbit or anti-mouse IgG HRP-
labeled second antibody (1:2000) for 1  h at room tem-
perature. The protein bands were generated by enhanced 
chemiluminescence (ECL) detection kit, and ECL detec-
tion system (GE Healthcare, Chicago, USA) was used for 
image observation.

Chromatin immunoprecipitation (ChIP)
ChIP assay was carried out by a ChIP Assay Kit (Bey-
otime, China). In brief, U251, SKMG-1 and their 

TMZ-resistant cells were collected and fixed with 1% 
formaldehyde for 20 min under room temperature. DNA 
fragments with 200–500  bp were harvested using soni-
cation lysis. The antibody against STAT3 (anti-STAT3, 
abcam, UK; ab119352, rabbit, monoclonal) was used 
to precipitate the chromatin and nonspecific antibody 
against IgG (anti-IgG, Thermo Fisher Scientific, USA) 
was used as a negative control. After that, the immuno-
precipitated DNA were detected by qRT-PCR assays.

Dual‑luciferase reporter assay
The fragment sequence containing binding sites of STAT3 
for the promoter regions of LINC00520 (Wild-type) were 
synthesized and cloned into luciferase reporter. The 
luciferase reporter with corresponding sites of mutant-
type was used as a control. Then, U251, SKMG-1 and 
their TMZ-resistant cells were co-transfected with the 
luciferase reporters and STAT3-overexpressed vector 
or negative control vector. After transfection for 48  h, 
the luciferase activity was measured by Dual Luciferase 
Reporter Assay System (Promega, USA).

RNA immunoprecipitation (RIP) assay
The RNA-Binding Protein Immunoprecipitation Kit 
(Millipore, USA) was used in RIP assay, and all proce-
dures were performed in line with the manufacturer’s 
proposals. The antibody against LIN28B (abcam, UK; 
ab229628, rabbit, polyclonal) and anti-IgG antibody 
(Thermo Fisher Scientific, USA) were incubated with cell 
lysates at 4  °C overnight. The RNA-protein complexes 
were collected and the relative expression level of immu-
noprecipitated RNAs was analyzed by qPCR assay.

Fluorescence in situ hybridization (FISH)
A total of five primary GBM and five recurrent GBM 
tissues were collected to detect the expression of 
LINC00520. All protocols were approved by the Ethics 
Review Board of our institution, and written informed 
consent for use of clinical sample was obtained from each 
subject. The FISH probe of LINC00520 was designed and 
synthesized by RiboBio (Guangzhou, China). In brief, the 
sections of fresh GBM tissues were fixed with 4% para-
formaldehyde, washed by PBS for three times, and then 
were pretreated with prehybridization buffer at room 
temperature for 1 h. Next, the sections were hybridized 
using lncRNA FISH Probe Mix at 37 °C overnight. After 
hybridization, the expression of LINC00520 in primary 
and recurrent GBM tissues was detected using a fluores-
cent microscope (Olympus, Japan).

Immunofluorescence and immunohistochemistry
Briefly, GBM cells were treated with TSA and then 
were fixed with 4% paraformaldehyde for 15  min, 
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permeabilized by 0.5% Triton X-100 and blocked with 
5% Bovine serum for 1  h at room temperature. Subse-
quently, cells were incubated with primary antibody 
against LIN28B (abcam, UK; ab229628, rabbit, poly-
clonal, 1:500) at 4  °C overnight. After washing with 
PBS for three times, the cells were incubated with flu-
orescent-labeled secondary antibody in the dark for 1 h. 
The nuclei were stained with DAPI, and the images were 
photographed under a fluorescent microscope (Olym-
pus, Japan). Furthermore, the expression of LIN28B in 
primary and recurrent GBM tissues was detected by 
immunohistochemistry staining.

Comet assay
GBM cells and their corresponding TMZ-resistant cells 
were treated with TMZ and then were subjected to 
comet assay to detect the DNA damage of these cells. All 
experiments were carried out according to the method 
described by previous studies [27, 28].

Tumor xenograft model
Four-to-six-week-old male BALB/c nude mice were 
used to build orthotopic xenograft model in  vivo. 
A total of 1 ×  106 U251/TMZ cells with stable 
LINC00520-silencing were injected into the right 
striatum of athymic BABL/c nude mice (n = 5). After 
1 week, all nude mice in study group were treated 
with TMZ at the dose of 50  mg/kg for 5 days. The 
volume of tumor xenograft was measured each 7 days 
using Bioluminescence imaging system (IVIS Spec-
trum, USA).

Statistical analysis
At least three replicates were done for all experiments, and 
the data were shown as mean ± standard deviation (SD). For 
continuous variables, Student’s t-test or one-way ANOVA 
test was used to compare the statistical difference between 
the groups if appropriate. The data processing and statistical 
analysis were carried out using SPSS 23.0 version software 
(IBM Corp, Chicago, USA). A p-value < 0.05 was regarded 
statistically significant.

Results
LINC00520 expression is increased in TMZ‑resistant cells 
and its silencing improves TMZ chemoresistance
We firstly detected the expression levels of LINC00520 in 
primary and recurrent GBM specimens using FISH, and 
found that the expression of LINC00520 was significantly 
increased in recurrent GBM specimens (Fig.  1A). The 
expression levels of LINC00520 in TMZ-sensitive and 
TMZ-resistant GBM cells were then detected using qRT-
PCR assay. We found that LINC00520 was significantly 
over-expressed in TMZ-resistant U251 cells in compari-
son to TMZ-sensitive U251 cells (P < 0.001), and similar 
finding was observed in SKMG-1 cell line and its TMZ-
resistant counterpart (P < 0.001) (Fig. 1B).

To further explore the impact of LINC00520 on TMZ 
resistance of GBM in  vitro, U251/TMZ and SKMG-1/
TMZ cells were transfected with siRNA for LINC00520, 
and cells in the control group were transfected with 
siRNA empty vector (P < 0.001)(Fig.  1C). The CCK-8 
assay demonstrated that the silencing of LINC00520 
markedly reduced the cell viability of U251/TMZ and 
SKMG-1/TMZ under 200 µM TMZ treatment (P < 0.001) 
(Fig. 1D). Additionally, colony formation assays revealed 
that the amount of colonies in U251/TMZ and SKMG-1/
TMZ cells were significantly decreased by LINC00520 
silencing after TMZ treatment (P < 0.001) (Fig. 1E).

As a major kind of cell death induced by TMZ treat-
ment, cell apoptosis analysis was further conducted by 
flow cytometry and TUNEL assay. After TMZ treatment 
for 48  h, it was observed that the silencing of LINC00520 
resulted in an obvious raise in the amount of apoptotic cells 
(P < 0.001) (Fig. 1F). Likewise, the TUNEL assay revealed that 
the proportion of apoptotic cells was evidently higher in si-
LINC00520 group than in control group (P < 0.001) (Fig. 1G). 
Cell cycle analysis showed that silencing of LINC00520 fur-
ther reduced the percentage of S phase in U251/TMZ and 
SKMG-1/TMZ cells after TMZ treatment. These findings 
suggested that silencing of LINC00520 could reverse TMZ-
resistant phenotype of GBM cells (Fig. 1H).

Overexpression of LINC00520 contributed to TMZ 
chemoresistance in GBM cells
Based on the above findings, we also made a clear answer 
whether overexpression of LINC00520 contribute to 

(See figure on next page.)
Fig. 1   The expression of LINC00520 was increased in TMZ‑resistant cells and its silencing improved TMZ chemoresistance in GBM. A The 
expression of LINC00520 in primary and recurrent GBM tissues was detected by FISH. B The expression levels of LINC00520 in TMZ‑sensitive and 
TMZ‑resistant cells were detected by qRT‑PCR assay. C The efficiency of LINC00520 knockdown in U251/TMZ and SKMG‑1/TMZ cells was detected 
after transfecting with siRNA for LINC00520. D LINC00520 knockdown decreased the cell viability of U251/TMZ and SKMG‑1/TMZ under TMZ 
treatment (200 µM). E LINC00520 knockdown suppressed colony formation of U251/TMZ and SKMG‑1/TMZ under TMZ treatment (200 µM). The 
effect of LINC00520 knockdown on cell apoptosis of U251/TMZ and SKMG‑1/TMZ was investigated by flow cytometry (F) and TUNEL assay (G), 
respectively. H The distribution of cell cycle in U251/TMZ and SKMG‑1/TMZ cells transfected with si‑LINC00520 or si‑NC were analyzed using flow 
cytometer
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Fig. 1 (See legend on previous page.)
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TMZ chemoresistance in GBM cells. For this purpose, 
U251 and SKMG-1 cells with LINC00520 overexpression 
were constructed by pcDNA-LINC00520, and pcDNA3.1 
empty vector was used as the negative control (P < 0.001) 
(Fig.  2A). CCK-8 assay and colony formation analysis 
demonstrated that the LINC00520 overexpression mark-
edly elevated cell viability and accelerated the forma-
tion of GBM colonies under TMZ treatment (P < 0.001) 
(Fig. 2BC). In contrast, the proportion of apoptotic cells 
in U251 and SKMG-1 was significantly decreased by the 
overexpression of LINC00520 using flow cytometry anal-
ysis (P < 0.001) (Fig. 2D). Also, the TUNEL assay was car-
ried out in U251 and SKMG-1 cells treated with 50 µg/
ml TMZ, and a lower rate of cell apoptosis was observed 
in LINC00520 overexpression group than in the control 
group (P < 0.001) (Fig.  2E). The S phase proportion of 
U251 and SKMG-1 cells were decreased by TMZ treat-
ment, but the overexpression of LINC00520 elevated 
the S phase proportion of these cells (Fig. 2F). Therefore, 
we concluded that the overexpression of LINC00520 
induced chemotherapy resistance to TMZ in GBM cells.

STAT3 promoted the transcription of LINC00520 
via binding to its promoter
The transcription factors might be involved in the dys-
regulation of lncRNAs expression in human cancers. 
In this study, an online prediction tool, JASPAR, was 
used to explore the potential transcription factors at the 
upstream of LINC00520. The results revealed that STAT3 
had potential binding sites at the promoter regions of 
LINC00520. The qRT-PCR assay showed that TMZ-
resistant cells had a higher level of STAT3 expression 
than parental GBM cells (Additional file 1: Fig. S1). Next, 
the luciferase reporter assay was performed to determine 
the interaction between transcription factor STAT3 and 
the promoter regions of LINC00520. It was found that 
overexpression of STAT3 significantly elevated luciferase 
activity of wild-type LINC00520 in TMZ-sensitive and 
TMZ-resistant cells, while did not alter the luciferase 
activity of mutant-type LINC00520 (P < 0.001) (Fig.  3A). 
Similar findings were observed in GBM cells transfected 
with siRNA for LINC00520 (P < 0.001) (Fig.  3A). More 
importantly, the ChIP assay further demonstrated that 
STAT3 could specifically bind to the promoter regions of 
LINC00520 (Fig. 3B). These findings suggested that STAT3 

activated the transcription of LINC00520 via binding to its 
promoter.

LINC00520 contributed to TMZ chemoresistance in GBM 
cells by interacting with LIN28B
We used the catRAPID algorithm to screen protein com-
plexes that had a potential interaction to LINC00520. As 
an RNA-binding protein, LIN28B was identified as a tar-
get that binds to LINC00520. Similar to the expression of 
LINC00520, LIN28B was observed to be overexpressed 
in recurrent GBM samples compared to primary GBM 
samples (Fig. 4A). We further carried out a RNA immu-
noprecipitation assay to validate the interaction between 
LINC00520 and LIN28B in GBM cells and their TMZ-
resistant counterparts. Using a specific antibody against 
LIN28B, we observed that LINC00520 was significantly 
enriched in these cells (P < 0.001) (Fig. 4B). qRT-PCR and 
Western blot assay consistently indicated that the expres-
sion levels of LIN28B in TMZ-sensitive and TMZ-resist-
ant cells were markedly decreased by the silencing of 
LINC00520 (P < 0.001) (Fig. 4C and D). These data sup-
ported a positive relationship between the expression of 
LINC00520 and LIN28B, and LINC00520 could directly 
interact with LIN28B.

LIN28B contributed to TMZ chemoresistance by inhibiting 
cell autophagy and reducing DNA‑damage response
To further determine the underlying mechanism of TMZ 
chemoresistance mediated by LIN28B, we explored the 
impact of LIN28B on cell autophagy in GBM. As shown 
in Fig.  5A, immunofluorescence staining with green 
fluorescent protein (GFP) labeled LC3 showed that 
overexpression of LINC00520 or LIN28B had a lower 
proportion of GFP-LC3 puncta than the negative control, 
while this trend could be partially reversed by LIN28B 
knockdown (Fig.  5A). Consistently, Western blot analy-
sis suggested that the expression levels of autophagy-
related proteins, particularly, LC3II/LC3I protein ratio 
and Beclin-1, were evidently reduced by overexpression 
of LINC00520 or LIN28B (P < 0.001) (Fig.  5B). How-
ever, LIN28B knockdown partially restored the LC3II/
LC3I protein ratio and the expression of Beclin-1in GBM 
cells. Moreover, the silencing of LINC00520 or LIN28B 
evidently increased the expression of autophagy-related 
proteins in TMZ-resistant cells, while this effect could be 
partially reversed by upregulation of LIN28B (P < 0.001) 

Fig. 2   Overexpression of LINC00520 contributed to TMZ chemoresistance of GBM cells. A The efficiency of LINC00520 overexpression in U251 
and SKMG‑1 cells was detected by qRT‑PCR analysis. B The viability of GBM cells treated with TMZ was significantly increased by LINC00520 
overexpression. C LINC00520 overexpression promoted colony formation of U251 and SKMG‑1 cells treated with 200 µM TMZ. The effect 
of LINC00520 overexpression on cell apoptosis of GBM was analyzed by flow cytometry (D) and TUNEL assay (E), respectively. F LINC00520 
overexpression elevated the proportion of G1 phase in U251 and SKMG‑1 cells treated with 200 µM TMZ

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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(Fig. 5B). These data suggested that LIN28B might medi-
ate the promoting effect of LINC00520 on TMZ chem-
oresistance via reducing autophagy of GBM cells.

We also investigated the impact of LINC00520/LIN28B 
axis on DNA damage response of GBM cells after TMZ 
treatment. As shown in Fig. 5C, the proportion of DNA 
in the tail was significantly decreased by upregulation 

Fig. 3   STAT3 promoted the transcription of LINC00520 via binding to its promoter. A Luciferase reporter assays revealed that LINC00520 
expression in TMZ‑sensitive and TMZ‑resistant cells could be regulated by transcription factor STAT3. B ChIP assay further supported that STAT3 
was a key regulator of LINC00520 transcription (PCR 1 was conducted using the specific primer for LINC00520, and PCR 2 was conducted using the 
control primer)
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Fig. 4   LINC00520 contributed to TMZ chemoresistance by interacting with LIN28B. A LIN28B was overexpressed in recurrent GBM samples 
compared to primary GBM samples. B RNA immunoprecipitation assay revealed that LINC00520 was markedly enriched in both TMZ‑sensitive and 
TMZ‑resistant cells using anti‑LIN28B antibody, suggesting an interaction between LINC00520 and LIN28B. qRT‑PCR (C) and Western blot assay (D) 
consistently demonstrated that the expression of LIN28B was positively related to LINC00520 expression in GBM cells
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of LINC00520 or LIN28B, while the DNA damage 
response was induced by LIN28B knockdown again. In 
contrast, the silencing of LINC00520 or LIN28B mark-
edly increased DNA damage of TMZ-resistant U251 and 
SKMG-1 cells (Fig. 5C). These findings provided another 
explanation that LINC00520/LIN28B axis might con-
tribute to TMZ chemoresistance in GBM by decreasing 
drug-induced DNA damage.

Silencing of LINC00520 improved the response to TMZ 
chemotherapy in vivo
The orthotopic GBM xenograft model was established to 
investigate the effect of LINC00520 on response to TMZ 
chemotherapy in  vivo. After injection of TMZ-resistant 
U251 cells transfected with si-LINC00520 vector or 
si-NC vector, all nude mice in two groups were treated 
with TMZ 5 days per week for three cycles (Fig. 6A and 
Additional file  1: Fig. S1). Using bioluminescence imag-
ing system, we found that the volume of intracranial 
tumor xenografts were markedly reduced by the silencing 
of LINC00520, while a significant progression in tumor 
growth was observed in the si-NC group (P < 0.001) 
(Fig.  6B). These findings demonstrated that silencing of 
LINC00520 could reverse TMZ chemoresistance of GBM 
cells in vivo.

Discussion
It is difficult to achieve complete surgical resection due 
to aggressive biological behaviors, making adjuvant TMZ 
treatment indispensable for GBM patients. Emerging evi-
dences have suggested that lncRNAs are involved in the 
development of TMZ resistance in GBM cells. A recent 
report has shown that lncRNA SNHG12 is aberrantly 
expressed in GBM samples and it induces GBM chem-
oresistance to TMZ by facilitating the cell growth and 
suppressing cell apoptosis [15]. More recently, lncRNA 
SOX2OT has been shown to be a prognostic marker for 
GBM patients and confer chemoresistance to TMZ by 
regulating SOX2 expression, thereby driving Wnt5a/β-
catenin pathway [29]. In the present study, our data sug-
gested that the expression of LINC00520 was obviously 
upregulated in recurrent GBM samples and TMZ-resist-
ant cells. The knockdown of LINC00520 reversed TMZ 
resistance of GBM cells via suppressing cell proliferation, 
inducing cell apoptosis and G1/S phase arrest. In con-
trast, overexpression of LINC00520 facilitated to TMZ 

chemoresistance in GBM by accelerating cell growth and 
suppressing cell apoptosis.

As a novel identified lncRNA, LINC00520 was reported 
to be located on chromosome 14 and markedly overex-
pressed in human cancers such as malignant melanoma, 
colorectal carcinoma and non-small cell lung cancer 
(NSCLC) [30–32]. A recent study reported a high expres-
sion of LINC00520 in glioma samples and cell lines. 
Functionally, LINC00520 accelerated cell growth, inva-
sion, migration and reduce cell apoptosis of glioma [33]. 
Similarly, the study of Jin et al. reported that LINC00520 
function as a tumor promoter in development and 
metastasis of colorectal carcinoma via sponging miR-
577 and thereby regulating the expression of heat shock 
protein 27 (HSP27) [32]. The effect of LINC00520 on bio-
logical behaviors of cancer cells promoted us to further 
investigate its roles in GBM chemoresistance. Our results 
revealed that LINC00520 might act as a potential target 
to overcome TMZ chemoresistance in GBM.

Subsequently, we explored the underlying mechanism 
of dysregulation of LINC00520 expression in TMZ-
resistant GBM cells. Accumulating evidences have sug-
gested that aberrant expression of lncRNAs could be 
regulated by transcription factors such as C/EBPβ, USF1 
and SP1 [20, 21, 34]. Using JASPAR database, STAT3 
was identified as a potential regulator at the upstream of 
LINC00520. More importantly, both luciferase reporter 
assay and ChIP assay revealed a strong affinity of STAT3 
to the promoter regions of LINC00520, suggesting the 
overexpression of LINC00520 in GBM cells might be 
mediated by transcription factor STAT3. As a well-
known oncogenic transcription factor, STAT3 has been 
shown to activate the transcription of a few functional 
lncRNAs in human cancers [35–37]. Pan et al. found that 
STAT3 induced overexpression of lncRNA SNHG17 and 
thus played an oncogenic role in pathogenesis and pro-
gression of ovarian cancer [36]. Similarly, the study of 
Whitney et  al. demonstrated that the transcription fac-
tor STAT3 was crucially essential for the regulation of 
LINC00520 expression, which contributed to malignant 
phenotype of breast cancer cells in  vitro [37]. In this 
study, our results showed that transcription factor STAT3 
act as a key regulator of LINC00520 in GBM chemore-
sistance to TMZ. These findings further strengthened the 
regulatory role of transcription factor STAT3 in the tran-
scription of lncRNA.

(See figure on next page.)
Fig. 5   LIN28B contributed to TMZ chemoresistance by inhibiting cell autophagy and reducing DNA‑damage response. A The effects 
of LINC00520/LIN28B axis on cell autophagy of GBM were measured by immunofluorescence labeled with GFP‑LC3. B The expression of 
autophagy‑related proteins, including LC3II, LC3I and Beclin‑1, were detected by Western blot. C The alkaline comet assay indicated that LINC00520/
LIN28B axis contributed to TMZ chemoresistance in GBM via reducing DNA damage response
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In addition to being a miRNA sponge, lncRNAs could 
bind to target proteins to regulate gene expression at 
the transcriptional and posttranscriptional level. For 
example, He et  al. reported that lncRNA MIR155HG 
could contribute to TMZ chemoresistance in GBM 
cells by interacting with RNA binding protein PTBP1 
[38]. Another example was that LIN28B-AS1 acceler-
ated the proliferation and metastasis of lung adeno-
carcinoma cells by binding to IGF2BP1 protein [39]. In 
the present study, we used the catRAPID algorithm to 
identify an RNA-binding protein, LIN28B, as a target to 
LINC00520. Our experiments further validated the inter-
action between LINC00520 and LIN28B in TMZ-sensi-
tive and TMZ-resistant cells, implying that LINC00520/
LIN28B axis might be involved in aggressive biological 
behaviors and TMZ-resistant phenotype of GBM. In 
fact, previous reports have shown that LIN28B is evi-
dently overexpressed and plays a tumor-promoter role 
in multiple human cancers [40–42]. The study of Wang 
et  al. reported that LIN28B function as an oncogenic 
“driver” to promote proliferation and metastasis of lung 
adenocarcinoma cells in vitro and tumorigenicity in vivo 
[39]. Furthermore, the research on the mechanism of 
malignant phenotype mediated by LIN28B revealed that 
LIN28B could regulate cell cycle and affect DNA damage 
repair [39].

These observations draw our attention to further 
explore the underlying mechanism of TMZ chemoresist-
ance mediated by LIN28B. Autophagy has been shown to 
be implicated in the viability of cancer cells and consid-
ered to be a key cause of chemotherapy resistance [9, 43]. 
In this study, we proved that LINC00520/LIN28B axis 
might suppress cell autophagy in GBM, thus contributing 
to TMZ-resistant phenotype. By contrast, knockdown of 
LINC00520 and/or LIN28B reversed TMZ chemoresist-
ance of GBM cells by activating autophagy. However, the 
exact mechanism behind the role of autophagy in TMZ 

chemoresistance need be further investigated in the 
future. Also, chemotherapy drugs-mediated DNA dou-
ble-strand break is repaired by damage repair response, 
which is considered as another vital mechanism of TMZ 
chemoresistance in GBM [5, 44]. Our data suggested that 
DNA damage induced by TMZ treatment could be inhib-
ited by LINC00520/LIN28B axis, while its silencing lead 
to an obvious raise in DNA damage of GBM cells. These 
findings might provide a novel way for overcoming TMZ 
chemoresistance in GBM.

Conclusions
To summarize, our results demonstrated that transcrip-
tion factor STAT3 mediated dysregulation of LINC00520 
in GBM, and overexpression of LINC00520 contributed 
to TMZ chemoresistance by accelerating cell prolifera-
tion and reducing cell apoptosis. In terms of molecular 
mechanism, LINC00520 could interact with RNA-bind-
ing protein LIN28B to inhibit autophagy and reduce 
DNA damage, thereby conferring TMZ-resistant pheno-
type of GBM cells. These findings suggested that STAT3/
LINC00520/LIN28B axis might be a promising target to 
improve TMZ chemoresistance of GBM.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12935‑ 022‑ 02659‑y.

Additional file 1: Figure S1. (A). The expression levels of STAT3 in paren‑
tal GBM cells and TMZ‑resistant cells were detected by qRT‑PCR assay. (B). 
The expression levels of LINC00520 and LIN28B in tumor xenografts were 
detected by qRT‑PCR assay.

Acknowledgements
Not applicable.

Author contributions
SY and QY wrote the manuscript, ZYZ and JLZ collected the data, HZ, HY and 
ZY analyzed the data. All authors read and approved the final manuscript.

Fig. 6   Silencing of LINC00520 improved the response to TMZ chemotherapy in vivo. A Representative images of intracranial xenografts originated 
from U251/TMZ cells transfected with si‑LINC00520 vector or si‑NC vector under TMZ treatment. B The volume of tumor xenografts were evidently 
reduced by transfecting with si‑LINC00520, suggesting that silencing of LINC00520 improve TMZ chemoresistance of GBM cells in vivo

https://doi.org/10.1186/s12935-022-02659-y
https://doi.org/10.1186/s12935-022-02659-y


Page 13 of 14Yuan et al. Cancer Cell International          (2022) 22:248  

Funding
This study was supported by Cuiying Scientific and Technological Innovation 
Program of Lanzhou University Second Hospital (CY2021‑BJ‑A06).

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
All animal experiments were approved and conducted by the Animal Care 
and Ethics Committee of Lanzhou University Second Hospital.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Neurosurgery, Lanzhou University Second Hospital, No. 82, 
Cuiyingmen, Gansu 730030 Lanzhou, China. 2 Department of Neurology, 
Lanzhou University Second Hospital, 730030 Lanzhou, Gansu, China. 

Received: 8 November 2021   Accepted: 19 July 2022

References
 1. Ostrom QT, Cioffi G, Gittleman H, Patil N, Waite K, Kruchko C, et al. 

CBTRUS statistical report: primary brain and other central nervous system 
tumors diagnosed in the United States in 2012–2016. Neurooncology. 
2019;21(Suppl 5):v1‑100.

 2. Collaborators GBaOCC. Global, regional, and national burden of brain and 
other CNS cancer, 1990–2016: a systematic analysis for the Global Burden 
of Disease Study 2016. Lancet Neurol. 2019;18(4):376–93.

 3. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, 
et al. Radiotherapy plus concomitant and adjuvant temozolomide for 
glioblastoma. N Engl J Med. 2005;352(10):987–96.

 4. Stupp R, Taillibert S, Kanner A, Read W, Steinberg D, Lhermitte B, et al. 
Effect of tumor‑treating fields plus maintenance temozolomide vs main‑
tenance temozolomide alone on survival in patients with glioblastoma: a 
randomized clinical trial. JAMA. 2017;318(23):2306–16.

 5. Ferri A, Stagni V, Barilà D. Targeting the DNA damage response to 
overcome cancer drug resistance in glioblastoma. Int J Mol Sci. 
2020;21(14):4910.

 6. Sorribes IC, Handelman SK, Jain HV. Mitigating temozolomide resistance 
in glioblastoma via DNA damage‑repair inhibition. J R Soc Interface. 
2020;17(162):20190722.

 7. Higuchi F, Nagashima H, Ning J, Koerner MVA, Wakimoto H, Cahill DP. 
Restoration of temozolomide sensitivity by PARP inhibitors in mismatch 
repair deficient glioblastoma is independent of base excision repair. Clin 
Cancer Res. 2020;26(7):1690–9.

 8. Biserova K, Jakovlevs A, Uljanovs R, Strumfa I. Cancer stem cells: sig‑
nificance in origin, pathogenesis and treatment of glioblastoma. Cells. 
2021;10(3):621.

 9. Hombach‑Klonisch S, Mehrpour M, Shojaei S, Harlos C, Pitz M, Hamai A, 
et al. Glioblastoma and chemoresistance to alkylating agents: Involve‑
ment of apoptosis, autophagy, and unfolded protein response. Pharma‑
col Ther. 2018;184:13–41.

 10. Li J, Zhu Y, Wang H, Ji X. Targeting long noncoding RNA in glioma: a 
pathway perspective. Mol therapy Nucleic acids. 2018;13:431–41.

 11. Tan YT, Lin JF, Li T, Li JJ, Xu RH, Ju HQ. LncRNA‑mediated posttranslational 
modifications and reprogramming of energy metabolism in cancer. 
Cancer Commun (London England). 2021;41(2):109–20.

 12. DeSouza PA, Qu X, Chen H, Patel B, Maher CA, Kim AH. Long, noncoding 
RNA dysregulation in glioblastoma. Cancers. 2021;13(7):1604.

 13. Chen Q, Cai J, Wang Q, Wang Y, Liu M, Yang J, et al. Long noncoding RNA 
NEAT1, regulated by the EGFR pathway, contributes to glioblastoma 
progression through the wnt/β‑catenin pathway by scaffolding EZH2. 
Clin Cancer Res. 2018;24(3):684–95.

 14. Zhong C, Yu Q, Peng Y, Zhou S, Liu Z, Deng Y, et al. Novel LncRNA OXCT1‑
AS1 indicates poor prognosis and contributes to tumorigenesis by 
regulating miR‑195/CDC25A axis in glioblastoma. J Exp Clin Cancer Res. 
2021;40(1):123.

 15. Lu C, Wei Y, Wang X, Zhang Z, Yin J, Li W, et al. DNA‑methylation‑mediated 
activating of lncRNA SNHG12 promotes temozolomide resistance in 
glioblastoma. Mol Cancer. 2020;19(1):28.

 16. Mei XL, Zhong S. Long noncoding RNA LINC00520 prevents the progres‑
sion of cutaneous squamous cell carcinoma through the inactivation of 
the PI3K/Akt signaling pathway by downregulating EGFR. Chin Med J. 
2019;132(4):454–65.

 17. Meng X, Zhao Y, Han B, Zha C, Zhang Y, Li Z, et al. Dual functionalized 
brain‑targeting nanoinhibitors restrain temozolomide‑resistant glioma 
via attenuating EGFR and MET signaling pathways. Nat Commun. 
2020;11(1):594.

 18. Sharifi Z, Abdulkarim B, Meehan B, Rak J, Daniel P, Schmitt J, et al. Mecha‑
nisms and antitumor activity of a binary EGFR/DNA‑targeting strategy 
overcomes resistance of glioblastoma stem cells to temozolomide. Clin 
Cancer Res. 2019;25(24):7594–608.

 19. Wang P, Xue Y, Han Y, Lin L, Wu C, Xu S, et al. The STAT3‑binding long non‑
coding RNA lnc‑DC controls human dendritic cell differentiation. Science. 
2014;344(6181):310–3.

 20. Yang X, Qi F, Wei S, Lin L, Liu X. The transcription factor C/EBPβ Promotes 
HFL‑1 cell migration, proliferation, and inflammation by activating 
lncRNA HAS2‑AS1 in hypoxia. Front Cell Dev Biol. 2021;9:651913.

 21. Dong H, Wang W, Mo S, Chen R, Zou K, Han J, et al. SP1‑induced lncRNA 
AGAP2‑AS1 expression promotes chemoresistance of breast cancer by 
epigenetic regulation of MyD88. J Exp Clin Cancer Res. 2018;37(1):202.

 22. Lin JC, Tsai JT, Chao TY, Ma HI, Liu WH. The STAT3/Slug axis enhances 
radiation‑induced tumor invasion and cancer stem‑like properties in 
radioresistant glioblastoma. Cancers. 2018;10(12):512.

 23. Chang N, Ahn SH, Kong DS, Lee HW, Nam DH. The role of STAT3 in 
glioblastoma progression through dual influences on tumor cells and the 
immune microenvironment. Mol Cell Endocrinol. 2017;451:53–65.

 24. Kang SH, Yu MO, Park KJ, Chi SG, Park DH, Chung YG. Activated STAT3 
regulates hypoxia‑induced angiogenesis and cell migration in human 
glioblastoma. Neurosurgery. 2010;67(5):1386–95. discussion 95.

 25. Yoon JH, Abdelmohsen K, Gorospe M. Functional interactions among 
microRNAs and long noncoding RNAs. Semin Cell Dev Biol. 2014;34:9–14.

 26. Ferrè F, Colantoni A, Helmer‑Citterich M. Revealing protein‑lncRNA inter‑
action. Brief Bioinform. 2016;17(1):106–16.

 27. Singh NP, McCoy MT, Tice RR, Schneider EL. A simple technique for 
quantitation of low levels of DNA damage in individual cells. Exp Cell Res. 
1988;175(1):184–91.

 28. Chen CH, Hsu FT, Chen WL, Chen JH. Induction of apoptosis, inhibition 
of MCL‑1, and VEGF‑A expression are associated with the anti‑cancer 
efficacy of magnolol combined with regorafenib in hepatocellular carci‑
noma. Cancers. 2021;13(9):2066.

 29. Liu B, Zhou J, Wang C, Chi Y, Wei Q, Fu Z, et al. LncRNA SOX2OT promotes 
temozolomide resistance by elevating SOX2 expression via ALKBH5‑
mediated epigenetic regulation in glioblastoma. Cell Death Dis. 
2020;11(5):384.

 30. Wang JF, Xi ZN, Su HJ, Bao Z, Qiao YH. SP1‑induced overexpression of 
LINC00520 facilitates non‑small cell lung cancer progression through 
miR‑577/CCNE2 pathway and predicts poor prognosis. Hum Cell. 
2021;34(3):952–64.

 31. Luan W, Ding Y, Yuan H, Ma S, Ruan H, Wang J, et al. Long non‑coding 
RNA LINC00520 promotes the proliferation and metastasis of malignant 
melanoma by inducing the miR‑125b‑5p/EIF5A2 axis. J Exp Clin Cancer 
Res. 2020;39(1):96.

 32. Jin XH, Hong YG, Li P, Hao LQ, Chen M. Long noncoding RNA LINC00520 
accelerates the progression of colorectal cancer by serving as a compet‑
ing endogenous RNA of microRNA‑577 to increase HSP27 expression. 
Hum Cell. 2020;33(3):683–94.

 33. Wang Y, Yang C, Liu X, Zheng J, Zhang F, Wang D, et al. Transcrip‑
tion factor AP‑4 (TFAP4)‑upstream ORF coding 66 aa inhibits the 
malignant behaviors of glioma cells by suppressing the TFAP4/long 



Page 14 of 14Yuan et al. Cancer Cell International          (2022) 22:248 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

noncoding RNA 00520/microRNA‑520f‑3p feedback loop. Cancer Sci. 
2020;111(3):891–906.

 34. Wei G, Zhang T, Li Z, Yu N, Xue X, Zhou D, et al. USF1‑mediated upregula‑
tion of lncRNA GAS6‑AS2 facilitates osteosarcoma progression through 
miR‑934/BCAT1 axis. Aging. 2020;12(7):6172–90.

 35. Wen J, Wang H, Dong T, Gan P, Fang H, Wu S, et al. STAT3‑induced upregu‑
lation of lncRNA ABHD11‑AS1 promotes tumour progression in papillary 
thyroid carcinoma by regulating miR‑1301‑3p/STAT3 axis and PI3K/AKT 
signalling pathway. Cell Prolif. 2019;52(2):e12569.

 36. Pan X, Guo Z, Chen Y, Zheng S, Peng M, Yang Y, et al. STAT3‑induced 
lncRNA SNHG17 exerts oncogenic effects on ovarian cancer through 
regulating CDK6. Mol Ther Nucleic Acids. 2020;22:38–49.

 37. Henry WS, Hendrickson DG, Beca F, Glass B, Lindahl‑Allen M, He L, et al. 
LINC00520 is induced by Src, STAT3, and PI3K and plays a functional role 
in breast cancer. Oncotarget. 2016;7(50):81981–94.

 38. He X, Sheng J, Yu W, Wang K, Zhu S, Liu Q. LncRNA MIR155HG promotes 
temozolomide resistance by activating the Wnt/β‑Catenin pathway via 
binding to PTBP1 in glioma. Cell Mol Neurobiol. 2021;41(6):1271–84.

 39. Wang C, Gu Y, Zhang E, Zhang K, Qin N, Dai J, et al. A cancer‑testis non‑
coding RNA LIN28B‑AS1 activates driver gene LIN28B by interacting with 
IGF2BP1 in lung adenocarcinoma. Oncogene. 2019;38(10):1611–24.

 40. Wang T, Wang G, Hao D, Liu X, Wang D, Ning N, et al. Aberrant regulation 
of the LIN28A/LIN28B and let‑7 loop in human malignant tumors and its 
effects on the hallmarks of cancer. Mol Cancer. 2015;14:125.

 41. Lin X, Shen J, Dan P, He X, Xu C, Chen X, et al. RNA‑binding protein LIN28B 
inhibits apoptosis through regulation of the AKT2/FOXO3A/BIM axis in 
ovarian cancer cells. Signal Transduct Target therapy. 2018;3:23.

 42. Lovnicki J, Gan Y, Feng T, Li Y, Xie N, Ho CH, et al. LIN28B promotes 
the development of neuroendocrine prostate cancer. J Clin Investig. 
2020;130(10):5338–48.

 43. Koukourakis MI, Mitrakas AG, Giatromanolaki A. Therapeutic interac‑
tions of autophagy with radiation and temozolomide in glioblastoma: 
evidence and issues to resolve. Br J Cancer. 2016;114(5):485–96.

 44. Lozinski M, Bowden NA, Graves MC, Fay M, Tooney PA. DNA damage 
repair in glioblastoma: current perspectives on its role in tumour progres‑
sion, treatment resistance and PIKKing potential therapeutic targets. Cell 
Oncol. 2021;44(5):961–81.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	STAT3-mediated upregulation of LINC00520 contributed to temozolomide chemoresistance in glioblastoma by interacting with RNA-binding protein LIN28B
	Abstract 
	Background
	Methods
	Cell lines and cell culture
	Plasmid construction and cell transfection
	RNA extraction and qRT-PCR
	Cell counting kit (CCK-8)
	Colony formation assay
	Flow cytometry analysis of cell apoptosis and cell cycle
	TUNEL assay
	Western blot
	Chromatin immunoprecipitation (ChIP)
	Dual-luciferase reporter assay
	RNA immunoprecipitation (RIP) assay
	Fluorescence in situ hybridization (FISH)
	Immunofluorescence and immunohistochemistry
	Comet assay
	Tumor xenograft model
	Statistical analysis

	Results
	LINC00520 expression is increased in TMZ-resistant cells and its silencing improves TMZ chemoresistance
	Overexpression of LINC00520 contributed to TMZ chemoresistance in GBM cells
	STAT3 promoted the transcription of LINC00520 via binding to its promoter
	LINC00520 contributed to TMZ chemoresistance in GBM cells by interacting with LIN28B
	LIN28B contributed to TMZ chemoresistance by inhibiting cell autophagy and reducing DNA-damage response
	Silencing of LINC00520 improved the response to TMZ chemotherapy in vivo

	Discussion
	Conclusions
	Acknowledgements
	References




