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Circular RNA circPITX1 knockdown inhibits 
glycolysis to enhance radiosensitivity of glioma 
cells by miR-329-3p/NEK2 axis
Yongchang Guan*, Zhi Cao, Jinghua Du, Tao Liu and Tingzhong Wang

Abstract 

Background: Numerous circular RNAs (circRNAs) have been recognized as vital modulators of human malignancies, 
including glioma. Whereas, the functional role of circRNA Pituitary Homeo Box 1 (circPITX1) in the radioresistance of 
glioma cells remains largely uncertain.

Methods: Quantitative real-time PCR (qRT-PCR) or western blot analysis was employed to examine the expression 
of circPITX1, microRNA (miR)-329-3p and NIMA-related kinase 2 (NEK2). 3-(4, 5-dimethylthiazol-2-y1)-2, 5-diphenyl 
tetrazolium bromide (MTT) assay was used to determine cell viability. Glycolysis was assessed by commercial kits and 
western blot analysis. Colony formation assay was conducted to analyze cell survival and clonogenicity capacity. The 
relationship among circPITX1, miR-329-3p and NEK2 was confirmed via dual-luciferase reporter assay. The in vivo func-
tion of circPITX1 was evaluated by tumor xenograft assay.

Results: Expression of circPITX1 and NEK2 was up-regulated in glioma tissues and cells, while miR-329-3p exhibited 
reverse trend. CircPITX1 knockdown repressed viability, glycolysis and colony formation, but promoted radiosensitivity 
of glioma cells, as well as inhibited tumor growth in vivo. MiR-329-3p was a target miRNA of circPITX1 and miR-329-3p 
deficiency reversed knockdown of circPITX1-mediated glycolysis inhibition and radioresistance reduction. MiR-329-3p 
exerted inhibitory effects on glycolysis and radioresistance of glioma cells by targeting NEK2. CircPITX1 facilitated 
NEK2 expression by sponging miR-329-3p. Glycolytic inhibitor 2-deoxy-d-glucose (2-DG) disposition weakened the 
promoted impact on glycolysis caused by circPITX1.

Conclusion: CircPITX1 knockdown reduced glycolysis to contribute to radiosensitivity in glioma through miR-
329-3p/NEK2 axis, providing a possible mechanism of circPITX1 in the development of glioma.
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Highlights

1. CircPITX1 and NEK2 levels are up-regulated in gli-
oma, while miR-329-3p expression is decreased.

2. CircPITX1 knockdown inhibits cell viability, glyco-
lysis, radioresistance, cell survival and clonogenicity 

capacity of glioma cells in  vitro and blocks tumor 
growth in vivo.

3. CircPITX1 up-regulates NEK2 by targeting miR-
329-3p.

4. CircPITX1 knockdown represses glycolysis to 
enhance radiosensitivity in glioma.
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Background
In adults, glioma and CNS lymphomas rank as the two 
most prevailing brain tumors. Currently, the therapy 
drugs of glioma mainly include steroid, anticonvulsant 
and agents that alleviate worry and anxiety [1]. Addi-
tionally, surgical resection and radiotherapy are also 
optional treatment approaches, in which radiotherapy is 
an ancillary treatment method, for it is advantageous to 
the survival of glioma patients. However, the outcome of 
radiotherapy often discounts as a result of radioresistance 
in glioma [2]. Thus, it is necessary to reduce the radiore-
sistance of glioma cells.

For cancer cells, and even various normal cells often 
display high rates of glycolysis, no matter the oxygen is 
enough or not, namely the “Warburg effect” [3]. Glycoly-
sis indicates a process of transformation from glucose to 
pyruvate followed by lactate production, providing cellu-
lar energy and involving in macromolecular biosynthesis, 
which has potential to be therapeutic target for human 
cancers [4]. The glycolytic process is usually accompa-
nied by glucose uptake and lactate production, as well as 
ATP generation, a vital determination factor of cellular 
chemoresistance [4]. Hypoxia inducible factor (HIF)-1α 
is recognized as a vital modulator of the glycolytic path-
way activity [5]. Hexokinases I and II (HK1 and HK2) 
were manifested to affect the glucose metabolism and 
tumorigenicity in the development of colorectal cancer 
and melanoma [6]. Lactate dehydrogenase A (LDH-A) 
is a crucial enzyme during glycolytic process [7]. A for-
mer literature reports that dichloroacetate could elevate 
the radiosensitivity of glioblastoma cells through regulat-
ing the glycolysis [8]. Therefore, exploring the glycolysis 
through detecting above related genes in glioma is of 
great significance.

Circular RNAs (circRNAs) are a category of endog-
enous RNA molecules, characterized by the covalently 
closed loop structure, with abundant expression in 
mammalian cells [9]. CircRNA functions through a 
variety of ways, such as serving as competing endog-
enous RNA (ceRNA) or transcriptional regulator com-
bining with RNA binding proteins and being translated 
to proteins [10]. Multiple circRNAs are identified as 
cancer-associated in glioma. CircRNA circHIPK3 could 
facilitate glioma progression through sponging miR-
654 to up-regulate IGF2BP3, exhibiting as the elevated 
impact on cell proliferation and invasion as well as 
tumor propagation [11]. Hsa-circ-0014359 was sug-
gested to exert oncogenic role in glioma progression 
via the regulation of miR-153/PI3K signaling [12]. Circ-
CPA4 functions as a prognostic element and promotes 
malignant behaviors in glioma [13]. CircRNA Pituitary 
Homeo Box 1 (circPITX1) located in chr5: 134363423-
134365011, also named as hsa-circ-0074026, is found 

to be up-regulated in glioma tissues relative to non-
cancerous controls through high-throughput circRNA 
sequencing [14]. CircPITX1, produced via splicing of 
PITX1, could aggravate glioma progression by miR-
1304/ERBB4 axis, acting as an indicator of poor prog-
nosis of patients with glioma [15]. Nevertheless, the 
novel mechanistic pathway of circPITX1 in the devel-
opment and radioresistance of glioma needs to be 
explored.

MicroRNAs (miRNAs), short noncoding RNAs, play 
important part in glioma tumorigenesis and progres-
sion [16], and are identified as valued biomarkers for 
glioma prognosis in clinical, including miR-15b, miR-21, 
miR-148a, miR-196, miR-210, miR-221, miR-106a, and 
miR-124 [17]. Mapped on 14q32.31, miR-329-3p exerts 
a tumor-suppressive role in osteosarcoma, hepatocel-
lular carcinoma, non-small cell lung cancer and cervical 
cancer, implicated with the proliferation and metastasis 
of cancer cells [18]. MiR-329 is decreased in glioblastoma 
tissue samples, and could act as prognostic indicator for 
the outcome of patients with glioblastoma in clinic [19]. 
Regrettably, the precise functional role of miR-329-3p in 
glioma is not fully expounded.

As a member of the NIMA-related kinase family, 
NIMA-related kinase 2 (NEK2) is a conserved centro-
some kinase, with ectopic expression in different kinds of 
human cancers [20]. In prostate cancer, overexpression of 
NEK2 contributes to the proliferation and tumorigenicity 
of LNCaP cells, and is correlated to the poor prognosis of 
patients with prostate cancer [21]. In glioma, NEK2 has 
been suggested to be correlated with malignancy and the 
poor overall survival of patients with glioma [22]. Here, 
we intended to clarify whether NEK2 was involved in 
circPITX1-mediated glioma progression.

In this study, we evaluated the expression pattern of 
circPITX1 and its impact on glycolysis and radioresist-
ance of glioma U251 and LN229 cells. We also explored 
the potential action mechanism.

Materials and methods
Collection of clinical tissues
32 glioma tissues (derived from glioma patients with his-
tological diagnosis) and 32 normal brain tissues (derived 
from patients with spontaneous intracerebral hemor-
rhage and matching age and gender) were collected at 
the Fourth Affiliated Hospital of China Medical Univer-
sity. Resected tissues were preserved at − 80  °C. Above 
participators signed informed consent and they hadn’t 
received any other anti-tumor treatment. Our investiga-
tion was conducted with the approval of the Ethics Com-
mittee of the Fourth Affiliated Hospital of China Medical 
University.
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Cell culture
Normal human astrocyte (NHA, BNCC341796) and 
human glioma U251 cells (BNCC100497) were com-
mercially obtained from BeNa Culture Collection (Bei-
jing, China). And human glioma LN229 cells (CRL-2611) 
were purchased from American Type Culture Collection 
(ATCC, Manassas, VA, USA). Cell culture was conducted 
in a 5%  CO2 humidity incubator at 37 °C utilizing Roswell 
Park Memorial Institute 1640 Medium (RPMI1640; Invit-
rogen, Carlsbad, CA, USA) mixed with 10% fetal bovine 
serum (Invitrogen) and 1% penicillin/streptomycin 
(Invitrogen).

Quantitative real‑time PCR (qRT‑PCR)
For RNA extraction, TRIzol Reagent (Invitrogen) was 
used. Then, the complementary DNA (cDNA) was syn-
thesized with 1  μg RNA as template using M-MLV 
Reverse Transcriptase (Invitrogen) or miScript Reverse 
Transcription Kit (QIAGEN, Hilden, Germany). qRT-
PCR was implemented utilizing QuantiTect SYBR Green 
PCR Kit (Qiagen) or all-in-one miRNA RT-qPCR Detec-
tion Kit (GeneCopoeia, Guangzhou, China). The relative 
expression of circPITX1, PITX1 mRNA, miR-329-3p 
and NEK2 was calculated through  2−∆∆Ct method, with 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 
for circPITX1, PITX1 mRNA and NEK2) or U6 (for 
miR-329-3p) as internal reference. Primer sequences 
were: circPITX1: 5′-GCG TCC CTG TGT ATG TTG GA-3′ 
(sense) and 5′-GTC TGT CTT AAA GCG ACA GCG-3′ 
(anti-sense); PITX1: 5′-GTA CGC ACT TCA CAA GCC 
AGCA-3′ (sense) and 5′-GCT CGG TGA GGT TGG TCC 
ACA-3′ (anti-sense); miR-329-3p: 5′-GTG GAA CAG 
ACC TGG TAA AC-3′ (sense) and 5′-CAA GTG CGA GTC 
GTG CAG T-3′ (anti-sense); NEK2: 5′-TGC TTC GTG 
AAC TGA AAC ATCC-3′ (sense) and 5′-CCA GAG TCA 
ACT GAG TCA TCACT-3′ (anti-sense); GAPDH: 5′-TCC 
TGC ACC ACC AAC TGT TT-3′ (sense) and 5′-GGA TGA 
TGT TCT GGT GGG CA-3′ (anti-sense); U6: 5′-GCT TCG 
GCA GCA CAT ATA CTA AAA T-3′ (sense) and 5′-CGC 
TTC ACG AAT TTG CGT GTCAT-3′ (anti-sense).

RNase R treatment
To determine the stabilization of circPITX1, 10 μg RNA 
extracted from U251 and LN229 cells was incubated 
with RNase R (4 U/μg; Epicentre Biotechnologies, Madi-
son, WI, USA) or not at 37 °C for 1 h. Later, the relative 
expression of circPITX1 and PITX1 mRNA was exam-
ined by qRT-PCR.

Cell transfection
Until 60% of coverage, glioma U251 and LN229 cells were 
transfected with Lipofectamine 3000 (Invitrogen). For 

silencing circPITX1, small interfering RNA (siRNA) of 
circPITX1 (si-circPITX1) and the control (si-NC) were 
synthesized by KeyGEN Biotech (Jiangsu, China). For up-
regulating circPITX1 or NEK2, the sequence was cloned 
into pcDNA3.1 vector (Promega, Southampton, UK), 
namely pcDNA-circPITX1 or pcDNA-NEK2, generat-
ing in Hanbio Biotechnology Co., ltd (Shanghai, China), 
with pcDNA-NC as control. MiR-329-3p inhibitors (anti-
miR-329-3p), miR-329-3p mimics (miR-329-3p) and 
their paired control (anti-miR-NC and miR-NC) were 
obtained from GeneCopoeia.

X‑ray irradiation treatment
Transfected U251 and LN229 cells were inoculated into 
24-well plates overnight, and then treated with X-ray 
irradiation at different doses (0 Gy, 2 Gy, 4 Gy, 6 Gy and 
8 Gy) for the determination of cell survival rate.

3‑(4,5‑Dimethylthiazol‑2‑y1)‑2,5‑diphenyl tetrazolium 
bromide (MTT) assay
During exponential growth phase, transfected U251 
and LN229 cells were seeded in 96-well plates within 
RPMI1640 with 10% fetal bovine serum overnight. Next, 
20  μL MTT (0.5  mg/mL, Invitrogen) was instilled into 
each well at 0  h, 24  h, 48  h and 72  h, respectively. 4  h 
later, culture medium was removed carefully. Then dime-
thyl sulfoxide (DMSO, Invitrogen) was dropped into each 
well. Absorbance at 490 nm was recorded by a microplate 
reader (BioTek Instruments Inc., Winooski, VT, USA).

Detection of glucose consumption, lactate production 
and ATP level
To evaluate the glycolysis process, the glucose consump-
tion, lactate production and ATP level were examined 
exploiting Glucose Assay Kit (ab65333; Abcam, Shang-
hai, China), Lactate Assay Kit (ab83429; Abcam) and 
ATP Assay Kit (ab83355; Abcam) severally, in conformity 
to the manufacturer’s instructions.

Western blot
Protein sample preparation was implemented via Radio-
Immunoprecipitation Assay (Vazyme, Nanjing, China). 
Following concentration determination using BCA Pro-
tein Quantification Kit (Vazyme), 40 µg protein samples 
were subjected to sodium dodecyl sulfate polyacryla-
mide gel electrophoresis, then transferred to polyvi-
nylidene fluoride membranes (Thermo Fisher Scientific 
Inc., Waltham, MA, USA). After blockage in non-fat 
milk, the membranes were incubated into the diluted 
primary antibodies, including anti-hypoxia inducible 
factor-1 (anti-HIF-1α; 1:2000; ab51608; Abcam), anti-
HK2 (1:2000; ab209847; Abcam), anti-LDH-A (1:2000; 
ab101562; Abcam), anti-NEK2 (1:2000; ab109283; 
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Abcam) and anti-GAPDH (1:2000; ab181602; Abcam) at 
4 °C overnight, then incubated in diluted secondary anti-
body (1:5000; ab205718; Abcam) at room temperature 
for 1  h. The visualization of protein blot was achieved 
utilizing an enhanced chemiluminescence detection kit 
(Thermo Fisher Scientific Inc.). Besides, the band inten-
sity was tested using Image J software (NIH, Bethesda, 
MD, USA).

Colony formation assay
The current assay was employed to monitor the cell sur-
vival rate and clonogenicity ability of glioma U251 and 
LN229 cells. In brief, 200 cells per well were seeded into 
6-well plates with X-ray irradiation treatment (0 Gy, 2 Gy, 
4 Gy, 6 Gy and 8 Gy) or not. At 14 days post incubation, 
generated colonies (indicating cell clumps with exceed-
ing 50 cells) were fixed and stained with crystal violet 
at room temperature for 1  h. The colonies were photo-
graphed and counted. The survival rate was computed 
based on the formula: amount of colonies/(amount of 
inoculated cells × plating efficiency), and the survival 
curve was plotted. The colony formation rate was calcu-
lated by the analyzation of the percentage of cells which 
formed colony relative to the seeded cells.

Dual‑luciferase reporter assay
Potential targets of circPITX1 or miR-329-3p were 
searched by StarBase 3.0 (http://starb ase.sysu.edu.
cn/). To construct luciferase reporters, the sequence 
of circPITX1 or NEK2 3′ untranslated region (3′UTR) 
containing the forecasted binding sites or mutant bind-
ing sites was inserted into pGL4 vector (Promega 
Corp., Madison, WI, USA), namely circPITX1-WT, 
circPITX1-MUT, NEK2 3′UTR-WT and NEK2 3′UTR-
MUT. U251 and LN229 cells were cotransfected with 
luciferase reporter and miR-329-3p or miR-NC using 
Lipofectamine 3000. After 48  h, the luciferase activ-
ity was examined via a Dual Luciferase Reporter Assay 
Kit (Vazyme) referring to the protocols supplied by the 
manufacturer.

Tumor xenograft assay
This experiment was endorsed by the Animal Ethics 
Committee of the Fourth Affiliated Hospital of China 
Medical University. 12 BALB/c nude mice (male, 5-week 
old) were provided by Charles River (Beijing, China) 
and evenly divided into two groups. The short hairpin 
RNA (shRNA) against circPITX1 (sh-circPITX1) and 
its control sh-NC were synthesized by Genomeditech 
(Shanghai, China). 1 × 106 LN229 cells stably expressing 
sh-circPITX1 or sh-NC were subcutaneously injected 
into the right flank of each mouse. 1  week later, the 
volume of tumor was recorded once a week, with the 

formula: 0.5 × length × width2. 5 weeks later, the formed 
tumor in nude mice was excised, photographed, weighed, 
and then collected for qRT-PCR assay or western blot 
analysis.

Statistical analysis
All data were from at least 3 independent repetition 
experiments and processed exploiting GraphPad Prism 
7 (GraphPad Inc., La Jolla, CA, USA), then presented as 
the mean ± standard deviation. Difference comparison 
depended on Student’s t-test and one-way analysis of 
variance followed by Tukey’s test. The correlation among 
the expression of circPITX1, miR-329-3p and NEK2 in 
glioma tissues was analyzed by Pearson correlation analy-
sis. P < 0.05 indicated a significant difference.

Results
Up‑regulation of circPITX1 in glioma tissues and cells
The qRT-PCR assay was applied to analyze the rela-
tive expression of circPITX1. As shown in Fig.  1a, b, 
circPITX1 abundance was higher in glioma tissues and 
glioma U251 and LN229 cells than that in normal tis-
sues and NHA, respectively. To validate the stability 
of circPITX1, RNase R was exploited. The expression 
of PITX1 mRNA in U251 and LN229 cells was largely 
decreased after RNase R disposition, while circPITX1 
was unaffected (Fig.  1c, d), suggesting that circPITX1 
was more resistant to RNase R digestion [10]. In total, 
circPITX1 was a stable circRNA and might be associated 
with glioma progression.

Impact of circPITX1 knockdown on glycolysis 
and radioresistance of glioma cells
To clarify the biological role of circPITX1 in glioma 
progression, we knocked down circPITX1 by the trans-
fection of si-circPITX1 into glioma cells, with si-NC as 
control. Through qRT-PCR assay, the knockdown effi-
ciency was excellent, leading to about 60% reduction of 
circPITX1 expression in U251 and LN229 cells (Fig. 2a). 
MTT assay manifested that silence of circPITX1 greatly 
suppressed cell viability of U251 and LN229 cells (Fig. 2b, 
c). Glycolysis assay data showed that circPITX1 knock-
down apparently inhibited glucose consumption, lac-
tate production and ATP level in transfected U251 and 
LN229 cells (Fig.  2d–f). Following western blot analy-
sis was performed to determine the levels of glycoly-
sis-related factors (HIF-1α, HK2 and LDH-A) [23]. As 
illustrated in Fig. 2g, h, levels of HIF-1α, HK2 and LDH-A 
were decreased in si-circPITX1 treated U251 and LN229 
cells. Besides, similar declined tendency was discovered 
in the survival rate of glioma cells with circPITX1 knock-
down under radiation treatment (0 Gy, 2 Gy, 4 Gy, 6 Gy 
and 8 Gy) (Fig. 2i, j). Silence of circPITX1 could reduce 

http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/
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the colony formation rate of transfected U251 and LN229 
cells with or without radiation treatment (Fig.  2k, l). 
Altogether, circPITX1 knockdown hampered glycolysis 
and radioresistance of glioma cells.

MiR‑329‑3p was a target of circPITX1
The action mechanism of circPITX1 in the cellular 
behaviors of glioma cells was the investigation focus 
hereinafter. As StarBase 3.0 predicted, there existed bind-
ing sites between circPITX1 and miR-329-3p (Fig.  3a). 
To further confirm the targeted relation, dual-luciferase 
reporter assay was conducted and revealed that intro-
duction of miR-329-3p led to an about 60% decline of 
the luciferase activity in circPITX1-WT group, but it did 
not affect the luciferase activity when the seed sites were 
mutated in circPITX1-MUT group (Fig.  3b, c). Moreo-
ver, miR-329-3p expression was demonstrated to be 
lowered in glioma tissues and cells (NHA) in contrast to 
that in normal tissues and glioma U251 and LN229 cells, 
respectively (Fig.  3d, e). A negative correlation between 
the expression of circPITX1 and miR-329-3p in glioma 
tissues was validated by Pearson correlation analysis 

(Fig.  3f ). We also observed that silence of circPITX1 
caused 2.5-fold increase of miR-329-3p level, while up-
regulation of circPITX1 constrained miR-329-3p enrich-
ment, leading to approximately 70% reduction, with 
respect to corresponding controls (Fig. 3g, h). Above data 
proved that circPITX1 targeted miR-329-3p and inversely 
regulated miR-329-3p.

CircPITX1 knockdown exerted inhibitory effects 
on the glycolysis and radioresistance of glioma cells 
by sponging miR‑329‑3p
Having known that circPITX1 is a decoy of miR-329-3p, 
we performed a series of rescue experiments to explore 
whether miR-329-3p took part in circPITX1-mediated 
cellular behaviors of glioma cells. U251 and LN229 
cells were transfected with si-NC, si-circPITX1, si-
circPITX1 + anti-miR-NC or si-circPITX1 + anti-miR-
329-3p. At first, qRT-PCR assay disclosed that lack of 
miR-329-3p overturned si-circPITX1-mediated up-reg-
ulation of miR-329-3p (Fig. 4a). The declined cell viabil-
ity of U251 and LN229 cells caused by si-circPITX1 was 
obviously recovered by miR-329-3p inhibitors (Fig.  4b, 

Fig. 1 Up-regulation of circPITX1 in glioma tissues and cells. a, b QRT-PCR assay for the relative expression of circPITX1 in glioma tissues and normal 
tissues, as well as in glioma U251 and LN229 cells and NHA. c, d QRT-PCR assay for the relative expression of circPITX1 and PITX1 mRNA in U251 and 
LN229 cells disposed with RNase R or not (Mock). *P < 0.05
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Fig. 2 Impact of circPITX1 knockdown on glycolysis and radioresistance of glioma cells. a–h U251 and LN229 cells were transfected with 
si-circPITX1 or si-NC. a QRT-PCR assay for the relative expression of circPITX1 in transfected glioma cells. b, c MTT assay for the viability of transfected 
glioma cells. d–f The glucose consumption, lactate production and ATP level in transfected U251 and LN229 cells. g, h Western blot assay for 
the levels of HIF-1α, HK2 and LDH-A in transfected U251 and LN229 cells. i, j Colony formation assay for the survival rate of U251 and LN229 cells 
transfected with si-circPITX1 or si-NC under X-ray radiation treatment (0 Gy, 2 Gy, 4 Gy, 6 Gy and 8 Gy). k, l Colony formation assay for the colony 
formation rate of U251 and LN229 cells transfected with si-circPITX1 or si-NC treated with 6 Gy of X-rays or not. *P < 0.05

Fig. 3 MiR-329-3p was a target of circPITX1. a The binding sites between circPITX1 and miR-329-3p, as well as the mutant. b, c Dual-luciferase 
reporter assay for the luciferase activity in glioma U251 and LN229 cells cotransfected with circPITX1-WT or circPITX1-MUT and miR-329-3p or 
miR-NC. d, e QRT-PCR assay for the relative expression of miR-329-3p in glioma tissues and normal tissues, as well as in glioma U251 and LN229 
cells and NHA. f Pearson correlation analysis for the correlation between the expression of circPITX1 and miR-329-3p in glioma tissues. R = − 0.574, 
P < 0.0001. g QRT-PCR assay for the relative expression of miR-329-3p in U251 and LN229 cells transfected with si-circPITX1 or si-NC. h QRT-PCR assay 
for the relative expression of miR-329-3p in U251 and LN229 cells transfected with pcDNA-circPITX1 or pcDNA-NC. *P < 0.05
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c). Additionally, si-circPITX1-induced reduction of glu-
cose consumption, lactate production and ATP level 
was relieved by the addition of miR-329-3p inhibitors 
(Fig.  4d–f). Similarly, miR-329-3p inhibitors also weak-
ened the hindered effect of si-circPITX1 on protein 
levels of HIF-1α, HK2 and LDH-A (Fig.  4g, h). Colony 
formation assay manifested that the suppressive effect 
of circPITX1 knockdown on the survival rate and col-
ony formation rate was attenuated by the cotransfection 
with miR-329-3p inhibitors under radiation treatment 
or not (Fig. 4i–l). Taken together, circPITX1 knockdown 
impeded the glycolysis and radioresistance of glioma cells 
by up-regulating miR-329-3p.

MiR‑329‑3p directly targeted NEK2
Next, we intended to seek the functional target of miR-
329-3p that could help identify the role of miR-329-3p in 
glioma. The target of miR-329-3p was identified by Star-
Base 3.0, 3′UTR of NEK2 harbored binding sites to miR-
329-3p (Fig.  5a). Furthermore, dual-luciferase reporter 
assay implied that miR-329-3p triggered about 55% 
decrease of the luciferase activity in NEK2 3′UTR-WT 

group rather than NEK2 3′UTR-MUT group in U251 
and LN229 cells, suggesting that miR-329-3p targeted 
NEK2 (Fig.  5b, c). What’s more, we found that NEK2 
mRNA was up-regulated in glioma tissues when com-
pared with normal tissues (Fig.  5d), and was negatively 
correlated with miR-329-3p expression in glioma tissues 
(Fig. 5e). As expected, NEK2 protein level was also higher 
in glioma tissues in reference to normal tissues (Fig. 5f ). 
We also identified the up-regulation of NEK2 in glioma 
U251 and LN229 cells versus NHA, at mRNA and pro-
tein levels (Fig.  5g, h). In addition, miR-329-3p could 
inhibit the mRNA and protein levels of NEK2, while gain 
of NEK2 abolished the repressed effect (Fig. 5i, j). Thus, 
we concluded that NEK2 was a downstream gene of miR-
329-3p, and was inversely regulated by miR-329-3p.

Up‑regulation of NEK2 reversed the miR‑329‑3p‑induced 
repressed effects on the glycolysis and radioresistance 
of glioma cells
To determine the impact of miR-329-3p on the devel-
opment of glioma and the potential mechanism, rescue 

Fig. 4 CircPITX1 knockdown exerted inhibitory effects on the glycolysis and radioresistance of glioma cells by sponging miR-329-3p. a–h 
U251 and LN229 cells were transfected with si-NC, si-circPITX1, si-circPITX1 + anti-miR-NC or si-circPITX1 + anti-miR-329-3p. a QRT-PCR assay 
for the relative expression of miR-329-3p in transfected glioma cells. b, c MTT assay for the viability of transfected glioma cells. d–f The glucose 
consumption, lactate production and ATP level in transfected U251 and LN229 cells. g, h Western blot assay for the levels of HIF-1α, HK2 and 
LDH-A in transfected U251 and LN229 cells. i, j Colony formation assay for the survival rate of U251 and LN229 cells transfected with si-NC, 
si-circPITX1, si-circPITX1 + anti-miR-NC or si-circPITX1 + anti-miR-329-3p under X-ray radiation treatment (0 Gy, 2 Gy, 4 Gy, 6 Gy and 8 Gy). k, l 
Colony formation assay for the colony formation rate of U251 and LN229 cells transfected with si-NC, si-circPITX1, si-circPITX1 + anti-miR-NC or 
si-circPITX1 + anti-miR-329-3p treated with 6 Gy of X-rays or not. *P < 0.05
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experiments were carried out. U251 and LN229 cells 
were transfected with miR-NC, miR-329-3p, miR-
329-3p + pcDNA-NC or miR-329-3p + pcDNA-NEK2. 
MTT assay uncovered that miR-329-3p evidently 
retarded cell viability of glioma cells, while overexpres-
sion of NEK2 ameliorated the inhibition (Fig.  6a, b). 
Following glycolysis assay and western blot analysis sig-
nified that miR-329-3p-induced glycolysis inhibition was 
remitted by up-regulation of NEK2 (Fig. 6c–g). The data 
from colony formation assay indicated that repression of 
survival rate and colony formation rate triggered by miR-
329-3p mimics was weakened by cotransfection with 
pcDNA-NEK2 in U251 and LN229 cells with or without 
radiation treatment (Fig. 6h–k). In short, up-regulation of 
NEK2 could relieve the repressed effects of miR-329-3p 

on the glycolysis and radioresistance of glioma U251 and 
LN229 cells.

CircPITX1 positively regulated NEK2 expression 
by absorbing miR‑329‑3p
To confirm the existence of the regulatory axis 
circPITX1/miR-329-3p/NEK2 in glioma, we tried to 
clarify the effect of circPITX1 on NEK2 level. U251 and 
LN229 cells were transfected with si-NC, si-circPITX1, 
si-circPITX1 + anti-miR-NC or si-circPITX1 + anti-
miR-329-3p. qRT-PCR and western blot assays uncov-
ered that circPITX1 knockdown down-regulated NEK2, 
while recovered by miR-329-3p inhibitors (Fig. 7a, b). A 
significant positive correlation between the expression 
of circPITX1 and NEK2 in glioma tissues was confirmed 

Fig. 5 MiR-329-3p directly targeted NEK2. a The binding sites between miR-329-3p and NEK2, as well as the mutant. b, c Dual-luciferase reporter 
assay for the luciferase activity in glioma U251 and LN229 cells cotransfected with NEK2 3′UTR-WT or NEK2 3′UTR-MUT and miR-329-3p or miR-NC. 
d QRT-PCR assay for the relative mRNA expression of NEK2 in glioma tissues and normal tissues. e Pearson correlation analysis for the correlation 
between the expression of miR-329-3p and NEK2 in glioma tissues. R = − 0.515, P < 0.0001. f Western blot assay for the protein level of NEK2 in 
glioma tissues and normal tissues. g QRT-PCR assay for the relative mRNA expression of NEK2 in glioma U251 and LN229 cells and NHA. h Western 
blot assay for the protein level of NEK2 in glioma U251 and LN229 cells and NHA. i QRT-PCR assay for the relative mRNA expression of NEK2 in U251 
and LN229 cells transfected with miR-NC, miR-329-3p, miR-329-3p + pcDNA-NC or miR-329-3p + pcDNA-NEK2. j Western blot assay for the protein 
level of NEK2 in U251 and LN229 cells transfected with miR-NC, miR-329-3p, miR-329-3p + pcDNA-NC or miR-329-3p + pcDNA-NEK2. *P < 0.05
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by Pearson correlation analysis (Fig.  7c). To sum up, 
circPITX1 positively regulated NEK2 level by sponging 
miR-329-3p.

Glycolysis inhibitor 2‑deoxy‑d‑glucose (2‑DG) treatment 
weakened the elevated effects of circPITX1 on glycolysis
To make it clear how the circPITX1 knockdown facili-
tated the radiosensitivity of glioma cells, 2-DG was 

introduced to selectively hinder the glycolysis in U251 
and LN229 cells [24]. 2-DG management did not affect 
the survival rate of glioma cells (Fig. 8a). As we can see 
in Fig.  8b–f, U251 and LN229 cells transfected with 
pcDNA-circPITX1 under 2-DG treatment no longer 
displayed high levels of glucose consumption, lactate 
production and ATP level, as well as up-regulated lev-
els of HIF-1α, HK2 and LDH-A. Colony formation assay 

Fig. 6 Up-regulation of NEK2 reversed the miR-329-3p-induced repressed effects on the glycolysis and radioresistance of glioma cells. a–g U251 
and LN229 cells were transfected with miR-NC, miR-329-3p, miR-329-3p + pcDNA-NC or miR-329-3p + pcDNA-NEK2. a, b MTT assay for the viability 
of transfected glioma cells. c–e The glucose consumption, lactate production and ATP level in transfected U251 and LN229 cells. f, g Western blot 
assay for the levels of HIF-1α, HK2 and LDH-A in transfected U251 and LN229 cells. h, i Colony formation assay for the survival rate of U251 and 
LN229 cells transfected with miR-NC, miR-329-3p, miR-329-3p + pcDNA-NC or miR-329-3p + pcDNA-NEK2 under X-ray radiation treatment (0 Gy, 
2 Gy, 4 Gy, 6 Gy and 8 Gy). j, k Colony formation assay for the colony formation rate of U251 and LN229 cells transfected with miR-NC, miR-329-3p, 
miR-329-3p + pcDNA-NC or miR-329-3p + pcDNA-NEK2 treated with 6 Gy of X-rays or not. *P < 0.05

Fig. 7 CircPITX1 positively regulated NEK2 expression by absorbing miR-329-3p. a, b U251 and LN229 cells transfected with si-NC, si-circPITX1, 
si-circPITX1 + anti-miR-NC or si-circPITX1 + anti-miR-329-3p. a QRT-PCR assay for the relative mRNA expression of NEK2 in transfected cells. b 
Western blot assay for the relative protein of NEK2 in transfected cells. c Pearson correlation analysis for the correlation between the expression of 
circPITX1 and NEK2 in glioma tissues. R = 0.636, P < 0.0001. *P < 0.05
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suggested that elevation of survival rate and colony for-
mation rate due to circPITX1 up-regulation was counter-
acted by 2-DG disposition in U251 and LN229 cells with 
or without radiation treatment (Fig.  8g–j). Therefore, 
circPITX1-induced glycolysis promotion was under-
mined by 2-DG. In other words, silencing of circPITX1 
impeded glycolysis to elevate radiosensitivity of glioma.

Silence of circPITX1 inhibited tumor growth of glioma 
via modulating miR‑329‑3p/NEK2 axis
Tumor xenograft model was established to explore 
the role of circPITX1 in  vivo. The volume and weight 
of tumor generated in sh-circPITX1 group were con-
spicuously lower than that in sh-NC group (Fig.  9a, b). 
Through further analyzation of expression of circPITX1, 
miR-329-3p and NEK2, we found that circPITX1 and 
NEK2 were declined, whereas miR-329-3p was aug-
mented in sh-circPITX1 group in comparison with 
sh-NC group (Fig. 9c, d). Shortly, deficiency of circPITX1 

blocked tumor growth of glioma via miR-329-3p/NEK2 
axis.

Discussion
As the most prevailing primary tumor in head, glioma 
results in severe mortality, which composes 80% of brain 
malignancies [25]. Though the incidence of glioma is rel-
atively low, the 5-year survival rate of the most common 
glioma, glioblastoma, is about 5% [25]. Therefore, deep 
investigation on glioma evolvement is of urgent need.

Increasing evidence revealed that multiple circRNAs 
were involved in the regulation of cellular phenotype of 
glioma cells through diverse pathways, functioning as 
oncogenes, like circHIPK3 [11], hsa-circ-0014359 [12] 
and circCPA4 [13]; or playing as tumor suppressors, such 
as circ-FBXW7 [26], circ-SHPRH [27], and circ_0001946 
[28]. In this project, we focused on circPITX1, an onco-
gene in glioma [15]. When compared to normal tissues 
and NHA, circPITX1 was upregulated in glioma tis-
sues and glioma U251 and LN229 cells, which was in 

Fig. 8 Glycolysis inhibitor 2-deoxy-d-glucose (2-DG) treatment weakened the elevated effects of circPITX1 on glycolysis. a Colony formation assay 
for the survival rate of U251 and LN229 cells treated with 2-DG or not (Control). b–f U251 and LN229 cells treated with pcDNA-NC, pcDNA-circPITX1 
or pcDNA-circPITX1 + 2-DG. b–d The glucose consumption, lactate production and ATP level in treated U251 and LN229 cells. e, f Western blot 
assay for the levels of HIF-1α, HK2 and LDH-A in treated U251 and LN229 cells. g, h Colony formation assay for the survival rate of U251 and LN229 
cells treated with pcDNA-NC, pcDNA-circPITX1 or pcDNA-circPITX1 + 2-DG under X-ray radiation treatment (0 Gy, 2 Gy, 4 Gy, 6 Gy and 8 Gy). i, j 
Colony formation assay for the colony formation rate of U251 and LN229 cells treated with pcDNA-NC, pcDNA-circPITX1 or pcDNA-circPITX1 + 2-DG 
with 6 Gy of X-rays treatment or not. *P < 0.05
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accordance with the study scheduled by Lv et  al. [29]. 
We further examined the stability of circPITX1. The data 
proved that circPITX1 was tolerant to RNase R digestion. 
Following functional assays were executed to analyze the 
biological role of circPITX1 in glioma progression. We 
found that deficiency of circPITX1 suppressed glioma 
cell viability, glycolysis, radioresistance clonogenicity 
capacity in  vitro and tumor growth in  vivo, suggesting 
that circPITX1 was a positive modulator in the develop-
ment of glioma.

During the investigation of human cancers, research-
ers observed that connections and interactions between 
different kinds of RNAs were fairly complicated [30]. 
According to ceRNA hypothesis, circRNA could inhibit 
the expression levels of targeted miRNAs, thus affect-
ing the expression and function of mRNAs. For exam-
ple, circPITX1 sponged miR-1304 to modulate ERBB4 

expression, leading to promotion in glioma progression 
[15]. CircPITX1 facilitated glioblastoma evolvement 
via acting as a competing endogenous RNA to regulate 
MAP3K2 by absorbing miR-379-5p [29]. Additionally, 
introduction of circPITX1 could up-regulate IL17RD 
abundance via reducing the expression of miR-518a-5p 
and worsen glioma [31]. Here, in this project, miR-
329-3p was predicted by StarBase 3.0 and confirmed by 
dual-luciferase reporter assay to be a target miRNA of 
circPITX1.

Xiao et  al. verified that miR-329-3p might decrease 
cell cycle progression in glioma by the targeted inhibi-
tion on E2F1, playing a tumor suppressor role [32]. From 
our data, miR-329-3p expression was declined in glioma 
samples and glioma U251 and LN229 cells in contrast to 
corresponding controls, which was in keeping with fore-
going reports [19, 32]. Besides, miR-329-3p expression 

Fig. 9 Silencing of circPITX1 inhibited tumor growth of glioma via modulating miR-329-3p/NEK2 axis. BALB/c nude mice were subcutaneously 
injected with LN229 cells stably expressed sh-circPITX1 or sh-NC. a Volume of generated tumors recorded once a week. b Photo and weight of 
generated tumors at 5 weeks post injection. c QRT-PCR assay for the relative expression of circPITX1, miR-329-3p and NEK2 in generated tumors. d 
Western blot assay for the protein level of NEK2 in generated tumors. *P < 0.05
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was inversely correlated with circPITX1 in glioma sam-
ples. Negatively modulated by circPITX1, miR-329-3p 
inhibitors could abrogate circPITX1 knockdown-induced 
repression on glycolysis and radioresistance of glioma 
cells, signifying that the oncogenic role of circPITX1 was 
achieved by sponging miR-329-3p.

As we all know, miRNA could bind to the 3′UTR of 
mRNA to exert diverse functions [33]. In cervical can-
cer, miR-329-3p directly targeted MAPK1 to retard cell 
proliferation, migration and invasion of cervical cancer 
cells [34]. In our study, we proved that NEK2 was a direct 
target of miR-329-3p. A former study revealed that NEK2 
expression was enriched in glioma, and targeted by 
miR-128 to modulate the apoptosis of glioma cells [35]. 
Likewise, NEK2 was up-regulated in glioma tissues and 
cells, at both mRNA and protein levels. Following rescue 
experiment highlighted the NEK2-mediated abolishment 
on the decreased glycolysis and radioresistance caused by 
miR-329-3p. What’s more, circPITX1 positively regulated 
NEK2 expression by serving as a decoy of miR-329-3p.

In this study, overexpression vector of circPITX1 and 
2-DG (glycolysis inhibitor) were simultaneously intro-
duced into glioma U251 and LN229 cells to investigate 
the circPITX1-induced radioresistance in glioma. Appar-
ently, circPITX1 overexpression facilitated glycolysis 
process and radioresistance, but 2-DG counteracted the 
promoted impact, indicating that circPITX1 knockdown 
inhibited glycolysis to sensitize glioma cells to irradiation 
treatment.

There still exists certain shortcoming in this study. 
For instance, HK1, monocarboxylate transporters 1 and 
4 (MCT1, MCT4) and glucose transporter isoform 1 
(GLUT1) are also glycolysis-related genes [23, 36], which 
can indicate the glycolytic process as well. And they 
would be subjected to the investigation of glycolysis in 
glioma to further monitor the glycolytic process. Besides, 
in vivo experiments in nude mice were lack of irradiation 
treatment. It would be better to supplement this treat-
ment into tumor xenograft assay in order to explain the 
role of circPITX1 in radioresistance of glioma in vivo.

Conclusion
In general, circPITX1 was highly expressed in glioma and 
served as an oncogene, exhibiting as the decreased via-
bility, glycolysis, radioresistance, cell survival and clono-
genicity capacity, as well as the tumorigenicity inhibition 
of glioma U251 and LN229 cells triggered by circPITX1 
knockdown. Silence of circPITX1 inhibited glycolysis to 
enhance radiosensitivity in glioma by regulating miR-
329-3p/NEK2 axis.
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