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Abstract
Purpose The  N6-methyladenosine  (m6A) has been involved in the regulation of cell proliferation and metastasis in multiple 
cancers. However, the biological significance of  m6A reader IGF2BP2 in oral squamous cell carcinoma (OSCC) and the 
mechanism of IGF2BP2 itself have not been fully investigated.
Methods The cellular phenotypes of OSCC cells were determined by CCK-8 and transwell migration assays. The energy 
metabolism was detected using glucose uptake/lactate production assay and extracellular acidification rate analysis. The 
molecular interaction was tested by  RNA immunoprecipitation  assay.
Results Here, results indicated that IGF2BP2 was up-regulated in OSCC and that it acted as a predictor of poor prognosis. 
IGF2BP2 promoted the proliferation, migration and Warburg effect of OSCC cells in vitro. Mechanistical assays illustrated 
that IGF2BP2 directly interacted with HK2 mRNA by binding the 3′-UTR  m6A site. Moreover, IGF2BP2 positively promoted 
the stability of HK2 mRNA and thus the protein level of HK2 increased upon IGF2BP2 overexpression.
Conclusions In conclusion, the IGF2BP2/m6A/HK2 axis accelerated the abnormal energy metabolism of OSCC. Taken 
together, these findings revealed a novel mechanism by which IGF2BP2 functions in OSCC progression, which may provide 
new therapy options for OSCC patients.
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Introduction

Oral squamous cell carcinoma (OSCC) acts as the most 
common malignant head and neck tumors, accounting for 
80–90% of head and neck malignancy (Metsäniitty et al. 
2021; van der Kamp et al. 2022). To make matters worse, 
the incidence rate and mortality have continued to rise in 
recent years (Bienkowska et al. 2021). Despite the marked 
improvement made by recent advances, including radiother-
apy and chemotherapy, the mortality of OSCC is still high, 
especially the very low 5-year survival rate (Shahoumi 2021; 
Haldar and Singh 2022). High metastasis or insensitivity to 

chemotherapy is still one of the critical factors for the poor 
prognosis of OSCC. Nevertheless, whether and how OSCC 
could be effectively treated is largely unclear.

N6-methyladenosine  (m6A), one of the most abundant 
chemical modifications of mRNAs in eukaryotes, has been 
reported to play a significant role in many human tumors 
(Chen et al. 2022; Huang et al. 2021). The methyltrans-
ferase, also known as “writers”, activates the  m6A activity 
by installing  m6A in nitrogen atoms (Relier et al. 2022). The 
demethylase, also known as “erasers”, wipes off the  m6A 
from the methylated RNA (Mu et al. 2022). Moreover, the 
recognition protein, also known as “readers”, recognizes the 
 m6A-modified RNAs to stabilize or degrade them (Li et al. 
2021a; Tong et al. 2021). numerous papers have reported the 
functions of  m6A methyltransferase in OSCC,. For instance, 
methyltransferase METTL3 is consistently up-regulated in 
OSCC samples and the high expression is associated with 
OSCC poor prognosis. Moreover, METTL3 mediates the 
 m6A modification of BMI1 mRNA in its 3′-UTR to pro-
mote BMI1 translation under the cooperation with IGF2BP1 
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(Liu et al. 2020). Moreover, demethylase also regulates the 
tumorigenesis of FTO. For example, the fat mass and obe-
sity-associated protein (FTO) is significantly up-regulated 
in areca nut-chewing OSCC tissue samples. The depletion 
of FTO attenuates the arecoline-induced chemoresistance 
and oncogenicity through negatively regulating transcription 
factor forkhead box protein A2 (Li et al. 2021b).

Regarding  m6A reader, the functions and potential mech-
anism are still unclear. Insulin-like growth factor 2 mRNA-
binding protein 2 (IGF2BP2) is a critical  m6A reader respon-
sible for recognizing the  m6A modification site. Here, we 
performed functional assays to investigate the function and 
mechanism of IGF2BP2 in OSCC. In the present research, 
we found that IGF2BP2 was up-regulated in the OSCC tis-
sue and cells. IGF2BP2 combined with the  m6A modifica-
tion site at 3’-UTR of HK2 mRNA.

Materials and methods

Clinical samples

The OSCC tissue of patients who underwent surgery were 
gathered. None of the OSCC patients received radiotherapy 
or chemotherapy before surgery. After resection, tissue 
specimens were immediately stored in liquid nitrogen and 
subsequently stored at − 80 °C. Diagnosis was pathologi-
cally confirmed by two independent pathologists.

Cell culture

OSCC cells (SCC-9, CAL-27) and normal oral epithelium 
keratinocytes (HOK) were obtained from the Cell Bank of 
the Chinese Academy of Sciences (Shanghai, China) and 
cultured in DMEM with 10% fetal bovine serum (FBS) and 
streptomycin and penicillin (1%, GE Healthcare, Chicago, 
IL, USA).

Cell transfection

To up-regulate or silence the expression of IGF2BP2, full 
length and shRNA sequence against IGF2BP2, as well as 
empty vectors, were ligated into pIRES2-EGFP vector or 
pGPU6/GFP/Neo vector, respectively (GenePharma). Cells 
were plated in a 24-well culture dish at 70–80% confluence, 
and transfection was performed using Lipofectamine LTX 
Reagent (Life Technologies, Carlsbad, CA, USA) according 
to the manufacturer’s protocol. The transfection efficiency 
was identified using qRT-PCR.

Western blotting

For the OSCC cells, total proteins were extracted and sub-
jected to 10% SDS-PAGE for separation and then transferred 
to PVDF membranes. Primary antibodies (anti-IGF2BP2, 
1:1000, Abcam, ab128175) were used for incubation on 
nonfat milk-blocked PVDF membranes at 4 °C overnight. 
After incubation, the PVDF membranes were rinsed with 
Tris-buffered saline containing Tween 20 and further incu-
bated with secondary antibody for 1 h at room temperature. 
Lastly, a chemiluminescence detection kit was used to detect 
the signals from different proteins. The relative integrated 
density values were analyzed using ImageJ software.

Real‑time quantitative PCR (RT‑qPCR)

Firstly, the total RNA was extracted from OSCC cells using 
TRI Reagent and the extracted RNA was quantified. Then, 
the cDNA was reversely transcribed using PrimeScript RT 
reagent kit (Takara, Dalian, China). Subsequently, the rela-
tive expressions of IGF2BP2 and HK2mRNA were exam-
ined using SYBR green dye (Toyobo, Osaka, Japan) by a 
PCR reaction system, including a cDNA template (3 µL), 
SYBR green dye (10 µL), ddH2O (6.5 µL) and paired prim-
ers (0.5 µL, final concentration: 0.3 µM). The quantitative 
gene expression of each group was detected  (2−ΔΔCT). The 
premiers are listed in Table S1.

CCK‑8 assay

A cell proliferation assay was carried out by CCK-8 (Dojindo 
Laboratories) according to the protocol of the manufacturer. 
Approximately. 2000 per/well OSCC cells were seeded in 
six-well plates. After culturing for 48 h, the cells were added 
with 10 mL CCK-8 solutions. After that, the OD value was 
measured using Thermomax microplate reader (bio-tekEL) 
at 450 nm wavelengths.

Transwell migration assay

Transwell migration assay was performed using Transwell 
inserts (8 μm pore size; Costar). About 2 ×  104 OSCC cells 
in serum‐free medium were seeded into the upper chamber 
uncoated with Matrigel (BD Biosciences, San Jose, CA). In 
the lower chamber, completed DMEM medium was filled. 
After 24 h of culturing, the cells through the upper chamber 
were removed and then fixed with 4% paraformaldehyde and 
stained with 0.1% crystal violet. The migrated cell numbers 
were counted under a light microscope.
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Glucose uptake and lactate production assay

After transfection, OSCC cells were cultured and then 
replaced by high-glucose culture medium. After 24 h, the 
supernatants of OSCC culture medium were collected sep-
arately. The glucose uptake was detected using a glucose 
assay kit (BioVision, Milpitas, California, USA). The lactate 
production was detected using a lactate assay kit (BioVision) 
according to the manufacturer’s instructions.

Measurement of extracellular acidification rate 
(ECAR)

The extracellular acidification rate (ECAR) was estimated as 
previously described using Seahorse XF Glycolysis Stress 
Test Kit according to the manufacturer’s instructions (Chen 
et al. 2018). In brief, the OSCC cells (1 ×  104 cells/well) 
were seeded into Seahorse XF 96-cell culture microplates 
for adhere culture overnight. Then, cells were washed with 
DMEM medium supplemented with l-glutamine (2 mM, 
pH = 7.4) and incubated at 37 °C for 1 h in  CO2-free incuba-
tor. The glycolysis rate and glycolytic capacity were detected 
using Seahorse XF 96 Extracellular Flux Analyzer (Agilent 
Technologies, Santa Clara, CA, USA).

Half‑life measurement

To analyze the stability of HK2 mRNA, half-life assay was 
performed with the treatment of transcriptional inhibitor 
actinomycin D (Act D). OSCC cells were treated with actin-
omycin D (2 mg/mL, Sigma-Aldrich, Louis, MO, USA) to 
halt the transcription and then harvested at 0, 3 and 6 h after 
the treatment. The cellular RNAs were isolated and analyzed 
using qRT-PCR. Beta-actin acted as an internal reference.

RNA immunoprecipitation (RIP) assay

RIP assays were performed using EZ-Magna RIP Kit (Mil-
lipore) according to the manufacturer’s protocol. SCC-9 
and CAL-27 cells were lysed in complete RIP lysis buffer 
(Magna RIP Kit, Millipore, MA, USA) at 4 °C via disrup-
tive sonication. Protein A/G agarose beads were conjugated 
with specific antibodies (anti-IGF2BP2, 11601-1-AP, Pro-
teintech, China) or control IgG and then incubated with cell 
extract for 2 h at 4 °C. HK2 mRNA was analyzed through 
quantitative reverse-transcription polymerase chain reaction 
(qRT-PCR).

Xenograft mouse model

Male BALB/c nude mice (5–6 weeks of age) were provided 
by Type Culture Collection of the Chinese Academy of 
Medical Sciences (Beijing, China) and acclimatized for a 

week prior to this assay. Nude mice were subcutaneously 
injected with 5 ×  106 CAL27 cells. Every 5 days, the tumor 
weight and length week were monitored with a caliper for 
the tumor volume following the formula (0.52 × a × b2, a for 
the long and b for the short diameter, respectively). After 
30 days, mice were killed and tumors were dissected out for 
weight. The assay was approved by the Ethics Committee of 
Cangzhou Central Hospital.

Statistical analysis

Data are expressed as means ± SD (standard deviation). 
Comparison was performed using variance analysis. Least 
significant difference procedure analysis was performed 
when there were more than two groups. P value < 0.05 was 
considered statistically significant.

Results

IGF2BP2 was highly expressed in OSCC tumor tissue 
cohort and cells

Given the critical roles of  m6A methylation key enzymes 
in human cancer, we focused on the novel  m6A reader 
IGF2BP2 in OSCC. Firstly, the large cohort data survey 
based on TCGA (https:// www. tcga. org/) found that the 
expression of IGF2BP2 was significantly up-regulated in 
the HNSC cohort (Fig. 1A). Because OSCC was a sub-
class of HNSC, the data from the database indicated that 
IGF2BP2 was over-expressed in OSCC, which might act 
as an oncogene in OSCC. Moreover, the level of IGF2BP2 
mRNA was found to be up-regulated in OSCC cells (SCC-
9, CAL-27) (Fig. 1B). Moreover, the IGF2BP2 protein was 
detected using western blot analysis and it was found that 
the IGF2BP2 protein was up-regulated in OSCC cells (SCC-
9, CAL-27) (Fig. 1C). With regard to the survival rate of 
OSCC with high/low IGF2BP2 expression, public database 
GEPIA (http:// gepia. cancer- pku. cn/ index. html) (Fig. 1D) 
and Kaplan–Meier plotter (http:// kmplot. com/ analy sis/) 
(Fig. 1E) revealed that patients with high IGF2BP2 expres-
sion had close correlation with low survival rate. Overall, 
the above data indicated that IGF2BP2 was highly expressed 
in OSCC and might function as a risk factor for OSCC.

IGF2BP2 promoted the migration, proliferation 
and Warburg effect (aerobic glycolysis) of OSCC

To investigate the function of IGF2BP2 in OSCC, IGF2BP2 
overexpression or knockdown transfection was performed 
in the OSCC cells (SCC-9, CAL-27). The transfection 
efficiency was detected using RT-PCR and western blot 
(Fig.  2A, B). Transwell migration assay indicated that 

https://www.tcga.org/
http://gepia.cancer-pku.cn/index.html
http://kmplot.com/analysis/
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Fig. 1  IGF2BP2 was highly expressed in OSCC tumor tissue cohort 
and cells. A The large cohort data survey based on TCGA (https:// 
www. tcga. org/) revealed the up-regulated expression of IGF2BP2 in 
an HNSC cohort. B RT-PCR was performed to detect the expression 
of IGF2BP2 in OSCC cells (SCC-9, CAL-27). C Western blot anal-
ysis was performed to analyze the IGF2BP2 protein level in OSCC 

cells (SCC-9, CAL-27). D Public database GEPIA (http:// gepia. can-
cer- pku. cn/ index. html) revealed the survival rate of OSCC with high/
low IGF2BP2 expression. E Kaplan–Meier plotter (http:// kmplot. 
com/ analy sis/) showed the survival rates of OSCC patients with high/
low IGF2BP2 expression. *p < 0.05; **p < 0.01

https://www.tcga.org/
https://www.tcga.org/
http://gepia.cancer-pku.cn/index.html
http://gepia.cancer-pku.cn/index.html
http://kmplot.com/analysis/
http://kmplot.com/analysis/
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IGF2BP2 overexpression accelerated the migration of 
SCC-9 cells, and IGF2BP2 knockdown reduced the migra-
tion of CAL-27 cells (Fig. 2C). CCK-8 assays illustrated 
that IGF2BP2 overexpression promoted the proliferation of 
SCC-9 cells, and IGF2BP2 knockdown decreased the prolif-
eration of CAL-27 cells (Fig. 2D). Glucose uptake analysis 
(Fig. 2E) and lactate production analysis (Fig. 2F) found that 
IGF2BP2 overexpression accelerated the glucose uptake and 
lactate production of SCC-9 cells, while IGF2BP2 knock-
down reduced the glucose uptake and lactate production of 
CAL-27 cells. Extracellular acidification rate (ECAR) analy-
sis displayed that IGF2BP2 overexpression accelerated the 
acidification rate of SCC-9 cells and IGF2BP2 knockdown 
weakened the acidification rate of CAL-27 cells (Fig. 2G). 
Overall, the above data indicated that IGF2BP2 promoted 
the migration, proliferation and aerobic glycolysis of OSCC.

IGF2BP2 targeted HK2 mRNA via the  m6A 
modification site

To discover the potential targets for IGF2BP2, we detected 
the expression levels of aerobic glycolysis markers (GLUT1, 
HK2, LDHA). Results indicated that HK2 showed signifi-
cant overexpression upon IGF2BP2 up-regulation (Fig. 3A), 
and decreased levels upon IGF2BP2 silencing (Fig. 3B). In 
public database, HK2 expression was positively correlated to 
IGF2BP2 expression (Fig. 3C). Using SRAMP online tools 
(http:// www. cuilab. cn/ sramp), we found that there were 
several potential  m6A sites in the HK2 genomic sequences 
(Fig. 3D). Therefore, we noticed that IGF2BP2 targeted HK2 
mRNA via the  m6A modification site.

IGF2BP2 enhanced the stability of HK2 mRNA 
via an  m6A‑dependent manner

We found that HK2 acted as a target of IGF2BP2, and 
IGF2BP2 might target HK2 via  m6A modification. Sub-
sequently, the IGF2BP2 motif was identified (https:// rna. 
sysu. edu. cn/ rmbase/) (Fig. 4A). The potential  m6A modi-
fication site on the HK2 genome was identified (GGACU). 
RIP-qPCR assay revealed that, compared with the control 
IgG, IGF2BP2 antibody-precipitated complexes enriched 
the expression of HK2 mRNA in OSCC (Fig. 4B). RNA 
stability assay indicated that IGF2BP2 overexpression up-
regulated the enrichment of HK2 mRNA, while IGF2BP2 
silencing decreased the HK2 mRNA enrichment (Fig. 4C, 
D). Western blot analysis found that IGF2BP2 overexpres-
sion up-regulated the enrichment of HK2 protein, while 
IGF2BP2 silencing decreased the HK2 protein enrichment 
(Fig. 4E, F). Overall, these data suggested that IGF2BP2 
enhanced the stability of HK2 mRNA via an  m6A-dependent 
manner.

IGF2BP2/HK2 promoted the aerobic glycolysis 
of OSCC

Given that HK2 acts as a pivotal element in aerobic glyco-
lysis, we investigate the potential role of IGF2BP2/HK2 in 
OSCC aerobic glycolysis. Glucose uptake analysis (Fig. 5A) 
and lactate production analysis (Fig. 5B) found that HK2 
overexpression promoted the glucose uptake and lactate 
production of OSCC cells (CAL-27 cells), then IGF2BP2 
knockdown (sh-IGF2BP2-1#) reduced the glucose uptake 
and lactate production, respectively. Then, extracellular 
acidification rate (ECAR) analysis displayed that HK2 over-
expression accelerated the acidification rate, while IGF2BP2 
knockdown co-transfection weakened the acidification rate 
of CAL-27 cells (Fig. 5C). In vivo animal xenograft assay 
indicated that IGF2BP2 knockdown repressed the tumor 
growth (Fig. 5D, E). Overall, these data suggested that 
IGF2BP2/HK2 promoted the aerobic glycolysis of OSCC.

Discussion

Accumulating evidence has continued to implicate m6A in 
the pathological characteristics of a wide array of human 
tumors, including OSCC (Huang et al. 2020; Xu et al. 2021). 
Besides,  m6A highlights its potential as a therapeutic target. 
However, the molecular mechanism by which  m6A reader 
IGF2BP2 influences OSCC remains largely unknown (Zhu 
et al. 2021; Ai et al. 2021). To explore the role of  m6A regu-
latory reader enzymes IGF2BP2 in OSCC pathogenesis and 
uncover its regulatory mechanism, we performed a cluster 
of functional and mechanistic assays related to  m6A (Fig. 6).

Increasing evidence suggests that various  m6A key 
enzymes, such as IGF2BP1/2/3, METTL3 and ALKBH5, 
are implicated in a myriad of biological processes support-
ing cancer progression. For instance, METTL3 mediates the 
 m6A modification of BMI1 mRNA in its 3′-UTR to promote 
BMI1 translation under the cooperation with IGF2BP1 (Liu 
et al. 2020). Moreover, depletion of demethylase fat mass 
and obesity-associated protein (FTO) attenuates the areco-
line-induced chemoresistance of OSCC through negatively 
regulating transcription factor FOXA2 (Li et al. 2021b). 
Methyltransferase-like 14 (METTL14) is up-regulated in 
OSCC and promotes proliferation, migration, and invasive-
ness of OSCC cells, which directly combines with eukary-
otic translation initiation factor gamma 1 (eIF4G1) mRNA 
and decreases its mRNA stability (Wang et al. 2021). Taken 
together, these data suggest that  m6A is wildly involved in 
the tumorigenesis and progression of OSCC.

Given that OSCC is one of the most common malignan-
cies worldwide and aerobic glycolysis acts as an essential 
factor in the tumorigenesis of OSCC, we designed and per-
formed the current study to analyze the potential role of  m6A 

http://www.cuilab.cn/sramp
https://rna.sysu.edu.cn/rmbase/
https://rna.sysu.edu.cn/rmbase/
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on OSCC aerobic glycolysis. The present study analyzed 
the expression of IGF2BP2 in OSCC tissue samples and 
cells, indicating that IGF2BP2 level increased both in tissue 

samples and cells and correlated with the poor prognosis. 
Moreover, bio-functional assays suggested that IGF2BP2 
promoted the migration, proliferation, and aerobic glycolysis 
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of OSCC. These data illustrated that IGF2BP2 may act as an 
oncogene in the OSCC.

Although many risk factors have been reported to be 
involved in the tumorigenesis and progression of OSCC, 
the critical pathogenic factors for malignant tumor are 
closely correlated with abnormal energy metabolism. Aero-
bic glycolysis is an important energy-providing method for 
tumor physiological activities, such as differentiation and 

proliferation. Moreover, glycolysis provides abundant energy 
supply for OSCC and participates in malignancy progres-
sion. In the progression of aerobic glycolysis, key enzyme 
HK2 plays a critical role and numerous pathological pro-
cesses are correlated with HK2.

Here, our research found that  m6A reader IGF2BP2 
directly combined with the  m6A modification site on HK2 
mRNA, thereby enhancing the RNA stability of HK2 
mRNA. Then, the protein level of HK2 was also up-reg-
ulated upon IGF2BP2 overexpression and decreased upon 
IGF2BP2 silencing. In OSCC, HK2 has been identified as an 
oncogene. For example, HK2 is highly expressed in OSCC 
patient-derived tissues and cells, and the depletion of HK2 
repressed the OSCC cell growth in vivo and in vitro (Li 
et al. 2020). Overall, our finding demonstrated that HK2 may 
serve as a potential target of OSCC tumorigenesis.

In conclusion, elucidating the molecular mechanism 
related to aerobic glycolysis of OSCC cells is essential for 
the development of accurate diagnostic and individualized 
therapeutic strategies, which may significantly improve the 
prevention of OSCC.

Fig. 2  IGF2BP2 promoted the migration, proliferation and Warburg 
effect (aerobic glycolysis) of OSCC. A IGF2BP2 overexpression or 
B knockdown transfection was performed in the OSCC cells (SCC-9, 
CAL-27). The transfection efficiency was detected using RT-PCR and 
western blot, respectively. C Transwell migration assay indicated the 
migration of SCC-9 cells of IGF2BP2 overexpression and IGF2BP2 
knockdown of CAL-27 cells. D CCK-8 assays illustrated the prolif-
eration of SCC-9 cells of IGF2BP2 overexpression and IGF2BP2 
knockdown of CAL-27 cells. E Glucose uptake analysis and F lactate 
production analysis revealed the glucose uptake and lactate produc-
tion of SCC-9 cells of IGF2BP2 overexpression and IGF2BP2 knock-
down of CAL-27 cells. G Extracellular acidification rate (ECAR) 
analysis displayed the acidification rate of SCC-9 cells and CAL-27 
cells. *p < 0.05; **p < 0.01

◂

Fig. 3  IGF2BP2 targeted HK2 mRNA via the  m6A modification site. 
A, B RT-PCR analysis indicates the expression levels of aerobic glyc-
olysis markers (GLUT1, HK2, LDHA) in SCC-9 cells with IGF2BP2 
up-regulation, as well as in CAL-27 cells with n IGF2BP2 silencing. 
C The interaction within HK2 expression and IGF2BP2 expression 

in an HNSC cohort in a public database (http:// gepia. cancer- pku. cn/ 
index. html). D SRAMP online tools (http:// www. cuilab. cn/ sramp) 
revealed that there were several potential  m6A sites in HK2 genomic 
sequences. *p < 0.05; **p < 0.01

http://gepia.cancer-pku.cn/index.html
http://gepia.cancer-pku.cn/index.html
http://www.cuilab.cn/sramp
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Fig. 4  IGF2BP2 enhanced the stability of HK2 mRNA via an 
 m6A-dependent manner. A The IGF2BP2 motif was identified 
(https:// rna. sysu. edu. cn/ rmbase/). GGACU w as the potential  m6A 
modification site on the HK2 genome. B RIP-qPCR assay revealed 
the IGF2BP2 antibody-precipitated HK2 mRNA expression in OSCC 

(SCC-9, CAL-27). C, D Shortened RNA lifetime of HK2 mRNA 
after IGF2BP2 overexpression (SCC-9) or knockdown (CAL-27). 
E, F Western blot analysis revealed the HK2 protein upon IGF2BP2 
overexpression (SCC-9) or knockdown (CAL-27). *p < 0.05; 
**p < 0.01

https://rna.sysu.edu.cn/rmbase/
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Fig. 5  IGF2BP2/HK2 promoted the phenotype of OSCC. A Glu-
cose uptake analysis and B lactate production analysis was detected 
in CAL27 cells transfected with HK2 overexpression plasmids or 
co-transfected with IGF2BP2 silencing (sh-IGF2BP2-1#). C Extra-

cellular acidification rate (ECAR) analysis displayed the acidifica-
tion rate in CAL27 cells transfected with HK2 overexpression and/or 
IGF2BP2 knockdown (sh-IGF2BP2-1#). D In vivo tumor weight and 
E volume was calculated in mice

Fig. 6  IGF2BP2 promoted OSCC progression via an  m6A-dependent 
manner
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