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Abstract
Background  Cisplatin (DDP) resistance has long posed a challenge in the clinical treatment of lung cancer (LC). 
Insulin-like growth factor 2 binding protein 2 (IGF2BP2) has been identified as an oncogenic factor in LC, whereas its 
specific role in DDP resistance in LC remains unclear.

Results  In this study, we investigated the role of IGF2BP2 on DDP resistance in DDP-resistant A549 cells (A549/
DDP) in vitro and in a DDP-resistant lung tumor-bearing mouse model in vivo. Additionally, methylated RNA 
immunoprecipitation sequencing (MeRIP-seq) was conducted to identify the potential mRNAs regulated by IGF2BP2, 
an N6-methyladenosine (m6A) regulator, in the tumor tissues of mice. Compared to normal tissues, IGF2BP2 levels 
were increased in LC tissues and in relapsed/resistant LC tissues. Most importantly, IGF2BP2 levels were significantly 
higher in relapsed/resistant LC tissues than in LC tissues. Significantly, knockdown of IGF2BP2 or DDP treatment 
inhibited A549 cell viability, migration, and cell cycle progression. Consistently, DDP treatment suppressed the viability 
and migration and triggered cell cycle arrest in A549/DDP cells in vitro, as well as reduced tumor volume and weight 
of A549/DDP tumor-bearing mice; meanwhile, the combination of DDP and IGF2BP2 siRNA further significantly 
inhibited A549/DDP cell growth in vitro and in vivo compared to DDP treatment alone. Furthermore, MeRIP-seq data 
showed that IGF2BP2 downregulation remarkably elevated m6A levels of spondin 2 (Spon2) and reduced mRNA 
levels of Spon2 in tumor tissues from A549 tumor-bearing mice. Meanwhile, the combination of DDP and IGF2BP2 
siRNA notably reduced Spon2 levels, as well as inhibited the viability and induced apoptosis in A549/DDP cells; 
however, these effects were reversed by Spon2 overexpression.

Conclusion  Collectively, downregulation of IGF2BP2 could overcome DDP resistance in LC through declining the 
Spon2 gene expression in an m6A-dependent manner. These results may provide a new strategy for overcoming DDP 
resistance in LC.
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Background
Lung cancer (LC) is the most common malignancy and 
the primary cause of cancer-related mortality globally [1, 
2]. LC is categorized into two main categories: small cell 
lung cancer (SCLC) and non-small-cell lung carcinoma 
(NSCLC) [3]. SCLC accounts for approximately 13–15% 
of all LC cases [1, 4, 5], whereas NSCLC onstitutes about 
85% of cases [3]. LC is characterized by a poor prognosis 
and a propensity to metastasize to distant sites [6, 7]. The 
five-year survival rate for patients with LC is only about 
10% [8, 9]. Although advanced therapeutic options such 
as radiation therapy, immunotherapy and targeted ther-
apy are available [10], chemotherapy is indispensable for 
LC treatment [11].

Cisplatin (DDP) has been approved as an anti-tumor 
drug for the treatment of LC for nearly half a century 
[12]. DDP binds to nuclear DNA, inducing cell cycle 
arrest and apoptosis, thus exhibiting its anti-tumor prop-
erties [13]. Nevertheless, the development of acquired 
drug resistance has significantly limited the effectiveness 
of DDP in clinical cases [14]. Recently, various strate-
gies have been proposed to overcome DDP resistance in 
LC [15, 16]. For instance, the combination of metformin 
with DDP has been shown to exert enhanced anti-tumor 
effects in cancer cells compared to DDP treatment alone 
[16]. Moreover, aspirin, a non-steroidal anti-inflamma-
tory drug, has been reported to increase the sensitivity of 
lung cancer cells to DDP [15]. Furthermore, propofol, an 
anesthetic, has demonstrated the ability overcome DDP 
resistance in LC [17]. Despite these advancements, the 
outcomes for LC patients remain unsatisfactory, high-
lighting the need for further countermeasures.

Epigenetic dysregulation, including RNA modifica-
tion, plays a crucial role in tumor resistance to anti-
cancer therapies [18, 19]. N6-methyladenosine (m6A) 
is a specific type of internal mRNA modification [20]. 
This modification can modulate the translocation, deg-
radation, stability and translation of mRNA, thereby 
impacting gene expression [21, 22]. The modification 
of m6A is regulated by demethylases (erasers), methyl-
transferases (writers), and RNA reader proteins (read-
ers) [23]. Insulin-like growth factor 2 binding protein 2 
(IGF2BP2) functions as a specific m6A “reader” [24], and 
has been implicated in LC progression [25, 26]. Studies 
have shown that IGF2BP2 can promote the growth of 
NSCLC cells [27], and is associated with drug resistance 
in various human cancers [28]. For instance, Han et al. 
found that forced expression of IGF2BP2 could enhance 
chemoresistance in glioma cells via stabilizing the long 
non-coding RNA DANCR [28]. Additionally, IGF2BP2 
overexpression has been shown to increase resistance 
to DDP in cervical cancer cells [29]. However, it remains 
unclear whether IGF2BP2 influences DDP resistance in 

LC cells. Therefore, we investigated the role of IGF2BP2 
in DDP resistance in LC.

Materials and methods
Cell culture and transfection
Human SCLC cell lines H446 (No. CL-0401, Procell), 
SBC-2 (a kind gift from Tianjin International Joint Acad-
emy of Biomedicine), and NSCLC cell lines HCC827 
(No. CL-0094, Procell), A549 (No. CL-0016, Procell), 
H322 (No. 95111734, European Collection of Authenti-
cated Cell Cultures), NCI-H3255 (No. IM-H122, IMMO-
CELL) and DDP-resistant A549 cells (A549/DDP, No. 
CL-0519, Procell), human bronchial epithelial cell line 
(BEAS-2B, No. GDC0139, China Center for Type Cul-
ture Collection) were cultured in Dulbecco’s modified 
Eagle medium/Nutrient Mixture F-12 (DMEM/F-12, 
C11330500BT, Gibco) supplemented with 10% fetal 
bovine serum (FBS, No. 10270-106, Gibco) and 1% peni-
cillin/streptomycin, and incubated in an incubator at 
37  °C with 5% CO2. All cell lines were authenticated by 
short tandem repeat (STR) profiling.

Small interfering RNAs specifically targeting IGF2BP2 
(si-IGF2BP2), siRNA negative control (si-NC), and 
pcDNA3.1-NC (oe-NC), pcDNA3.1-IGF2BP2 (oe-
IGF2BP2) and pcDNA3.1-Spon2 (oe-Spon2) were 
obtained from HanBio, and then transfected into cells. 
The sequences of si-IGF2BP2, oe-IGF2BP2, oe-Spon2 
have been provided in Table S1.

The si-IGF2BP2 sequences or si-NC sequences were 
separately cloned into the PGMLV-6751 lentiviral vector 
(Lv-si-IGF2BP2 or Lv-si-NC). HEK293T cells were trans-
fected with Lv-si-IGF2BP2 or Lv-si-NC plasmids using 
Lipofectamine2000 for 72  h. Following this, virus parti-
cles were harvested, and transduced into A549 or A549/
DDP cells for an additional 72 h. Cells were then selected 
with puromycin for two weeks to obtain stable cell lines.

Reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR)
Total RNA was extracted using the Redzol reagent (No. 
FTR-50, SBS Genetech Co., Ltd.). Next, the first-strand 
cDNA was synthesized using the Surescript™ First-Strand 
cDNA Synthesis Kit (No. QP057, iGeneBio). The SYBR 
Green qPCR Master Mix (None ROX) kit (No. G3320-05, 
Servicebio) was then utilized for qPCR analysis on an iQ5 
Real-Time PCR system (Applied Biosystems). GAPDH 
served as the internal control for IGF2BP2. The rela-
tive IGF2BP2 mRNA level was calculated by the 2−ΔΔCT 
method, as described by Livak and Schmittgen [30]. The 
primers used were as follows: IGF2BP2: forward, 5’-​G​G​
G​A​C​A​G​T​G​G​A​G​A​A​T​G​T​G​G​A − 3’and reverse, 5’-​A​A​C​T​
G​A​T​G​C​C​C​G​C​T​T​A​G​C​T​T-3’; Spon2: forward, 5’-​C​T​A​C​
T​G​T​A​T​G​C​C​A​G​C​C​G​T​G​G-3’ and reverse, 5’-​C​C​G​C​C​T​C​
G​A​T​C​T​C​C​T​T​C​A​T​C-3’; GAPDH: forward, 5’-​T​C​A​G​C​A​
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A​T​G​C​C​T​C​C​T​G​C​A​C-3’and reverse, 5’-​T​C​T​G​G​G​T​G​G​C​
A​G​T​G​A​T​G​G​C − 3’.

Western blot assay
Protein samples were extracted using the Radio-Immu-
noprecipitation Assay (RIPA) buffer (No. P0013B, 
Beyotime) and quantified using a Bradford protein con-
centration assay kit (No. AR0145, BOSTER). Next, the 
protein samples were separated by 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and then transferred onto polyvinylidene fluoride 
(PVDF) membranes. The membranes were then incu-
bated with primary antibodies, followed by incubation 
with the corresponding secondary antibody (No. ab7090, 
Abcam). Signal enhancement was achieved using an 
Western Lightning™ Chemiluminescence Reagent (Perki-
nElmer), and imaging was performed using an Epson 
Perfection V39 scanner (EPSON). The antibodies uti-
lized in this study included anti-IGF2BP2 (No. ab124930, 
Abcam), anti-Spon2 (ab171955, Abcam), anti-β-actin 
(No. ab8227, Abcam) and anti-GAPDH (No. ab9485, 
Abcam) antibodies.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay
A549 and A549/DDP cells were plated onto 96-well 
plates and incubated overnight. Following this, the cells 
were cultured for 24, 48 and 72 h. Next, 10 µl of the MTT 
reagent (No. AR1156, BOSTER) was added to each well 
and incubated for an additional 4  h. After removing 
the medium from each well, 100 µL of dimethyl sulfox-
ide (DMSO) was added. The plate was then placed on a 
shaker for 10 min to dissolve the formazan crystals. Sub-
sequently, a microplate reader (DNM-9602; PERLONG) 
was used to measure the optical density (OD) at 570 nm.

Flow cytometry assay
For the analysis of cell cycle distribution, a Cell cycle 
staining Kit (No. CCS012, MULYI SCIENCES) was used. 
A549 and A549/DDP cells were re-suspended in pre-
cold phosphate buffered saline (PBS) and fixed in anhy-
drous ethanol at 4  °C overnight. Subsequently, 50  µg/
ml of propidium iodide (PI, provided by MULYI SCI-
ENCES) and 100 µg/ml of RNase A were added into the 
cell suspension, and the mixture was then incubated for 
30 min at 4  °C in the dark. For detecting cell apoptosis, 
an Annexin V-FITC/PI apoptosis kit (No. AP101-100-
kit, MULYI SCIENCES) was utilized. Briefly, cells were 
stained with 5 µL of Annexin V-FITC and 10 µL of PI 
for 20  min in a dark environment. Finally, the distribu-
tion of cell cycle and cell apoptosis was analyzed using 
a BD FACSCalibur™ Flow Cytometer (E97501093, BD 
Biosciences).

Wound healing assay
A549 and A549/DDP cells were plated onto 12-well plates 
and allowed to adhere overnight. A sterilized pipette tip 
was used to create a scratch in the center of each well. 
Next, cells were washed three times with PBS to remove 
the suspended cells, after which serum-free medium was 
added. After incubation of 0 and 24 h, brightfield images 
were observed using an inverted microscope (IX71, 
OLYMPUS).

Human clinical samples
Nine tissue specimens were collected from three patients 
with LC at various stages by the Affiliated Cancer Hos-
pital of Inner Mongolia Medical University (Ref No.: 
YKD202101018). The specimens included pre-therapy 
samples (three tumor tissues and three adjacent normal 
tissues) and tissues from patients who exhibited a poor 
response to DDP therapy (three relapse tissues). All par-
ticipants provided written informed consent, and the 
study was approved by the Ethics Committee of the Affil-
iated Cancer Hospital of Inner Mongolia Medical Uni-
versity (Ref No.: YKD202101018), in accordance with the 
Declarations of Helsinki.

Immunofluorescence (IF) assay
Paraffin-embedded tissues were cut into 5-µm thick sec-
tions. Next, sections were stained with anti-IGF2BP2 
antibody (No. ab124930, Abcam) and anti-CD133 anti-
body (No. PA5-38014, ThermoFisher SCIENTIFIC) over-
night at 4  °C. Following this, the sections were probed 
with the secondary antibody (No. ab150077, Abcam). 
Finally, a fluorescence microscope (BX51, OLYMPUS) 
was used for observing images. The fluorescence semi-
quantitative analysis was conducted with the Image Pro 
Plus software.

Animal study
The animal study was conducted in compliance with the 
NIH Guidelines for the Care and Use of Laboratory Ani-
mals and performed in accordance with ARRIVE guide-
lines. BALB/c nude mice were obtained from Charles 
River and randomly divided into five groups (n = 3), A549 
group, A549 + DDP group, A549/DDP group, A549/
DDP + DDP group, A549/DDP + DDP + Lv-si-IGF2BP2 
group. Each mouse in the A549, A549 + DDP, A549/
DDP and A549/DDP + DDP groups was subcutaneously 
injected with A549 or A549/DDP cells (1*106 cells) into 
the left flank. Additionally, each mouse in the A549/
DDP + DDP + Lv-si-IGF2BP2 group was subcutane-
ously injected with Lv-si-IGF2BP2-transfected A549/
DDP cells into the left flank. Mice in the DDP treatment 
groups were administered DDP (5  mg/kg) by intraperi-
toneal injection twice a week, as described previously 
[31]. Tumor sizes (volume = length × width2/2) were 
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monitored weekly for 4 weeks. After treatment, the mice 
were anesthetized using 1% isoflurane inhalation and 
then sacrificed by cervical dislocation, after which tumor 
tissues were collected. Subsequently, paraffin-embedded 
tissues were cut into 5-µm thick sections. After that, sec-
tions were subjected to HE staining and then observed 
using a light microscope (SOPTOP OD630K, SUNNY 
HENGPING INSTRUMENT). All animal procedures 
were approved by the Committee of the Affiliated Cancer 
Hospital of Inner Mongolia Medical University (Ref No.: 
YKD202101018).

For the methylated RNA immunoprecipitation 
sequencing (MeRIP-seq) assay, mice were randomly 
divided into two groups: Lv-si-NC and Lv-si-IGF2BP2 
groups. A549 cells transfected with either Lv-si-NC or 
Lv-si-IGF2BP2 were subcutaneously injected into the 
right flank of each mouse. After 4 weeks, the mice were 
anesthetized using 1% isoflurane inhalation and then sac-
rificed by cervical dislocation, after which the tumor tis-
sues were then collected.

M6A RNA methylation assay
The Redzol reagent (No. FTR-50, SBS Genetech Co., 
Ltd.) was used to extract total RNA from tumor tissues. 
Subsequently, the m6A levels of the mRNA were evalu-
ated using the EpiQuik m6A RNA Methylation Quanti-
fication Kit (No. P-9005, Epigentek) in accordance with 
the manufacturer’s instructions. After that, the optical 
density (OD) at 450 nm was measured using a microplate 
reader (DNM-9602; PERLONG).

Methylated RNA immunoprecipitation sequencing (MeRIP-
seq)
The Redzol reagent was used to extract total RNA from 
tumor tissues. The isolated RNA samples were divided 
into two parts: immunoprecipitated (IP) and input parts. 
Next, RNA samples (IP parts) used for constructing the 
RIP Library were incubated with an anti-m6A antibody, 
and the complex were then bound to Dynabeads. After 
that, m6A-positive RNA was eluted from the m6A-Dyna-
beads. Meanwhile, RNA samples from the input parts 
were used for constructing the Input library. Upon com-
pletion of the library construction, the Illumina Hiseq X 
Ten was used for sequencing. The number of m6A peaks 
was calculated using the m6A Viewer software based on 
the sequencing data [32]. The DREME ​(​​​h​t​​t​p​:​​/​/​m​e​​m​e​​-​s​u​i​
t​e​.​o​r​g​/​t​o​o​l​s​/​d​r​e​m​e​​​​​) software was utilized to identify the 
m6A motif. UCSC snapshots of MeRIP-seq reads were 
utilized to visualize the indicated genes.

The sequencing data from the input samples served as 
transcriptome data. Correlation analysis was performed 
on the MeRIP-Seq data and the transcriptome data.

Gene set enrichment analysis (GSEA)
Using the R package “clusterProfiler”, GSEA was per-
formed on genes. The significantly enriched Gene 
Ontology [GO, including biological process (BP), molec-
ular function (MF) and cell composition (CC)] terms 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways were identified according to the threshold 
value of |normalized enrichment score (NES)| > 1 and 
p-value < 0.05.

Statistical analysis
Each experiment was independently repeated at least 
three times. Data were presented as mean ± standard 
deviation (SD). Differences between two groups were 
assessed using an unpaired Student’s t-test. Meanwhile, 
one‐way analysis of variance (ANOVA) or two-way 
ANOVA followed by Tukey test was employed for mul-
tiple comparisons. A p-value of < 0.05 indicates statistical 
significance.

Results
Diminished IGF2BP2 triggered A549 cell apoptosis and cell 
cycle arrest
IGF2BP2 has been identified as having oncogenic roles 
in human cancers [33]. Our results indicated that, com-
pared to BEAS-2B cells, IGF2BP2 levels were significantly 
higher in LC cells, with A549 cells showing the highest 
expression of IGF2BP2 (Fig. 1A and B). Thus, A549 cells 
were selected for further experiments.

To explore the impact of IGF2BP2 in lung cancer, A549 
cells were transfected with si-IGF2BP2 to downregulate 
IGF2BP2 levels (Fig. 1C and D). Additionally, downregu-
lation of IGF2BP2 obviously repressed A549 cell viability 
and triggered cell apoptosis; conversely, IGF2BP2 over-
expression displayed opposite effects (Fig.  2A and B). 
Moreover, IGF2BP2 deficiency strongly increased the 
number of cells in the G0/G1 phase, but decreased the 
number of cells in the S phase (Fig.  2C), leading to cell 
cycle arrest. Conversely, IGF2BP2 overexpression facili-
tated the transition of cells from the G0/G1 phase to the 
S phase in A549 cells (Fig.  2C). Collectively, downregu-
lation of IGF2BP2 could lead to apoptosis and cell cycle 
arrest in A549 cells .

Downregulation of IGF2BP2 repressed DDP resistance in 
A549/DDP cells
Next, we explored the role of IGF2BP2 in the resis-
tance of LC cells to DDP. MTT results showed that DDP 
remarkably reduced A549 cell viability by approximately 
24% following a 72-hour treatment (Fig.  3A). However, 
treated A549/DDP cells with DDP for 72 h resulted in a 
mere 13% reduction in the viability of A549/DDP cells; 
as expected, the combination of DDP and si-IGF2BP2 
led to a 34% decrease in cell viability, suggesting that the 

http://meme-suite.org/tools/dreme
http://meme-suite.org/tools/dreme
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silencing of IGF2BP2 further intensified the cytotoxic 
effects of DDP on A549/DDP cells (Fig.  3A). The half 
maximal effective concentration (EC50) of DDP in A549 
cells was determined to be 3.638 µg/ml (Fig. 3B). In the 
presence of si-IGF2BP2, the EC50 value for DDP in A549 
cells was decreased to 0.982 µg/ml (Figure S1). Addition-
ally, the EC50 for DDP in A549/DDP cells was found to 
be 50.41  µg/ml, indicating that these cells exhibit resis-
tance to DDP (Fig. 3B). Meanwhile, when combined with 
si-IGF2BP2, the EC50 value for DDP in A549/DDP cells 
was reduced to 1.98 µg/ml (Fig. 3B).

Furthermore, DDP significantly inhibited cell migra-
tion, increased cell apoptosis and induced cell cycle 
arrest at the G0/G1 phase in A549/DDP cells (Figs.  3C 
and 4A and B). As expected, compared to DDP treatment 
alone, the combination of DDP and si-IGF2BP2 further 
enhanced these effects (Figs. 3C and 4A and B), suggest-
ing that downregulation of IGF2BP2 could enhance the 
anti-migratory, pro-apoptotic and cell cycle-arresting 
effects of DDP in A549/DDP cells. To sum up, IGF2BP2 
knockdown could promote the sensitivity of A549/DDP 
cells to DDP.

IGF2BP2 was apparently elevated in relapsed lung cancer 
tissues
The results of RT-qPCR and IF staining results showed 
that, compared to normal tissues, IGF2BP2 levels were 
notably elevated in LC tissues and relapsed/resistant 
LC tissues (Fig.  5A and B). Meanwhile, compared to 
LC tissues, IGF2BP2 levels were markedly increased in 
relapsed/resistant LC tissues (Fig. 5A and B). Moreover, 
CD133, a marker for tumor initiation and relapse, was 
found to be significantly higher in relapsed/resistant LC 
tissues than in LC tissues (Fig.  5B). Therefore, elevated 
levels of IGF2BP2 may be related to tumor relapse after 
DDP therapy in LC.

Downregulation of IGF2BP2 reduced the resistance of 
A549/DDP cells to DDP in vivo
We then explored the impact of IGF2BP2 in the regula-
tion of drug resistance using a murine xenograft mouse 
model of A549/DDP cells. DDP treatment obviously 
decreased tumor volume and weight in A549/DDP xeno-
graft mice (Fig.  6A, B and C). Additionally, IGF2BP2 
deficiency led to an additional reduction in both tumor 
volume and weight compared to the A549/DDP + DDP 
group (Fig. 6A, B and C). Moreover, HE staining revealed 
obvious necrosis in the tumor tissues of the A549/
DDP + DDP group; with even more pronounced necrosis 

Fig. 1  IGF2BP2 was increased in LC cells. (A) RT-qPCR and (B) western blot assays were applied to determine the mRNA and protein levels of IGF2BP2 
in six LC cells. (C) RT-qPCR and (D) western blot assays were performed to assess the mRNA and protein levels of IGF2BP2 in A549 cell transfected with 
si-IGF2BP2. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 3  Downregulation of IGF2BP2 augmented the anti-proliferative and anti-migratory effects of DDP on A549/DDP cells. (A) A549 cells were treated 
with DDP, and A549/DDP cells were treated with DDP, or DDP + si-IGF2BP2 for 0, 24, 48 and 72 h. (B) A549, A549/DDP and si-IGF2BP2-transfected A549/
DDP cells were treated with DDP (0, 1, 5, 10, 50 or 100 µg/mL) for 48 h. Cell viability was assessed using the MTT assay. (C) A549 cells were treated with 
DDP, and A549/DDP cells were treated with DDP or DDP + si-IGF2BP2 for 0 and 24 h. Cell migration was evaluated using the wound healing assay (scale 
bar, 100 μm). ***P < 0.001

 

Fig. 2  Deficiency of IGF2BP2 triggered A549 cell apoptosis and cell cycle arrest. A549 cells were transfected with si-IGF2BP2 or oe-IGF2BP2 plasmids. 
(A) The viability of A549 cells at 0, 24, 48 and 72 h were assessed using the MTT assay. (B) Cell apoptosis and (C) cell cycle distribution of A549 cells were 
evaluated by flow cytometry. **P < 0.01; ***P < 0.001
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observed following the silencing of IGF2BP2 (Fig.  6D). 
Furthermore, compared to A549/DDP + DDP group, 
IGF2BP2 deficiency further reduced the levels of CD133 
and IGF2BP2 in tumor tissues from A549/DDP xeno-
graft mice (Fig. 6E and F). Collectively, downregulation of 
IGF2BP2 could reduce the resistance of A549/DDP cells 
to DDP in vivo.

IGF2BP2 affected m6A methylation levels in LC
It has been shown that IGF2BP2 is a critical regulator of 
m6A methylation [34]. Meanwhile, our results showed 
that compared to the A549/DDP group, DDP treatment 
obviously declined the m6A methylation levels in tumor 
tissues (Fig.  7A). Notably, IGF2BP2 deficiency led to a 
further reduction in m6A methylation levels compared to 

the A549/DDP + DDP group (Fig. 7A). These data showed 
that IGF2BP2 has the ability to suppress the m6A meth-
ylation levels in LC.

Thus, to identify the m6A modification targets in LC, 
the MeRIP-seq was performed. A total of 23,466 and 
23,789 m6A peaks were detected in Lv-si-NC and Lv-
si-IGF2BP2 groups respectively, with 14,772 peaks iden-
tified in both two groups (Fig.  7B). Additionally, the 
m6A consensus motif ​A​A​A​A​A​A​A​A​A​A​A​A​A​A​A​A​A​A​A​
A​A was enriched in the detected peaks in both groups 
(Fig.  7C). Compared to the Lv-si-NC group, most of 
m6A-modified genes and m6A abundance of common 
peaks were markedly decreased in tumor tissues in the 
Lv-si-IGF2BP2 group (Fig.  7D and E). Furthermore, 
540 differentially expressed genes (DEGs) and 1,416 

Fig. 4  Downregulation of IGF2BP2 enhanced the pro-apoptotic effect of DDP on A549/DDP cells. A549 cells were treated with DDP, and A549/DDP 
cells were treated with DDP or DDP + si-IGF2BP2 for 48 h. (A) Cell apoptosis and (B) cell cycle distribution were evaluated by flow cytometry.*P <  0.05;  
**P < 0.01; ***P < 0.001
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differentially methylated genes (DMGs) were identified 
between the Lv-si-NC and Lv-si-IGF2BP2 groups (Table 
S2, S3). Meanwhile, there were 63 overlapping genes 
between DEGs and DMGs (Fig.  7F and Table S4). Sub-
sequently, GSEA analysis was performed on these over-
lapping genes. GSEA-GO analysis revealed that these 
overlapping genes were significantly enriched in 1,644 
processes such as “kinase activity”, “histone modifica-
tion” and “microtubule organizing center” (Figure S2A 
and Table S5). GSEA-KEGG results showed that these 
overlapping genes were related to 68 pathways, such as 
“Herpes simplex virus 1 infection”, “Lysine degradation”, 
“mTOR signaling pathway”, “Signaling pathways regulat-
ing pluripotency of stem cells” and “p53 signaling path-
way” (Fig. 7G and H, S2B and Table S5).

Based on the correlation analysis between methylation 
and transcriptome level, the m6A levels of Spon2 gene 
were significantly increased, whereas the mRNA levels 
of Spon2 were notably reduced in the Lv-si-IGF2BP2 
group, compared to the Lv-si-NC group (Fig. 7I). Mean-
while, the m6A peaks of Spon2 gene in Lv-si-NC and Lv-
si-IGF2BP2 groups were displayed in Fig. 7J. Collectively, 
downregulation of IGF2BP2 could decrease Spon2 levels 
in tumor tissues via m6A RNA methylation.

Downregulation of IGF2BP2 repressed DDP resistance in 
A549/DDP cells via downregulation of Spon2
Next, we investigated whether IGF2BP2 could impact 
DDP resistance in LC via modulation of Spon2. The 
results of RT-qPCR and western blot assays showed that 
downregulation of IGF2BP2 led to a significant decrease 
in Spon2 expression in A549 cells, whereas overexpres-
sion of IGF2BP2 resulted in an increase in Spon2 expres-
sion in A549 cells (Fig. 8A and B). Additionally, compared 
to the A549 group, Spon2 levels were obviously elevated 
in A549/DDP cells and in tumor tissues from A549/
DDP xenograft mice (Fig. 8C and D). Significantly, DDP 

treatment caused a significant reduction in Spon2 levels 
in both A549/DDP cells and tumor tissues from A549/
DDP xenograft mice, compared to the A549/DDP group; 
meanwhile, IGF2BP2 deficiency further reduced Spon2 
expression (Figs.  8C and D and 9A). Conversely, com-
pared to the DDP + si-IGF2BP2 group, overexpression 
of Spon2 remarkably elevated Spon2 levels in DDP + si-
IGF2BP2-treated A549/DDP cells (Fig. 9A). Furthermore, 
compared to the DDP + si-NC + pcDNA3.1-NC group, 
IGF2BP2 deficiency remarkably enhanced the anti-pro-
liferative and pro-apoptotic effects of DDP in A549/DDP 
cells; however, these effects were notably reversed by 
Spon2 overexpression (Fig.  9B and C). Collectively, our 
findings suggested that downregulation of IGF2BP2 was 
able to overcome DDP resistance in A549/DDP cells via 
downregulation of Spon2.

Discussion
Drug resistance has long posed a significant challenge 
in LC [35]. Resistance to chemotherapy, and subsequent 
relapse are the main reasons leading to poor survival 
rates in LC patients [36]. Treatment failure and tumor 
relapse are common after DDP treatment in a substan-
tial proportion of DDP-based treatment patients [37]. 
Consequently, it is essential to find effective strategies 
to overcome acquired resistance to DDP in LC patients. 
Our results revealed that deficiency of IGF2BP2 could 
overcome DDP resistance in LC in vitro and in vivo.

Compared to the A549 group, m6A RNA modifica-
tion levels were obviously elevated in the A549/DDP 
group, suggesting that m6A methylation is associated 
with DDP resistance in LC. Numerous studies have con-
firmed that m6A methylation exerts important roles 
in modulating cancer progression and drug resistance 
[38, 39]. M6A methyltransferase METTL3 has been 
reported to contribute to oxaliplatin resistance by stabi-
lizing PARP1 mRNA in CD133 + gastric cancer stem cells 

Fig. 5  IGF2BP2 was apparently elevated in relapsed LC tissues. (A) RT-qPCR was performed to assess IGF2BP2 levels in adjacent normal tissues, tumor 
tissues and relapse/resistant tumor tissues (poor response to DDP therapy). (B) IF staining assay was used to determine IGF2BP2 and CD133 levels in 
adjacent normal tissues, tumor tissues and relapse/resistant tumor tissues (scale bar, 100 μm). **P < 0.01; ***P < 0.001
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Fig. 6  Downregulation of IGF2BP2 reduced the resistance of A549/DDP cells to DDP in vivo.(A) Photographs of animals (upper panel) and xenograft 
tumors (lower panel). (B) Tumor volume and (C) tumor weight. (D) H&E staining assay was done to observe pathological changes of tumor tissues (scale 
bar, 50 μm). (E, F) IF staining assay was done to assess CD133 and IGF2BP2 levels in tumor tissues (scale bar, 100 μm). *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 7  IGF2BP2 affected m6A methylation modification in LC. (A) The RNA m6A methylation levels in tumor tissues from A549 or A549/DDP xenograft 
mice were evaluated. ***P < 0.001. (B) The number of m6A peaks was calculated using the m6A Viewer software. (C) Normalized distribution of m6A peaks 
and identification of m6A motif. (D) Heatmap showed the levels of m6a modified genes in two group. (E) The normalized m6A reads density of common 
m6A peak was shown in Violin plot. (F) Venn diagram was used for identifying overlapping genes between differentially expressed genes (DEGs) and 
differentially methylated genes (DMGs). (G) Top 5 signalings from GSEA-KEGG analysis. (H) The “Signaling pathways regulating pluripotency of stem cells”, 
“mTOR signaling pathway”, and “p53 signaling pathway” were related to 63 overlapping genes. (I) The quadrantal diagram graph of transcription and m6A 
methylation levels using MeRIP-seq data. (J) UCSC snapshots of m6A-seq reads was used for visualizing Spon2
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[40]. Meanwhile, METTL3 could increase AKT levels in 
NSCLC cells, thereby reducing sensitivity to DDP [41]. 
ALKBH5, an m6A demethylase, is highly expressed in 
DDP-resistant epithelial ovarian cancer (EOC) cells; and 
forced expression of ALKBH5 could confer resistance to 

DDP in EOC cells [42]. YTHDF1, an m6A reader protein, 
is over-expressed in gastrointestinal cancers, and elevated 
levels of YTHDF1 have been associated with chemoresis-
tance [43]. Furthermore, IGF2BP2, another m6A reader 
protein, has been shown to enhance chemoresistance 

Fig. 8  Downregulation of IGF2BP2 declined Spon2 expression in LC. A549 cells were transfected with (A) si-IGF2BP2 or (B) oe-IGF2BP2 plasmids. RT-qPCR 
and western blot assays were conducted to assess Spon2 levels in A549 cells. (C) A549 cells were treated with DDP, and A549/DDP cells were treated with 
DDP or DDP + si-IGF2BP2. RT-qPCR and western blot assays were conducted to assess Spon2 levels in cells. (D) RT-qPCR and western blot assays were 
conducted to determine Spon2 levels in tumor tissues from A549 or A549/DDP xenograft mice. **P < 0.01; ***P < 0.001
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in glioma cells [28]. However, no studies have reported 
the role of IGF2BP2 in DDP-resistant LC. In the present 
study, we observed high levels of IGF2BP2 in relapsed/
resistant LC tissues from patients compared to LC tis-
sues obtained from non-resistant patients. These results 
revealed a potential role for IGF2BP2 in facilitating DDP 
resistance in LC.

The IGF2BP family consists of three members includ-
ing IGF2BP1, IGF2BP2, and IGF2BP3 [44], all of which 
are implicated in the drug resistance of human cancers 
[45–47]. IGF2BP1 knockdown has been shown to reduce 
resistance to chemotherapeutic drugs (e.g. 5-fluorouracil, 
irinotecan, and oxaliplatin) in colorectal cancer (CRC) 
cells [45]. IGF2BP2 could facilitate DDP resistance in 
CRC via enhancing the stabilization of long non-coding 
RNA taurine up-regulated gene 1 [46]. Additionally, 

IGF2BP3-mediated m6A modification could promote the 
stabilization of TMA7 mRNA, thereby contributing to 
cancer progression and DDP resistance in laryngeal can-
cer [47]. In the present research, we found that reduced 
expression of IGF2BP2 could further enhance the anti-
proliferative, anti-migratory, and pro-apoptotic effects 
of DDP on A549/DDP cells. Thus suggests that IGF2BP2 
downregulation could effectively overcome DDP resis-
tance in DDP-resistant LC cells.

DDP can crosslink DNA and inhibit DNA synthesis, 
ultimately leading to cell death [48]. However, chemore-
sistance often inevitably appears during DDP treatment 
[49]. In the present study, we found that DDP induced 
cytotoxicity, cell apoptosis and cell cycle arrest in A549/
DDP cells, with these effects greatly augmented by 
IGF2BP2 knockdown. These findings demonstrated that 

Fig. 9  Downregulation of IGF2BP2 repressed DDP resistance in A549/DDP cells via downregulation of Spon2. A549/DDP cells were treated with DDP, 
DDP + si-IGF2BP2, DDP + oe-Spon2 or DDP + si-IGF2BP2 + oe-Spon2. (A) RT-qPCR assay was conducted to assess Spon2 levels in cells. (B) MTT, (C) flow 
cytometry assays were applied to evaluate cell viability and apoptosis. ***P < 0.001
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IGF2BP2 knockdown could overcome DDP resistance in 
DDP-resistant LC cells by triggering cell cycle arrest and 
apoptosis.

M6A RNA methylation has been implicated in the 
progression of several cancers, including LC [50, 51]. 
Mechanistically, m6A methylation plays a crucial role 
in modulating gene expression at the post-transcrip-
tional level by influencing mRNA stability, splicing, and 
translation [51–53]. As an m6A “reader”, IGF2BP2 has 
been shown to enhance the stability of SLC7A11 mRNA 
through m6A modification, thereby conferring ferrop-
tosis resistance to hepatoblastomas [54]. Our results 
showed that compared to the Lv-si-NC group, down-
regulation of IGF2BP2 remarkably elevated the m6A 
levels of Spon2, but reduced the mRNA levels of Spon2 
in tumor tissues of mice, suggesting that downregula-
tion of IGF2BP2 could reduce Spon2 levels in tumor 
tissues via the modulation of m6A methylation. Some 
studies have shown that the presence of m6A modifica-
tion can result in mRNA degradation [55, 56]. Li et al. 
found that IGF2BP2 can enhance the stability of SOX2 
transcripts, thereby preventing their degradation via an 
m6A-IGF2BP2-dependent mechanism [24]. Our results 
indicated an increased m6A level of Spon2 in the Lv-
si-IGF2BP2 group. Thus, we hypothesize that IGF2BP2 
downregulation results in elevated m6A levels of Spon2, 
which subsequently causes mRNA degradation and ulti-
mately leads to reduced mRNA levels of Spon2; however, 
the exact mechanism of this process warrants further 
investigation. Both Spon2 and IGF2BP2 have been impli-
cated in the progression and metastasis of human can-
cers, including LC [27, 57, 58]. Thus, we speculated that 
downregulation of IGF2BP2 may inhibit LC progression 
through downregulating Spon2 in an m6A-dependent 
manner. Notably, our study is the first to show the rela-
tionship between the Spon2 and IGF2BP2 in LC.

Furthermore, our results demonstrated that IGF2BP2 
deficiency could reduce Spon2 expression levels in the 
A549/DDP + DDP group. Moreover, IGF2BP2 deficiency 
enhanced the pro-apoptotic effects of DDP in A549/
DDP cells, whereas these changes were reversed by 
Spon2 overexpression, suggesting that the knockdown 
of IGF2BP2 could potentially overcome DDP resis-
tance in A549/DDP cells through the downregulation 
of Spon2. Collectively, our data showed that the knock-
down of IGF2BP2 could prevent DDP resistance in LC 
by downregulating Spon2 in an m6A-dependent manner. 
However, this study focused exclusively on the impact 
of IGF2BP2 siRNA on A549 and A549/DDP cells. Fur-
ther research is needed to validate the role of IGF2BP2 
siRNA in DDP resistance across other LC cell lines and 
DDP-resistant LC cells in future studies. Furthermore, a 
therapeutic strategy that combines an IGF2BP2 inhibi-
tor with DDP warrants exploration in subsequent trials, 

which may provide further insights into the application 
of IGF2BP2 in LC.

Huang et al. demonstrated that Spon2 overexpression 
could facilitate colorectal cancer progression through 
enhancing the infiltration of M2 macrophages [59]. 
Research has indicated that M2-like tumor-associated 
macrophages (TAMs) play important roles in tumor 
progression and acquired drug resistance [60]. M2-like 
TAMs can contribute to chemotherapy resistance by 
secreting cytokines or activating anti-apoptotic path-
ways [61]. Thus, we hypothesize that the IGF2BP2-Spon2 
axis may influence DDP resistance in LC by promoting 
M2 macrophage polarization; however, this hypothesis 
requires further investigation.

Conclusion
Together, downregulation of IGF2BP2 could inhibit DDP 
resistance in LC through downregulating Spon2 gene 
expression in an m6A-dependent manner. These findings 
may provide a new strategy for overcoming DDP resis-
tance in LC.
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