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Abstract: Recurrence and metastasis are major factors associated with the poor prognosis of pancreatic cancer 
(PC). Previous studies have indicated that METTL3-mediated N6-methyladenosine (m6A) modification is closely as-
sociated with PC progression and prognosis. However, its underlying regulatory mechanisms remain unclear. In this 
study, we found that METTL3 was upregulated in PC tissues and cells and was associated with malignant tumor pro-
gression and poor progression-free survival in PC. Linc00662 was screened as a m6A-enriched RNA that promoted 
tumor growth and metastasis in PC cells and mouse models and was associated with poor clinical prognosis. Four 
m6A motifs were identified in Linc00662, which maintained the stability of Linc00662 in an IGF2BP3-coupled man-
ner and were closely associated with the pro-tumor properties of Linc00662 in vitro and in vivo. ITGA1 was identified 
as a downstream gene regulated by Linc00662. Linc00662 recruites GTF2B to activate the transcription of ITGA1 
in a m6A-dependent manner and initiates the formation of focal adhesions through the ITGA1-FAK-Erk pathway, 
thereby promoting malignant behavior in PC cells. The FAK inhibitor-Y15 obviously repressed tumor progression 
in Linc00662-overexpressing PC cells in vitro and in vivo. This study proposes a novel regulatory mechanism of 
Linc00662 in oncogene activation in PC and indicates that Linc00662 and its downstream genes are potential 
targets for PC therapy.
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Introduction

Pancreatic cancer (PC) is one of the most 
aggressive cancers of the digestive system and 
is characterized by late diagnosis and poor 
prognosis [1-3]. Recurrence and metastasis are 
major factors associated with the poor progno-
sis of PC, which cannot be controlled with cur-
rent therapeutic strategies. In most patients, 
chemotherapy is the only option despite wide-
spread chemoresistance. Therefore, precision 
medicine and targeted therapies represent 
promising novel therapeutic strategies [4]. 
However, only a limited number of functional 
targets of PC and their underlying mechanisms 
have been identified. 

Epigenetic modifications such as RNA modifica-
tions are involved in carcinogenesis. Among 
them, N6-methyladenosine (m6A) is the most 
abundant epigenetic modification of RNA. m6A 
methylation is catalyzed at the N6 position of 
RNA molecules by the effector proteins, includ-
ing enzymes such as the “writers” (METTL3, 
METTL14, and WTAP) [5, 6] and “erasers” (FTO 
and ALKBH5), which effectively install and 
remove RNA methylation [7, 8]. After m6A modi-
fication, mature RNAs are exported from nuclei 
to cytoplasm where they are recognized by dif-
ferent “readers” (HNRNPC, YTHDF1/2/3 and 
IGF2BP1/2/3) [9, 10]. 

METTL3 was originally identified as a methyl-
transferase responsible for m6A modification 
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[11, 12], which plays different roles in tumor 
progression depending on the tumor type. It 
has been reported that METTL3 promotes the 
translation of oncogenes such as EGFR, TAZ, 
and WTAP, and promotes malignant growth in 
breast and lung cancers [13, 14]. In contrast, 
METTL3 inhibited tumor growth in renal cell 
carcinoma and glioblastoma [15, 16]. Previous 
studies have identified several m6A regulators 
that are closely related to overall survival in PC, 
including the METTL3, IGF2BPs family, and 
HNRNPC [17, 18]. It has been reported that 
METTL3 expression is upregulated in PC tis-
sues compared to that in paracancerous tis-
sues, which enhances the proliferative, inva-
sive, and migratory capacities [19] and pro-
motes chemoresistance and radioresistance in 
PC cells [20]. In addition, high METTL3 levels 
predict poor prognosis in patients with PC [17]. 
These results indicate that METTL3 plays an 
oncogenic role in PC, however the underlying 
mechanisms remain unclear. 

Long non-coding RNA (lncRNAs) are an abun-
dant and functionally diverse set of non-coding 
RNA (> 200 nt transcripts) that show limited or 
no protein-coding capacity [21, 22], while play-
ing critical roles in the malignant progression of 
cancer [23, 24]. Several studies have reported 
that m6A in lncRNAs is involved in tumor pro-

gression and metastasis [25, 26]. In hepatocel-
lular carcinoma, m6A modification induces the 
upregulation of Linc00958, which subsequent-
ly promotes tumor metastasis through the miR-
3619-5p/HDGF axis [25]. In lung cancer, the 
lncRNA THOR plays an oncogenic role in a  
m6A-dependent manner [26]. In prostate can-
cer, the lncRNA NEAT1 promotes bone metas-
tasis through m6A modifications [27]. 

These findings indicate that m6A modification 
may play a vital role in the malignant progres-
sion and metastasis of PC. Therefore, it is 
important to explore the m6A profiles of the  
PC. This study aimed to identify m6A-enriched 
lncRNAs in PC and elucidate the underlying 
mechanisms of tumor progression and metas-
tasis, which will aid in identifying potential 
novel molecular targets to optimize current 
therapeutic strategies and improve the clinical 
prognosis of patients with PC.

Materials and methods 

Patients and tissue samples

Fresh tumor tissues and paired adjacent non-
tumor tissue samples were collected from 30 
patients with PC who underwent surgical resec-
tion between June 2021 and May 2022 at the 
Affiliated Hospital of Jiangnan University. None 
of the patients underwent preoperative chemo-
therapy or radiotherapy. The collected tissue 
samples were preserved in liquid nitrogen. The 
patients were followed up until August 2022. 
The clinicopathological information of patients 
is presented in Table 1. This study was approv- 
ed by the ethics review board of the Affiliat- 
ed Hospital of Jiangnan University. Signed 
informed consent was obtained from all 
patients.

RNA microarray

Three pairs of PC and adjacent non-tumor tis-
sues were collected for RNA microarray analy-
sis. Total RNA was extracted, amplified, and 
labeled with Cy3-CTP after quality assessment. 
Next, Cy3-labeled target was hybridized to the 
microarrays (KanchenBio, H1602063) for 14 h. 
The microarrays were scanned, and the raw  
signal intensities were collected for analysis. 

Bioinformatic analysis

The PC gene expression array was obtained 
from the Gene Expression OmnibusOminbus 
(GEO) dataset (GDS4103, 39 pairs of PC tis-

Table 1. The clinicopathological information 
of 30 patients with PC
Characteristics
Age (year, mean ± SD) 66.47±8.60
Gender (n, male/female) 17/13
Pathological grade (n/%)
    G1-G2/G2 22/73.33%
    G2-G3/G3 8/26.67%
Clinical stage (n/%)
    I 15/50.00%
    II/III 15/50.00%
Lymph node metastasis (n/%)
    N0 18/60.00%
    N1/N2 12/40.00%
Nerve invasion (n/%)
    Yes 21/70.00%
    No 9/30.00%
Vascular invasion (n/%)
    Yes 8/26.67%
    No 22/73.33%
Distant metastasis (n/%)
    Yes 0/0.00%
    No 30/100,00%
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sues) to analyze the expression patterns of 
METTL3 and Linc00662. Correlations between 
gene expressions were analyzed using an 
online bioinformatics analysis tool (GEPIA).

Cell culture

Human pancreatic cancer cell lines (PANC-1, 
BxPC-3, Mia-PaCa2, Colo357, CFPAC-1) and 
human pancreatic ductal epithelial cell line 
(HPNE) were cultured in DMEM (Wisent, 
Shanghai, China) supplemented with 10% fetal 
bovine serum (Wisent, Shanghai, China). All cell 
lines used in this study were mycoplasma-free 
and were authenticated using STR in the last 
three years.

Quantitative PCR (qPCR) 

Total RNA was extracted from tissues and cells 
using TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA), according to the manufacturer’s instruc-
tions. Total RNA was reverse transcribed using 
a reverse transcription kit (ProteinBio, Nanjing, 
China) according to the manufacturer’s in- 
structions. SYBR Green qPCR Supermix 
(ProteinBio, Nanjing, China) was used for the 
qPCR analysis. β-actin was used to normalize 
the RNA levels using the 2-ΔΔCt method. The 
primer sequences used for qPCR are listed in 
Supplementary Table 1. 

Stable cell line construction

A lentivirus encoding a small hairpin RNA 
(shRNA) targeting METTL3 was constructed  
by GeneChem (Shanghai, China) (targeting 
sequence: sh-1 5’-CAGCTTCAGCAGTTCCTGA- 
AT-3’, sh-2 5’-ATGCACATCCTACTCTTGTAA-3’, 
sh-3 5’-GTGCAGAACAGGACTCGACTA-3’). A plas-
mid encoding shRNA targeting Linc00662 was 
constructed by ProteinBio (Nanjing, China). 
Plasmids encoding the wide-type Linc00662 
(Linc00662 Wt) and 4A-mutated Linc00662 
(Linc00662 Mut) were constructed by Miao- 
lingBio (Wuhan, China). The cells (2 × 104) were 
seeded in 24-well plates. After 24 h of culture, 
the cells were infected with lentiviruses at a 
multiplicity of infection of 20 or transfected 
with 5 µg of plasmids using 2.5 µL of 
Lipofectamine 3000 (ThermoFisher Scientific, 
Massachusetts, USA). Stable cell clones were 
selected for 1 week using puromycin (0.5 μg/
mL) (MCE, New Jersey, USA). Efficiency was 
analyzed using qPCR. The primer sequences 

used for qPCR are listed in Supplementary 
Table 1. 

RNA interference and plasmid transfection

Cells (6 × 105) were seeded in a 6-well plate 
and reached ~80% confluence after 24 h of  
culture. For RNA interference, a mixture of 50 
nM siRNA and 7.5 µL Lipofectamine 3000 was 
incubated at room temperature for 20 min and 
then added to the cells. For plasmid transfec-
tion, a mixture of 15 µg plasmid and 7.5 µL of 
Lipofectamine 3000 was incubated at room 
temperature for 20 min and then added to the 
cells. The cells were collected after 48 h of cul-
ture. The siRNAs used in this study are listed in 
Supplementary Table 2.

Methylated RNA immunoprecipitation-se-
quencing and RNA sequencing

To determine the m6A modifications of individu-
al genes in PC cells, METTL3-knockdown PANC-
1 cells and negative control (NC) cells were con-
structed and analyzed using Methylated RNA 
immunoprecipitation (MeRIP) assay and RNA 
sequencing by GeneChem (Shanghai, China). 

Methylated RNA immunoprecipitation-qPCR

To determine the m6A motifs on Linc00662, 
MeRIP-qPCR was performed with a Magna 
MeRIP™ m6A kit (Merck, Germany) according to 
the manufacturer’s instructions. The collected 
solutions were subjected to qPCR. Primers 
used in this study are listed in Supplementary 
Table 1.

Protein isolation and western blotting

Total protein was extracted from the cells using 
radioimmunoprecipitation assay lysis buffer 
(Beyotime, Suzhou, China). The protein extracts 
were separated on 10% gels via sodium dodec-
yl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and then transferred to 0.45 nm 
polyvinylidene difluoride (PVDF) membranes 
(Millipore, Massachusetts, USA). The proteins 
were probed with specific antibodies after the 
blot was blocked with a blocking buffer 
(Beyotime, Haimen, China). Protein expression 
was visualized using Super ECL Chemilu- 
minescent Substrate Kit (Millipore, Massa- 
chusetts, USA). The antibodies used in this 
study are listed in Supplementary Table 3. 
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Fluorescence in situ hybridization (FISH)

Specific FISH probes for Linc00662 were 
designed and synthesized by GenePharma 
(Suzhou, China). Hybridization was performed 
in PC cells using the RiboTM Fluorescent In Situ 
Hybridization Kit (Ribo, Guangzhou, China). 
Briefly, the cells were fixed with 4% paraformal-
dehyde (PFA) solution for 10 min. After perme-
atiion, the cells were blocked with pre-hybrid-
ization solution at 37°C for 30 min. They were 
then hybridized with FISH probes overnight at 
37°C. Finally, the cells were washed and coun-
terstained with DAPI. The cells were examined 
using a confocal laser scanning microscope 
(Leica Microsystems, Mannheim, Germany). 
The FISH probe mix sequences for Linc00662 
were as follows: GAGCG+TCCCTGTGCGAGG+TC
TAGAGGGGC+TCCGTAGAGGAGGGACCTCACCAG
T+TTCAGAAGCG+TGTAGGCAC.

Immunofluorescence

The cells were fixed in 4% PFA solution for 10 
min. After blocking, the cells were incubated 
with the primary antibody overnight at 4°C. The 
membranes were then incubated with the sec-
ondary antibody for 1 h at room temperature. 
Finally, the cells were counterstained with 
YF488-Phalloidin (Proteinbio, Nanjing, China) 
and DAPI (Beyotime, Haimen, China). Cells  
were stored in the dark at 4°C until further 
investigation. Protein expression was quantita-
tively analyzed using the ImageJ software 
(National Institutes of Health, Bethesda, USA). 
The antibodies used in this study are listed in 
Supplementary Table 3.

Cell counting kit-8 assay

Cell proliferation was detected using the cell 
counting kit-8 (CCK8) kit (MCE, New Jersey, 
USA). Briefly, the cells were seeded in 96-well 
plates (2 × 103 cells/well) and inoculated with 
complete medium at 37°C with 5% CO2 for 96 
h. 10 μL of CCK8 reagent and 90 μL of com-
plete medium were mixed and added to each 
well every 24 h and incubated at 37°C for 2 h. 
The plates were analyzed using a microplate 
reader at an OD450.

Clone formation assay 

The cells were seeded in 6-well plates (500 
cells/well) and incubated with complete medi-

um at 37°C with 5% CO2, and the medium was 
replaced every 3-4 days. After 2 weeks, the 
colonies were fixed in 4% PFA solution for 20 
min, and stained with 0.1% crystal violet solu-
tion for 30 min.

Wound-healing assay

Cells were seeded in 6-well plates and cultured 
until confluence. A wound was inflicted using a 
200 μL pipette tip. The cells were washed with 
PBS to remove the detached cells and cultured 
in a serum-free medium. Images were taken at 
0 h and 24 h using a microscope. The area of 
the wound was measured using the ImageJ 
software.

Transwell assay

Cell migration assays were performed as fol-
lows. Cells (20,000-50,000 cells/well) sus-
pended in serum-free medium were placed into 
the upper chamber (Corning, 3422, USA), and 
culture medium supplemented with 10% FBS 
was added to the lower chamber. The plates 
were incubated at 37°C with 5% CO2 for 24 h. 
The cells in the top chamber were removed 
using a cotton swab. The cells on the lower 
membrane surface were fixed in 4% PFA solu-
tion for 20 min, and stained with 0.1% crystal 
violet for 30 min. The membrane was then 
dried and observed under a microscope. Cells 
in five random fields of view were counted at 
100 × magnification. For the invasion assay, 
the experimental procedures were similar to 
those used for the migration assay, except that 
the upper chambers were coated with Matrigel 
(BD Biosciences, USA).

RNA decay assays

To assess RNA stability, the half-life of 
Linc00662 was measured. Briefly, cells were 
treated with 5 μg/mL actinomycin D (Sigma-
Aldrich, USA). Next, the cells were harvested  
at different time points to exact RNA using 
TRIzol reagent for qPCR. The half-life of the 
Linc00662 was calculated, and β-actin was 
used to normalize the data. The primers used in 
this study are listed in Supplementary Table 1.

RNA pull-down

A biotin-labeled RNA probe targeting Linc00662 
(probe sequence: AGTCTGTAAGTGGCCTGGAT- 
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GCTC) was synthesized by GenePharma 
(Suzhou, China). RNA pull-down assays were 
performed using the Pierce™ magnetic RNA-
protein pull-down kit (Thermo Scientific, USA) 
according to the manufacturer’s instructions. 
Briefly, biotin-labeled RNA probes were incu-
bated with magnetic beads for 1 h at room tem-
perature. Next, cell lysates were harvested and 
incubated with magnetic beads for 3 h at 4°C. 
Enriched proteins were subjected to SDS-PAGE 
for western blot analysis or mass spectrometry 
(Nanjing Medical University).

RNA immunoprecipitation (RIP)

RNA immunoprecipitation (RIP) was perform- 
ed using a Magna RIP RNA-Binding Protein 
Immunoprecipitation Kit (Millipore, Billerica, 
MA, USA) according to the manufacturer’s 
instructions. Briefly, cells were collected and 
lysed with RIP lysis buffer. Magnetic beads 
were incubated with IGF2BP3 or GTF2B anti-
bodies for 1 h at room temperature. IgG was 
used as a negative control. After washing, the 
beads were incubated with cell lysis at 4°C  
for 3 h. The beads were then collected and 
washed, and the RNA complexes were isolated 
by phenol-chloroform extraction. Enriched RNA 
fragments were subjected to qPCR analysis.

Dual-luciferase reporter assay

A dual-luciferase reporter vector with the pro-
moter of ITGA1 and a plasmid encoding GTF2B 
were constructed by MiaolingBio (Wuhan, 
China). Cells (6 × 105) were seeded in a 6-well 
plate and reached ~80% confluence after 24 h 
of culture. Plasmids and dual-luciferase report-
er vector were cotransfected into cells at a  
ratio of 2:1 (6:3 µg) using 5 µL of Lipofecta- 
mine 3000. Luminescence units were mea-
sured using a dual-luciferase reporter assay kit 
(ProteinBio, Nanjing, China) according to the 
manufacturer’s instruction. Briefly, the cells 
were collected after 48 h of culture in a lysis 
buffer. Firefly luciferase (Fluc) and Renilla lucif-
erase (Rluc) levels were measured using a lumi-
nescence reader by sequentially adding indi-
vidual substrates. The relative luminescence 
units (RLU) were calculated as Fluc/Rluc. 

Xenograft model and in vivo metastasis assay

Four-week-old female BALB/c nude mice (18-
20 g) were housed in an SPF facility with a 

12/12 h day/night cycle and free access to 
chow and water. The animal study was approv- 
ed by the Ethics Committee of the Laboratory 
Animal Management of Jiangnan University. 
The animals were terminated if the body weight 
loss was more than 20-25% or the tumor  
weight was over 10% of the body weight. All the 
animals were euthanized.

For the tumor growth study, nude mice were 
subcutaneously inoculated into the flanks with 
PC cells (3 × 106) suspended in 0.1 mL PBS. 
Tumor volumes were calculated as 1/2 (length 
× width2) weekly. After 4 weeks, the xenograft 
tumors were harvested for analysis. To ex- 
amine the role of the FAK inhibitor in tumor 
growth, nude mice were inoculated subcutane-
ously into the flanks with 3 × 106 stable cells 
suspended in 0.1 mL PBS. After 1 week, pre-
established tumor xenografts were treated  
with Y15 (0.5 mg/kg, 2 ×/week × 3) (MCE, New 
Jersey, China). After another 3 weeks, the xeno-
graft tumors were harvested for analysis.

In the metastasis model, PC cells (2 × 106) in 
0.1 mL PBS were injected into nude mice 
through their tail veins. Six weeks later, the 
lungs were removed for the evaluation of lung 
metastasis using hematoxylin and eosin (H&E) 
staining. 

Hematoxylin and eosin staining 

The lung tissues were stained with hematoxylin 
and eosin (H&E) staining. Briefly, the paraffin-
embedded sections were de-waxed in xylene 
and rehydrated using a graded alcohol series. 
Sections were incubated with hematoxylin for  
5 min followed by a differentiation solution for 
30 s. After washing with water, sections were 
dipped in eosin for 2 min. 

Adhesion assay

PC cells (1 × 104) were seeded in 96-well plates 
which were precoated with 10 µg/mL collagen 
(MCE, New Jersey, USA) overnight at 37°C. 
After incubation at 37°C for 1 h, cells that did 
not adhere to the plates were washed off with 
PBS. Adherent cells were fixed in 4% PFA for  
10 min, stained with 0.1% crystal violet for 30 
min. The cells in four random fields of view were 
counted at 100 × magnification.
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Cell spreading assay and immunofluorescence 
microscopy

The cell spreading assay was performed as  
previously described with some modifications. 
Cell culture dishes (2 cm) were precoated with 
10 µg/mL collagen (MCE, New Jersey, USA) 
overnight at 37°C, followed by blocking with  
1% BSA. The, cells (2 × 104) were seeded in the 
dishes and incubated at 37°C. After 1 h, the 
cells were fixed in 4% PFA for 10 min, per- 
meabilized with 0.2% Triton X-100 for 15 min, 
and blocked with 5% BSA for 2 h. For staining, 
the cells were incubated with the primary anti-
body overnight at 4°C and then incubated  
with the secondary antibody for 1 h at room 
temperature. Finally, the cells were counter-
stained with YF488-Phalloidin (Proteinbio, 
Nanjing, China) and DAPI. The cells were stored 
in the dark at 4°C until further investigation. 
The antibodies used in this study are listed in 
Supplementary Table 3.

Statistical analysis

Statistical analyses were performed using 
GraphPad Prism (version 6.0). Quantitative 
data are expressed as mean ± standard devia-
tion. Differences between the two groups were 
analyzed using Student’s t-test. Categorical 
data were analyzed using χ2-test or Fisher’s 
exact test. Statistical significance was set at a 
P < 0.05.

Results

Upregulated METTL3 was associated with 
disease progression and poor prognosis in pa-
tients with PC 

Differentially expressed genes (DEGs) between 
three pairs of PC tumor and adjacent non-tumor 
tissues were identified using RNA microarray 
under the criteria of P < 0.05, false discovery 
rate (FDR) < 0.05 and fold change (FC) ≥ 2.  
We identified 8345 DEGs (5131 up-regulated 
DEGs and 3214 down-regulated DEGs), among 
which, METTL3 was upregulated in PC tis- 
sues compared to adjacent tissues (FC = 
2.991, P = 0.001, FDR = 0.028) (Figure 1A). 
Next, METTL3 expression was analyzed in 39 
pairs of PC tissues based on the GEO dataset 
(GDS4103), and the results showed that 
METTL3 mRNA expression was higher in PC tis-
sues than in the adjacent normal tissues (P = 
0.000) (Figure 1B). 

To confirm the expression level of METTL3 in 
PC tissues, we analyzed the expression of 
METTL3 in 30 pairs of PC tissues collected 
from our hospital and found that METTL3 
mRNA was higher in PC tissues than in the 
adjacent tissues (P = 0.002) (Figure 1C), and 
more than half of PC tissues (16 out of 30 tis-
sues, 55.0%) had two-fold higher METTL3 
expression than the adjacent tissues (Figure 
1D). Western blotting confirmed the protein  
levels of METTL3 in PC and adjacent tissues, 
which were consistent with the mRNA levels 
(Figure 1E). In the subcategory analysis of the 
30 pairs of PC tissues, we found that METTL3 
mRNA levels were higher in stage II/III PC tis-
sues than in stage I PC tissues (P < 0.001) 
(Figure 1F), and METTL3 mRNA levels were 
higher in PC tissues with lymph node metasta-
sis (N1/N2) than in PC tissues without lymph 
node metastasis (N0) (P < 0.001) (Figure 1G). 
By August 2022, there were seven deaths, five 
metastases and one recurrence in 30 patients 
with PC, yielding a median progression-free 
survival (PFS) of 209 days (17-414 days). The 
Kaplan-Meier survival curve indicated a ne- 
gative association between METTL3 mRNA 
expression and PFS (P = 0.035) (Figure 1H). 
These findings revealed that higher METTL3 
expression indicates more advanced disease 
and poor prognosis in patients with PC.

METTL3 promoted the malignant behaviors in 
PC cells

Next, we examined the expression of METTL3 
in PC cells and found that METTL3 was upregu-
lated in PC cells compared to that in the pan-
creatic epithelial cell line (HPNE) at both the 
mRNA and protein levels (Figure 1I, 1J). BxPC-3 
and PANC-1 cells were used in this study. 
Immunofluorescence assays confirmed that 
METTL3 was localized in the nuclei of PC and 
HPNE cells, and the fluorescence intensity of 
PC cells was higher than that of HPNE cells 
(Figure 1K). 

To examine the role of METTL3 in PC malig-
nance, a loss-of-function assay was performed 
by infecting BxPC-3 and PANC-1 cells with 
METTL3 shRNA lentivirus to establish METTL3-
knockdown cell lines. Western blotting and 
qPCR confirmed that METTL3-sh2 showed the 
highest inhibitory efficacy (Figure 1L, 1M), 
which was used for the following study. We 
found that the knockdown of METTL3 in PC 
cells repressed the number of clones formed 



Linc00662 m6A promotes PC progression

1724 Am J Cancer Res 2023;13(5):1718-1743



Linc00662 m6A promotes PC progression

1725 Am J Cancer Res 2023;13(5):1718-1743

(Figure 1N) and cell viability (Figure 1O) com-
pared to control cells. And the knockdown of 
METTL3 in PC cells delayed wound healing 
(Figure 1P) and inhibited their migratory and 
invasive capacities (Figure 1Q) compared to 
control cells. These results indicated that 
METTL3 promotes the malignant progression 
of PC.

Linc00662 was enriched with m6A methylation 
regulated by METTL3 

To elucidate how m6A methylation is involved in 
tumor progression and metastasis in PC, we 
performed methylated RNA immunoprecipita-
tion (MeRIP) sequencing of METTL3-knock 
down PANC-1 and control cells. The results 

Figure 1. Upregulated METTL3 was associated with the malignant progression and poor prognosis in PC. A. METTL3 
mRNA levels were upregulated in PC tissues compared to adjacent tissues (FC = 2.991, P = 0.001, FDR = 0.028) 
using RNA microarray (3 pairs of PC and adjacent tissues). B. METTL3 mRNA levels were higher in PC tissues than in 
the adjacent normal tissues (P = 0.000) based on the GEO database (GDS4103, 39 pairs of PC tissues). C. METTL3 
mRNA was higher in PC tissues than in the adjacent tissues (P = 0.002) in 30 pairs of PC tissues collected from 
our hospital. D. More than half of PC tissues (16 out of 30, 55.0%) had two-fold higher METTL3 mRNA levels than 
the adjacent tissues. E. The protein expression of METTL3 was examined in seven pairs of PC tissues by western 
blotting. The protein levels of METTL3 in PC tissues were higher than in the adjacent tissues, which were consistent 
with the mRNA levels. F. In the subcategory analysis of the 30 pairs of PC tissues, METTL3 mRNA levels were higher 
in stage II/III PC tissues than in stage I PC tissues (P < 0.001). G. In the subcategory analysis of the 30 pairs of 
PC tissues, METTL3 mRNA levels were higher in PC tissues with lymph node metastasis (N1/N2) than in PC tissue 
without in lymph node metastasis (N0) (P < 0.001). H. The Kaplan-Meier survival curve indicated a negative as-
sociation between METTL3 mRNA expression and PFS (P = 0.035). I. METTL3 expression was examined in PC cells 
and HPNE cells using qPCR. The results showed that METTL3 expression was higher in PC cells than in HPNE cells. 
J. METTL3 expression was examined in PC cells and HPNE by western blotting. The results showed that METTL3 
expression was higher in PC cells than in HPNE cells. K. The immunofluorescence assays confirmed that METTL3 
levels were significantly higher in PC cells than in HPNE cells. The bar chart was the quantitative analysis of the 
fluorescence intensity of METTL3. Scale bar: 20 µm. L. METTL3-knockdown cell lines were established by infected 
PC cells with METTL3 shRNA lentivirus (sh-1, sh-2, and sh-3). The inhibitory efficacy was examined using qPCRand 
the results showed that METTL3-sh2 showed the highest inhibitory efficacy. M. METTL3-knockdown cell lines were 
established by infected PC cells with METTL3 shRNA lentivirus (sh-1, sh-2, and sh-3). The inhibitory efficacy was 
examined by western blotting and the results showed that METTL3-sh2 showed the highest inhibitory efficacy. N. 
The clone formation assay indicated that the knockdown of METTL3 reduced the number of clone formation of PC 
cells. Representative images were displayed and the bar charts showed the differences of clone number between 
METTL3-knockdown PC cells and NC cells. *: P < 0.05. O. The CCK8 assay indicated that the knockdown of METTL3 
reduced the proliferative capacity of PC cells. *: P < 0.05. P. The wounding healing assay indicated that the knock-
down of METTL3 reduced the migratory capacity of PC cells. Representative micrographs were displayed and the bar 
charts showed the differences of migratory area between METTL3-knockdown PC cells and control cells. *: P < 0.05 
magnification: 100 ×. Q. The transwell assay indicated that the knockdown of METTL3 reduced the migratory and 
invasive capacity of PC cells and fewer PC cells migrated/invaded to the lower side of the membrane. Representa-
tive micrographs were displayed and the bar charts showed the differences of migrated or invaded cell numbers 
between METTL3-knockdown PC cells and control cells. *: P < 0.05, magnification: 100 ×. Abbreviations: PC: pan-
creatic cancer, NC: negative control, KD: knockdown, CCK8: cell counting kit-8, qPCR: quantitative polymerase chain 
reaction, HPNE: pancreatic epithelial cell line, GEO: Gene Expression Omnibus database.
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showed that the knockdown of METTL3 dra-
matically reduced the number of unique m6A 
genes (Figure 2A) and m6A peaks (Figure 2B), 
resulting in 4631 hypomethyladenosine RNAs 
and 3151 hypermethyladenosine RNAs. By 
screening for lncRNAs, five hypomethylade- 
nosine lncRNAs were identified: OIP5-AS1, 
AC021078.1, MAGI2-AS3, MIR100HG, and 
Linc00662 (Figure 2C). Furthermore, RNA se- 
quencing revealed that the knockdown of 
METTL3 caused 938 downregulated RNAs  
and 761 upregulated RNAs (Figure 2D), and  
the five hypomethyladenosine lncRNAs scre- 
ened by MeRIP-sequencing were all downregu-
lated at RNA level (Figure 2E). We examined  
the expression of the five lncRNAs in PC cells 
using qPCR and found that Linc00662 showed 
a consistent trend in PANC-1 and BxPC-3 cells 
(Figure 2F). In addition, correlation analysis 
indicated a positive relationship between 
METTL3 and Linc00662 expressions in PC tis-
sues (P = 2.1e-08) (Figure 2G). 

Next, we analyzed the m6A peak on Linc00662 
and found that the m6A peak was located  
on chromosome 19 (27723041~27732875) 
which is consistent with the Linc00662-201 
transcript (Figure 2H). Further analysis show- 
ed that the m6A peak was localized in the  
third exon (exon 3) of Linc00662 containing 
four m6A motifs: A341, A672, A841 and A1725 
(Figure 2I). In addition, m6A motifs were pre-
dicted using the online tool SRAMP (a se- 
quence-based N6-methyladenosine (m6A) mo- 
dification site predictor). Three of the four m6A 
motifs were covered with moderate or low  
confidence (Figure 2J). Finally, a MeRIP-qPCR 
assay was performed, which verified that there 
were four m6A motifs in Linc00662 (Figure 2K).

Linc00662 mediated the malignant progres-
sion and metastasis of PC in a m6A-dependent 
manner 

To examine the role of Linc00662 in PC, we first 
analyzed Linc00662 expression in PC tissues. 
The results showed that Linc00662 was sig- 
nificantly upregulated in PC tissues according 
to GEO dataset (P = 0.011) (GDS4103, 39 pairs 
of PC tissues) (Figure 3A). In the 30 pairs of PC 
tissues collected from our hospital, Linc00662 
was higher in PC tissues than the adjacent tis-
sues (P = 0.007) (Figure 3B), and the expres-
sion level of Linc00662 was upregulated ≥ two-

fold in 56.7% (17/30) of PC tissues (Figure 3C). 
In the subcategory analysis, Linc00662 was 
higher in stage II/III PC tissues than in stage I 
PC tissues (P = 0.029) (Figure 3D), and Linc- 
00662 was higher in PC tissues with lymph 
node metastasis (N1/N2) than in PC tissues 
without lymph node metastasis (N0) (P =  
0.009) (Figure 3E). The Kaplan-Meier survival 
curve indicated that high expression of 
Linc00662 predicted poor PFS in patients with 
PC (P = 0.043) (Figure 3F). These results indi-
cated that Linc00662 played an oncogenic role 
in PC.

Next, a loss-of-function assay was conduct- 
ed to examine the oncogenic properties of 
Linc00662 in PC cells. Linc00662-knockdown 
cell lines were established via shRNA plasmid 
transfection after screening for the most  
efficient siRNA targeting Linc00662 (Figure 
3G). In vitro, we found that the knockdown of 
Linc00662 in PC cells inhibited cell viability 
(Figure 3H), delayed wound healing (Figure 3I), 
and repressed the invasive capacity (Figure 3J) 
compared to control cells. In vivo, cells were 
inoculated subcutaneously into the flanks of 
nude mice. After 4 weeks, xenograft tumors 
were harvested for evaluation (Figure 3K).  
The results showed that the knockdown of 
Linc00662 reduced subcutaneous tumor size 
and weight (Figure 3L, 3M). The results from 
the tail vein metastasis model showed that the 
knockdown of Linc00662 significantly reduced 
the area of lung-metastatic lesions (Figure 3N, 
3O). These results indicated that Linc00662 
promoted malignant progression and metasta-
sis in PC. 

To verify the relationship between m6A me 
thylation and the oncogenic properties of Linc- 
00662, overexpression vectors encoding wild-
type Linc00662 (designated as Linc00662 Wt) 
and 4A-mutated Linc00662 (the adenine resi-
dues of the four m6A motifs, A672, A841 and 
A1725 were replaced by guanine residues, des-
ignated as Linc00662 Mut) were constructed. 
Stably overexpressing cell lines were generat-
ed, and qPCR confirmed the overexpression of 
Linc00662 in PC cells (Figure 4A). A gain-of-
function assay was performed. In vitro, the 
results showed that the cell proliferative capac-
ity (Figure 4B, 4C), wound healing capacity 
(Figure 4D) and cell invasive capacity (Figure 
4E) were significantly enhanced in Linc00662 
Wt cells, but not in Linc00662 Mut cells using 
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Figure 2. Linc00662 was identified as a m6A-enriched lncRNA in PC cells. A. MeRIP sequencing analysis showed 
that the knockdown of METTL3 significantly reduced the number of unique m6A genes in PANC-1 cells. B. MeRIP 
sequencing analysis showed that the knockdown of METTL3 significantly reduced the number of unique m6A peaks 
in PANC-1 cells. C. MeRIP sequencing revealed that the knockdown of METTL3 caused 4631 hypomethyladenosine 
RNAs and 3151 hypermethyladenosine RNAs in PANC-1 cells. D. RNA sequencing revealed that the knockdown of 
METTL3 caused 938 downregulated RNAs and 461 upregulated RNAs in PANC-1 cells. E. An interaction analysis 
of MeRIP and RNA sequencing screened five hypomethyladenosine lncRNAs (OIP5-AS1, AC021078.1, MAGI2-AS3, 
MIR100HG, Linc00662) in METTL3-knockdown PANC-1 cells, which were all downregulated at the RNA level. F. 
The expression of the five lncRNAs was examined in PC cells using qPCR and the results showed that Linc00662 
showed a consistent downregulation in the two strains of METTL3-knockdown PC cells. G. Correlation analysis 
indicated a positive relationship between METTL3 and Linc00662 expressions in PC tissues (P = 2.1e-08) using 
an online bioinformatics analysis tool (GEPIA). H. The m6A peak on Linc00662 was located on chromosome 19 
(27723041~27732875), which is consistent with the Linc00662-201 transcript. I. Schematic diagram of m6A mo-
tifs on Linc00662. The m6A peak was located on the third exon (exon 3) of Linc00662 containing four m6A motifs: 
A341, A672, A841, and A1725. J. The m6A motifs on Linc00662 were predicted using the online tool SRAMP. Three 
of the four m6A motifs were covered with moderate or low confidence. Red arrows indicate the m6A motifs: A341, 
A672, and A841. K. Four m6A motifs on Linc00662 were confirmed in PC cells using MeRIP-qPCR. Abbreviations: 
PC: pancreatic cancer, MeRIP: Methylated RNA immunoprecipitation, qPCR: quantitative polymerase chain reaction, 
m6A: N6-methyladenosine.
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Figure 3. Upregulated Linc00662 was associated with the malignant progression and poor prognosis of PC. A. 
Linc00662 was significantly upregulated in PC tissues according to the GEO dataset (P = 0.011) (GDS4103, 39 
pairs of PC tissues). B. In the 30 pairs of PC tissues collected from our hospital, Linc00662 was higher in PC tissues 
than the adjacent tissues (P = 0.007). C. In the 30 pairs of PC tissues collected from our hospital, the expression 
level of Linc00662 was upregulated ≥ two-fold in 56.7% (17/30) of PC tissues. D. In the subcategory analysis, 
Linc00662 was higher in stage II/III PC tissues than in stage I PC tissues (P = 0.029). E. In the subcategory analysis, 
Linc00662 was higher in PC tissues with lymph node metastasis (N1/N2) than in PC tissues without lymph node 
metastasis (N0) (P = 0.009). F. The Kaplan-Meier survival curve indicated that high expression of Linc00662 pre-
dicted poor PFS in patients with PC (P = 0.043). G. Linc00662 was knocked down using siRNAs to screen for the 
most efficient siRNA targeting Linc00662. H. The CCK8 assay indicated that the knockdown of Linc00662 reduced 
the proliferative capacity of PC cells. *: P < 0.05. I. The wounding healing assay indicated that the knockdown of 
Linc00662 reduced the migratory capacity of PC cells. Representative micrographs were displayed. The bar charts 
showed the differences of migratory area between Linc00662-knockdown PC cells and control cells. *: P < 0.05 
magnification: 100 ×. J. The rranswell assay indicated that the knockdown of Linc00662 reduced the invasive ca-
pacity of PC cells and fewer PC cells invaded to the lower side of the membrane. Representative micrographs were 
displayed. The bar charts showed the differences of invaded cell numbers between Linc00662-knockdown PC cells 
and control cells. *: P < 0.05 magnification: 100 ×. K. A mouse xenograft model was used to evaluate the effect of 
Linc00662 on cell proliferation in vivo. Images of transplanted subcutaneous tumors were displayed. L. The results 
showed that the knockdown of Linc00662 inhibited subcutaneous tumor growth of PANC-1 cells. *: P < 0.05. M. 
The results showed that the knockdown of Linc00662 inhibited subcutaneous tumor growth of PANC-1 cells. *: P 
< 0.05. N. The effect of Linc00662 on tumor metastasis in vivo was evaluated in BALB/c nude mice by injecting 
PC cells through their tail veins. Representative images of lung removed from mouse models were displayed. H&E 
staining was performed to confirm the histomorphology of the metastatic lesions Representative micrographs were 
displayed for cancerous lesion in the lungs detected by H&E staining. Scale bar: 2000 µm. O. The results showed 
that the knockdown of Linc00662 significantly reduced the area of lung-metastatic lesions. The bar charts showed 
the differences of area of lung-metastatic lesions between Linc00662-knockdown PC cells and control cells. *: P < 
0.05. Abbreviations: PC: pancreatic cancer, NC: negative control, KD: knock down, CCK8: cell counting kit-8, qPCR: 
quantitative polymerase chain reaction, GEO: Gene Expression Omnibus database, H&E: hematoxylin and eosin.

CCK8, colony formation, wound healing, and 
transwell assays. In vivo, we found that the 
overexpression of Linc00662 Wt increased 
subcutaneous tumor size and weight as well as 
the area of lung-metastatic lesions, but the 
overexpression of Linc00662 Mut failed (Figure 
4F-J). Collectively, these results confirm that 
m6A methylation in Linc00662 is required to 
regulate the malignant progression and metas-
tasis of PC.

IGF2BP3 maintained the stability of 
Linc00662 as a m6A reader

We further explored the role of m6A methylation 
in Linc00662. The level of Linc00662 Mut  
was relatively lower than that of Linc00662 Wt 
in PC cells (Figure 4A); therefore, we speculat-
ed that m6A modification may regulate the sta-
bility of Linc00662. We examined the half-life 
of Linc00662 and found that the knockdown of 
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Figure 4. Linc00662 mediated the malignant progression of PC in a m6A-dependent manner. A. Overexpression 
vectors encoding Linc00662 Wt and Linc00662 Mut (the adenine residues of the four m6A motifs A341, A672, 
A841, and A1725 were replaced by guanine residues) were constructed. Stably-overexpressing cell lines were gen-
erated and qPCR confirmed the overexpression of Linc00662 in PC cells. B. The CCK8 assay showed that the 
cell proliferative capacity was significantly increased in Linc00662 Wt cells, but not in Linc00662 Mut cells. C. 
The colony formation assay showed that the cell proliferative capacity was significantly increased in Linc00662 
Wt cells, but not in Linc00662 Mut cells. Representative images were displayed and the bar charts showed the 
differences of clone number among Linc00662 Wt cells, Linc00662 Mut cells, and control cells. *: P < 0.05. D. 
The wound healing assay indicated that the overexpression of Linc00662 Wt significantly increased cell migratory 



Linc00662 m6A promotes PC progression

1731 Am J Cancer Res 2023;13(5):1718-1743

METTL3 in PC cells reduced the half-life of 
Linc00662 compared to that in control cells 
(Figure 5A). IGF2BPs (IGF2BP1/2/3) partici-
pate in RNA stabilization as m6A readers. We 
then screened the m6A readers of Linc00662 
by RNA Pulldown/MS and found that IGF2BP3 
was the only member of the IGF2BPs bound  
to Linc00662 (Figure 5B-D). To verify this, we 
analyzed the proteins pulled down with the 
Linc00662 probe by western blotting and found 
that IGF2BP3 was a component of the com- 
plexes (Figure 5E). The RIP assay verified that 
Linc00662 was enriched in the IGF2BP3 group 
but not in the IgG group (Figure 5F). In addition, 
correlation analysis showed that IGF2BP3 ex- 
pression was positively related with Linc00662 
expression in PC tissues (P = 0.046) (Figure 
5G). These results indicated that IGF2BP3 may 
be the m6A reader of Linc00662.

To further verify the effect of IGF2BP3 on 
Linc00662, we knocked down IGF2BP3 in PC 
cells (Figure 5H, 5I) using siRNAs and exam-
ined its effect on the half-life of Linc00662.  
The results showed that the knockdown of 
IGF2BP3 in PC cells reduced the half-life of 
Linc00662 compared to that in control cells 
(Figure 5J), indicating that IGF2BP3 can main-
tain the stability of Linc00662. Collectively, 
IGF2BP3 maintains the stability of Linc00662 
as a m6A reader.

Linc00662 activated the transcription of 
ITGA1 through GTF2B in a m6A-dependent 
manner

To elucidate the downstream mechanism of 
Linc00662 in the malignant progression and 

metastasis of PC, we analyzed the subcellular 
location of Linc00662 using FISH. The result 
showed that Linc00662 was localized in both 
the nucleus and cytoplasm of PC cells (Figure 
6A), indicating that Linc00662 may regulate 
gene expression. KEGG enrichment analysis 
was conducted to identify abnormally regulated 
pathways in differentially expressed mRNAs 
between METTL3-knockdown cells and control 
cells. The results showed that focal adhesion 
was the most-commonly enriched signaling 
pathway (Figure 6B), and three differentially 
expressed mRNAs were involved in the focal 
adhesion pathway: integrin alpha-1 (ITGA1), 
JUN, and CCND2 (Figure 6C). 

Integrins (ITGs) play a key role in the formation 
of focal adhesion, which mediates the adhe-
sion of cell to cell and cell to ECM to induce cell 
growth and metastasis [26]. We examined 
ITGA1 expression in PC cells and found that the 
knockdown of METTL3 significantly reduced 
the expression of ITGA1 at both the RNA and 
protein levels (Figure 6D, 6E). To verify whether 
Linc00662 m6A methylation regulates ITGA1 
expression, we knocked down Linc00662 in  
PC cells and found that the knockdown of 
Linc00662 down-regulated ITGA1 expression. 
Conversely, overexpression of Linc00662 Wt 
exhibited the opposite regulation, but Linc- 
00662 Mut failed (Figure 6F-H). Correlation 
analysis revealed a positive correlation be- 
tween Linc00662 and ITGA1 expression (P = 
5.5e-06) (Figure 6I). These results indicated 
that Linc00662 played an important role in the 
adhesion of PC cells by regulating ITGA1 expres-
sion in a m6A-dependent manner. 

capacity, but the overexpression of Linc00662 Mut failed. Representative micrographs were displayed and the bar 
charts showed the differences of migratory area among Linc00662 Wt cells, Linc00662 Mut cells, and control 
cells. *: P < 0.05, magnification: 100 ×. E. The transwell assay revealed that the overexpression of Linc00662 
Wt significantly increased cell invasive capacity, but the overexpression of Linc00662 Mut failed. Representative 
micrographs were displayed and the bar charts showed the differences of invaded cell numbers among Linc00662 
Wt cells, Linc00662 Mut cells, and control cells. *: P < 0.05, magnification: 100 ×. F. A mouse xenograft model was 
used to evaluate the effect of m6A on Linc00662 on cell proliferation in vivo. Images of transplanted subcutaneous 
tumors were displayed. G. The results showed that the overexpression of Linc00662 Wt in PANC-1 cells increased 
subcutaneous tumor size, but the overexpression of Linc00662 Mut failed. *: P < 0.05. H. The results showed that 
the overexpression of Linc00662 Wt in PANC-1 cells increased subcutaneous tumor weight, but the overexpression 
of Linc00662 Mut failed. *: P < 0.05. I. The effect of m6A on Linc00662 on tumor metastasis in vivo was evaluated 
in BALB/c nude mice by injecting PC cells through their tail veins. Representative images of lung removed from 
mouse models were displayed. H&E staining was performed to confirm the histomorphology of the metastatic le-
sions Representative micrographs were displayed for cancerous lesion in the lungs detected by H&E staining. Scale 
bar: 2000 µm. J. The results showed that the overexpression of Linc00662 Wt in PANC-1 cells increased the area 
of lung-metastatic lesions, but the overexpression of Linc00662 Mut failed. The bar charts showed the differences 
of area of lung-metastatic lesions among Linc00662 Wt, Linc00662 Mut, and control cells. *: P < 0.05. Abbrevia-
tions: PC: pancreatic cancer, NC: negative control, Wt: wide type, Mut: 4A-mutated, CCK8: cell counting kit-8, MeRIP: 
Methylated RNA immunoprecipitation, qPCR: quantitative polymerase chain reaction, H&E: hematoxylin and eosin, 
m6A: N6-methyladenosine.
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Figure 5. IGF2BP3 regulated the stability of Linc00662 as a m6A reader. A. The knockdown of METTL3 in PC cells 
reduced the half-life of Linc00662 compared to that in control cells. B. The RNA Pull down/MS was conducted to 
identify the proteins bound to Linc00662. The image of silver staining was displayed to show the proteins pulled 
down. C. The results of MS showed that IGF2BP3 was the only member of the IGF2BPs bound to Linc00662. D. The 
secondary structure of IGF2BP3. E. The proteins pulled down with the Linc00662 probe were examined by western 
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blotting and the results showed that IGF2BP3 was a component of the complexes. F. The RIP assay confirmed that 
Linc00662 was enriched in the IGF2BP3 group but not in the IgG group. Bar chart showed the fold enrichment of 
Linc00662 normalized by IgG in PC cells. *: P < 0.05. G. Correlation analysis showed that IGF2BP3 expression was 
positively related with Linc00662 expression in PC tissues (P = 0.046) using the online bioinformatics analysis 
tool (GEPIA). H. IGF2BP3 was knocked down in PC cells using siRNAs. And IGF2BP3 si-2 showed the highest inhibi-
tory efficacy by qPCR. I. IGF2BP3 was knocked down in PC cells using siRNAs and western blotting confirmed that 
IGF2BP3 si-2 showed the highest inhibitory efficacy. J. The knockdown of IGF2BP3 in PC cells reduced the half-life 
of Linc00662 compared to that in control cells. Abbreviations: PC: pancreatic cancer, NC: negative control, Wt: wide 
type, Mut: 4A-mutated, RIP: RNA immunoprecipitation, qPCR: quantitative polymerase chain reaction, MS: mass 
spectrometry, m6A: N6-methyladenosine.
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Figure 6. Linc00662 regulated GTF2B-mediated ITGA1 transcription in a m6A-dependent manner. A. The subcel-
lular location of Linc00662 was analyzed using FISH. The result showed that Linc00662 was localized in both the 
nucleus and cytoplasm of PC cells. Scale bar: 20 µm. B. KEGG enrichment analysis identified focal adhesion as 
the most commonly enriched signaling pathway associated with METTL3. C. Three differentially expressed mRNAs 
were involved in the focal adhesion pathway: integrin alpha-1 (ITGA1), JUN, and CCND2. D. The results showed that 
the knockdown of METTL3 reduced the expression of ITGA1 in PC cells using qPCR. E. The results showed that the 
knockdown of METTL3 reduced the expression of ITGA1 in PC cells by western blotting. F. The results showed that 
the knockdown of Linc00662 reduced the expression of ITGA1 in PC cells using qPCR. G. The results showed that 
the overexpression of Linc00662 Wt increased the expression of ITGA1 but had no effect on the expression of 
IGF2BP3 in PC cells using qPCR. And the overexpression of Linc00662 Mut failed to affect the expressions of ITGA1 
and IGF2BP3. H. The results showed that the overexpression of Linc00662 Wt increased the protein expression 
of ITGA1, but Linc00662 Mut failed and the knockdown of Linc00662 reduced the protein expression of ITGA1 by 
western blotting. I. Correlation analysis revealed a positive correlation between Linc00662 and ITGA1 expression 
(P = 5.5e-06) using the online bioinformatics analysis tool (GEPIA). J. The secondary structure of GTF2B. K. The 
proteins pulled down with the Linc00662 probe were examined by western blotting and the results showed that 
GTF2B was a component of the complexes. L. The RIP assay confirmed that Linc00662 was enriched in the GTF2B 
group but not in the IgG group. Bar chart showed the fold enrichment of Linc00662 normalized by IgG in PC cells. *: 
P < 0.05. M. Correlation analysis indicated that ITGA1 expression was positively related with GTF2B expression (P = 
0.001) using the online bioinformatics analysis tool (GEPIA). N. GTF2B was knocked down in PC cells using siRNAs 
and qPCR examined the inhibitory efficacy. The result indicated that GTF2B si-1 showed the highest inhibitory effica-
cy. O. GTF2B was knocked down in PC cells using siRNAs and western blotting examined the inhibitory efficacy. The 
result indicated that GTF2B si-1 showed the highest inhibitory efficacy. P. The result indicated that the knockdown of 
GTF2B in PC cells reduced the expression of ITGA1using qPCR. Q. The result indicated that the knockdown of GTF2B 
in PC cells reduced the expression of ITGA1 by western blotting. R. The result indicated that the overexpression of 
GTF2B increased the expression of ITGA1 in PC cells using qPCR. S. The result indicated that the overexpression 
of GTF2B increased the protein expression of ITGA1 in PC cells by western blotting. T. The dual-luciferase reporter 
assay was conducted to examine the transcriptional role of GTF2B on ITGA1 and the role of m6A modification in 
Linc00662 on ITGA1 transcription. The results indicated that GTF2B overexpression increased fluorescence inten-
sity, and knockdown of GTF2B decreased fluorescence intensity. In addition, the overexpression of Linc00662 Wt 
increased the fluorescence intensity, but Linc00662 Mut failed. Abbreviations: PC: pancreatic cancer, NC: negative 
control, Wt: wide type, Mut: 4A-mutated, RIP: RNA immunoprecipitation, qPCR: quantitative polymerase chain reac-
tion, GTF2B: general transcription factor II-B, ITGA1: integrin alpha-1, m6A: N6-methyladenosine.
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However, an RNA pull-down assay failed to 
demonstrate a direct interaction between 
Linc00662 and ITGA1, suggesting that 
Linc00662 may regulate ITGA1 expression by 
binding to transcription factors. To further 
investigate the mechanism by which Linc00662 
regulates ITGA1 expression, we analyzed the 
binding proteins specific to Linc00662 using 
RNA pull-down and identified several transcrip-
tion factors. GTF2B attracted our interest 
(Figure 6J), because it has been reported that 
GTF2B regulated ITGA2 transcription in colon 
cancer [28]. Western blotting confirmed that 
GTF2B bound to Linc00662 (Figure 6K), and 
RIP assay verified that Linc00662 was enrich- 
ed in the GTF2B group but not in the IgG group 
(Figure 6L). In addition, correlation analysis 
indicated that ITGA1 expression was positively 
related to GTF2B expression (P = 0.001) (Figure 
6M).

We examined the effect of GTF2B on ITGA1 
expression. GTF2B was knocked down in PC 
cells using siRNA. qPCR and western blotting 
indicated that GTF2B si-1 showed the highest 
inhibitory efficacy (Figure 6N, 6O) and was 
used for further study. The results showed that 
the knockdown of GTF2B in PC cells reduced 
the expression of ITGA1 at both the RNA and 
protein levels (Figure 6P, 6Q). However, the 
overexpression of GTF2B exhibited the oppo-
site effects in PC cells (Figure 6R, 6S). These 
results indicate that GTF2B may play a tran-
scriptional role in ITGA1. To verify this, we con-
ducted a dual-luciferase reporter assay and 
found that GTF2B overexpression increased 
fluorescence intensity, and knockdown of 
GTF2B decreased fluorescence intensity, in- 
dicating that GTF2B promoted ITGA1 expres-
sion by binding to its promoter (Figure 6T). 
Furthermore, the overexpression of Linc00662 
Wt increased the fluorescence intensity, but 
Linc00662 Mut failed (Figure 6T), indicating 
that m6A methylation is required for Linc00662 
to promote GTF2B-mediated ITGA1 trans- 
cription.

Linc00662 initiated focal adhesion through 
ITGA1/FAK pathway to promote the malignant 
progression and metastasis of PC

Next, we verified whether Linc00662 promoted 
PC malignant progression and metastasis by 
activating ITGA1-mediated focal adhesions. 

Rescue experiments were conducted by down-
regulating ITGA1 in Linc00662-overexpressing 
PC cells (Figure 7A, 7B). As a result, overex-
pression of Linc00662 in PC cells not only 
enhanced the ability of cells to adhere to colla-
gen (Figure 7C) and promoted the proliferative, 
migratory, and invasive capacities of PC cells 
(Figure 7D-F), but also dramatically upregulat-
ed the levels of p-FAK, p-Paxillin and p-Erk, 
which could be reversed by the knockdown of 
ITGA1 (Figure 7G). Furthermore, the effects of 
Linc006662 on the morphology and location of 
focal adhesions in PC cells were examined by 
staining the cells with focal adhesion markers 
(FAK and Paxillin) and observation by confocal 
microscopy. As shown in Figure 7H, compared 
with the control cells, more obvious pseudo-
pods were observed in Linc00662-overex- 
pression cells, and more FAK and Paxillin were 
localized on the leading edge of the plasma 
membrane, which could be reversed by the 
knockdown of ITGA1. These results strongly 
suggest that Linc00662 promotes the prolifer-
ation, invasion, and migration of PC cells by 
facilitating the formation of focal contacts 
through the ITGA1/FAK pathway. 

Y15 is a potent and specific inhibitor of FAK, 
which triggered our interest in examining its 
potential as a therapeutic agent against 
Linc00662-overexpressing PC cells. As shown 
in Figure 8A, the suitable concentrations of 
Y15 were 2 µM and 5 µM in Linc00662-
overexpressing BxPC-3 cells and Linc00662-
overexpressing PANC-1 cells, respectively, wh- 
ich inhibited FAK autophosphorylation activity 
without effect on FAK expression. These 
screened concentrations of Y15 were used in 
further studies. The results showed that Y15 
treatment not only dramatically repressed the 
activity of p-FAK, p-Paxillin and p-Erk in PC cells 
(Figure 8B), but also significantly reversed the 
increased proliferative, migratory, and invasive 
capacities of Linc00662-overexpressing PC 
cells (Figure 8C-E). In vivo, Y15 inhibited sub- 
cutaneous tumor growth in mice bearing 
Linc00662-overexpressed PC cells (Figure 
8F-H). 

Discussion

To the best of our knowledge, this is the first 
study confirming that Linc00662 is enriched 
with m6A methylation and closely associated 



Linc00662 m6A promotes PC progression

1736 Am J Cancer Res 2023;13(5):1718-1743



Linc00662 m6A promotes PC progression

1737 Am J Cancer Res 2023;13(5):1718-1743

with disease progression and poor prognosis in 
PC. Moreover, we found that Linc00662 pro-
moted PC cell proliferation, migration, and inva-
sion in vitro and promoted tumor growth and 
metastasis in vivo in a m6A-dependent manner. 
Interestingly, further experiments showed that 
m6A-enriched Linc00662 recruited GTF2B to 
regulate the transcription of ITGA1, thereby 
activating the formation of focal adhesions via 
the ITGA1-FAK-Erk pathway.

In this study, we first confirmed that METTL3 
upregulation promotes malignant behavior in 
PC cells, which is consistent with previous 
reports [17, 19]. Furthermore, we analyzed the 
relationship between METTL3 expression and 
the clinical prognosis of patients with PC 
enrolled at our hospital. Although there was a 
negative relationship between METTL3 ex- 
pression and PFS, a novel lncRNA 00662 
(Linc00662) was identified with enriched m6A 
methylation was identified. Although previous 
studies have identified Linc0062 played onco-
genic roles in melanoma and hepatocellular 
carcinoma [29, 30], our study is the first to 
prove that Linc00662 played oncogenic roles 
in PC in a m6A-dependent manner. m6A methyl-
ation is involved in diverse regulatory process-
es, including RNA stability, decay, nuclear 
retention, and translation [31], and participates 
in a variety of processes, such as tumor prolif-
eration, invasion, epithelial-mesenchymal tran-
sition (EMT), and metastasis [32-34]. It has 

been reported that m6A in MALAT1 is associat-
ed with HHNRNPC and affects target gene 
expression [35], while m6A in Xist binds to 
YTHDC1 to mediate transcript silencing [36]. 
This study verified that m6A in Linc00662 is 
bound to IGF2BP3 to maintain its stability and 
is required for its oncogenic properties in PC. 
These findings expand our understanding of 
the functions and upstream regulatory mecha-
nisms of m6A methylation in lncRNAs.

Integrins (ITGs) are a family of heterodimeric 
cell surface adhesion molecules [37] that 
transmit intracellular signals as primary trans-
membrane receptors when bound to their 
respective extracellular matrix (ECM) proteins, 
thereby potently mediating cell adhesion, prolif-
eration, migration, and invasion [38]. It has 
been reported that ITGA1 was associated with 
invasive or metastatic phenotypes in hepato-
cellular and prostate cancers [39, 40]. A recent 
study reported that ITGA1 is frequently upre- 
gulated in PC and mediates TGFβ/collagen-
induced EMT and gemcitabine resistance in PC 
cells, which is associated with poor patient 
prognosis [41]. In this study, we found that 
Linc00662 promoted cell adhesion, prolifera-
tion, migration, and invasion through ITGA1 
activation. 

ITGA1 initiates the formation of focal adhe-
sions, which contain an array of proteins such 
as focal adhesion kinase (FAK), steroid recep-

Figure 7. Linc00662 promoted the malignant progression by regulating ITGA1 transcription in PC. A. ITGA1 was 
knocked down in PC cells using siRNAs and qPCR was used to examine the inhibitory efficacy. The result indi-
cated that ITGA1 si-1 showed the highest inhibitory efficacy. B. Western blotting revealed that the overexpression 
of Linc00662 Wt increased the expression of ITGA1, which could be reversed by the knockdown of ITGA1 using si-
ITGA1. C. The cell adhesion assay revealed that the overexpression of Linc00662 in PC cells enhanced the ability of 
cells to adhere to collagen. Representative micrographs were displayed and the bar charts showed the differences 
of cell numbers adhere to collagen among Linc00662 Wt, siITGA1, and control cells. *: P < 0.05, magnification: 
100 ×. D. The CCK8 assay showed that the cell proliferative capacity was significantly increased in Linc00662 Wt 
cells, which could be reversed by the knockdown of ITGA1 using siITGA1. E. The wound healing assay indicated that 
the overexpression of Linc00662 Wt significantly increased cell migratory capacity, which could be reversed by the 
knockdown of ITGA1 using siITGA1. Representative micrographs were displayed and the bar charts showed the dif-
ferences of migratory area among Linc00662 Wt, siITGA1, and control cells. *: P < 0.05, magnification: 100 ×. F. 
The transwell assay revealed that the overexpression of Linc00662 Wt significantly increased cell invasive capacity, 
which could be reversed by the knockdown of ITGA1 using siITGA1. Representative micrographs were displayed and 
the bar charts showed the differences of invaded cell numbers among Linc00662 Wt, siITGA1, and control cells. *: 
P < 0.05, magnification: 100 ×. G. Western blotting showed that the overexpression of Linc00662 Wt dramatically 
upregulated the levels of p-FAK, p-Paxillin and p-Erk, which could be reversed by the knockdown of ITGA1. H. The 
immunofluorescence assay revealed that the overexpression of Linc00662 Wt caused morphology change with 
more obvious pseudopods, and more FAK and Paxillin localized on the leading edge of the plasma membrane, 
which could be reversed by the knockdown of ITGA1. White arrows indicated the location of focal adhesion markers 
(FAK and Paxillin). Scale bar: 30 µm. Abbreviations: PC: pancreatic cancer, NC: negative control, Wt: wide type, Mut: 
4A-mutated, qPCR: quantitative polymerase chain reaction, CCK8: cell counting kit-8, GTF2B: general transcription 
factor II-B, ITGA1: integrin alpha-1.
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Figure 8. The FAK inhibitor-Y15 repressed the malignant progression of PC. A. Linc00662-overexpressing PC cells 
were treated with Y15 at different concentrations to identify the suitable concentrations. The results of western 
blotting showed that 2 µM and 5 µM of Y15 were the suitable concentrations in BxPC-3 cells and PANC-1 cells, 
respectively, which inhibited FAK autophosphorylation activity without effect on FAK expression. B. Western blotting 
showed that Y15 treatment dramatically repressed the levels of p-FAK, p-Paxillin, and p-Erk in PC cells. C. The CCK8 
assay showed that Y15 treatment significantly reversed the increased proliferative capacity of Linc00662-overex-
pressing PC cells. D. The wound healing assay indicated that Y15 treatment significantly reversed the increased 
migratory capacity of Linc00662-overexpressing PC cells, magnification: 100 ×. E. The transwell assay indicated 
that Y15 treatment significantly reversed the increased invasive capacity of Linc00662-overexpressing PC cells, 
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tor coactivator (Src) and paxillin [42, 43]. FAK is 
a typical protein that is highly autophosphory-
lated in response to integrin activation. FAK 
can regulate cytoskeleton dynamics and cell 
movement by affecting actin polymerization 
and focal adhesion inversion and has diverse 
cellular functions, including cell proliferation, 
adhesion, and migration [44]. Paxillin is a  
typical focal adhesion adaptor protein that 
recruits key components of its signal transduc-
tion machinery to specific subcellular locations, 
including FAK and Src. Phosphorylated FAK in 
association with Src phosphorylates paxillin, 
which is associated with the coordinated for-
mation of focal adhesions [45]. Our study veri-
fied that Linc00662 activated focal adhesion, 
as evidenced by increased levels of p-FAK and 
p-Paxillin, more obvious pseudopodia, and 
more FAK and Paxillin on the leading edge at 

Linc00662-overexpressing cells, which could 
be reversed by the knockdown of ITGA1. 

Targeting ITGA1 or its downstream molecules  
is a potential strategy for PC management. 
Several approaches have been used to target 
FAK activity in cancer cells. Initial trials involv- 
ed FAK knockdown using siRNA, antisense oli-
gonucleotides, and adenoviral dominant-nega-
tive FAK-CD. These methods induce a signifi-
cant down-regulation of FAK, inhibit cancer cell 
proliferation, increase apoptosis, and decrease 
tumorigenicity [51-53]. However, these app- 
roaches have limitations in clinical research 
due to their in vivo toxicity. This has led to the 
development of small molecule inhibitors of 
FAK, which include inhibitors that target enzy-
matic kinase dependent or independent func-
tions of FAK [54-56]. In this study, Y15, an en- 

magnification: 100 ×. F. A mouse xenograft model was used to evaluate the effect of Y15 on cell growth in vivo. Im-
ages of transplanted subcutaneous tumors were displayed. G. Y15 treatment dramatically repressed tumor volume 
in mice bearing Linc00662-overexpressed PC cells. *: P < 0.05. H. Y15 treatment dramatically repressed subcuta-
neous tumor weight in mice bearing Linc00662-overexpressed PC cells. *: P < 0.05. Abbreviations: PC: pancreatic 
cancer, CCK8: cell counting kit-8. 

Figure 9. Schematic model on the role of Linc00662 in regulating PC ma-
lignant progression through the GTF2B-ITGA1-FAK pathway. This study pro-
poses a novel regulatory mechanism of Linc00662 in oncogene activation 
in PC. Linc00662 activates the transcription of ITGA1 by recruiting GTF2B in 
a m6A-dependent manner and promotes PC cell proliferation, invasion, and 
migration, which partly relies on the activation of focal adhesions through 
the ITGA1-FAK-Erk pathway. And Y15 treatment inhibits autophosphoryla-
tion of FAK and obviously represses tumor progression of Linc00662-over-
expressing PC cells. Abbreviations: PC: pancreatic cancer, GTF2B: general 
transcription factor II-B, ITGA1: integrin alpha-1, m6A: N6-methyladenosine.

the periphery in Linc00662-
overexpressing cells. 

Phosphorylated FAK and Src 
form complexes that activate 
or inhibit multiple downst- 
ream signaling pathways, in- 
cluding PI3K/Akt, P53, Erk. 
The Src/FAK-Erk signaling 
pathway plays an important 
role in tumorigenesis and 
metastasis of various can-
cers, including NSCLC [46-
48]. For example, PIG3 en- 
hances cell migration and 
invasion by promoting the 
Src/FAK-Erk pathway in lung 
adenocarcinomas [49]. Ma- 
clurin inhibits migration and 
invasion of NSCLC cells thr- 
ough repressing the Src/FAK-
Erk-β-catenin signaling [50]. 
Our study identified Linc- 
00662 promoted cell prolifer-
ation, migration, and invasion 
by activating ITGA1-Src/FAK-
Erk signaling, as evidenced  
by the increased levels of 
p-FAK, p-Paxillin, and p-Erk in 
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zymatic kinase dependent FAK inhibitor that 
inhibits its autophosphorylation activity and its 
downstream targets, repressed tumor progres-
sion in Linc00662-overexpressing PC cells in 
vitro and in vivo. It has been reported that a 
combination of FAK inhibitors and inhibitors of 
other signaling molecules is more effective 
than a single drug alone [57]. Several studies 
have been conducted, ranging from bench work 
to clinical trials. The combination of the FAK 
inhibitor Y15 and Src inhibitor PP2 significantly 
decreased the viability of colon cancer cells 
[58]. The combination of the FAK inhibitor Y15 
with gemcitabine was more effective in sup-
pressing pancreatic cancer tumor growth in a 
mouse xenograft model than a single drug 
alone [56]. Currently, FAK inhibitors in com- 
bination with other inhibitors are under phase 
I/II safety and pharmacokinetics evaluation for 
the treatment of advanced solid cancers; how-
ever, the true potential of single or combinato-
rial therapies remains unclear. These results 
suggest that FAK inhibitors are promising  
therapeutic agents for PC with a high expres-
sion of Linc00662.

This study had some limitations. First, the sam-
ple size of PC tissues collected from our hospi-
tal was small, and the overall survival was not 
currently available owing to time limitation. 
Second, the m6A motifs of Linc00662 that 
interacted with IGF2BP3 were not explored. 
Third, a tail vein metastasis model was used to 
study the general metastatic features of tumor 
cells in vivo. For further in-depth studies, a liv-
er-metastatic model should be used, because 
pancreatic cancer usually metastasizes to the 
liver. Lastly, the METTL3-METTL14 heterodi-
meric complex generates m6A on mRNA, where 
METTL3 contributes the catalytic residues, 
while METTL14 provides structural supports for 
METTL3; however the involvement of METTL14 
in the process deserves further exploration.

Conclusions

This study proposes a novel regulatory mecha-
nism for Linc00662 in oncogene activation in 
PC. Linc00662 activates the transcription of 
ITGA1 by recruiting GTF2B in a m6A-dependent 
manner and promotes PC cell proliferation, 
invasion, and migration, which partly relies on 
the activation of focal adhesions through the 
ITGA1-FAK-Erk pathway. These results indicat-
ed that Linc00662 and downstream molecules 

could be potential molecular targets for PC 
therapy (Figure 9).
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Supplementary Table 1. The primer sequences for qPCR
Primer Sequence 5’-3’
β-actin Forward TCACCCACACTGTGCCCATCTACGA

Reverse CAGCGGAACCGCTCATTGCCAATGG
METTL3 Forward CGTACTACAGGATGATGGCTTTC

Reverse TTTCATCTACCCGTTCATACCC
OIP5-AS1 Forward TTTGGCACCATTGAAACCA

Reverse GCATGGCTACAAATCGACGTA
MAGI2-AS3 Forward AAGAGCCAGGGACAGCACT

Reverse TCTCCAGAACTTGGGCTTGTA
AC021078.1 Forward GATTGATTGGAGTGGGCTAGA

Reverse TCCCTCCTCCACCACAAGTA
MIR100HG Forward TGTGGCAGAGTAAGGGATGG

Reverse CATTGAGGTGGGAAACCAA
Linc00662 Forward GCAGGAAACAACGAGGATTT

Reverse TTTCACGTCAGGCTTCAATG
m6A site 1 Forward TGCTTTGTGGTGTATGGATTC

Reverse ACCTGTTTTCGGTTTTTATTGC
m6A site 2 Forward GAAGGTGCTTTCTGATGTGTG

Reverse GGCCAACTATTTTCACAGATCA
m6A site 3 Forward ACAAGTGATCTGTGAAAATAGTTGG

Reverse CATGGGATATTCAGTTTTTCACG
m6A site 4 Forward CATTTCTGAGCCCTTTGAGGC

Reverse AATCCTCGTTGTTTCCTGCCC
IGF2BP3 Forward TTGCAGGAATTGACGCTGTA

Reverse ACCCAAGGCGTTCAGATTTA
GTF2B Forward TTCCTGCTTTCGGTGTGTCT

Reverse AACCAAGCCACATTCAGGAC
ITGA1 Forward GGTTACCCTGTGCTGTACCC

Reverse CGAAACATTGACTTGGCTGA
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Supplementary Table 2. siRNAs used in this study
siRNA Sequence 5’-3’
Linc00662 si-1 sense GGUGUAGGGUAAAUGUUCAACUUCATT

antisense UGAAGUUGAACAUUUACCCUACACCTT
Linc00662 si-2 sense UGACCAUAUGCUGCUUUAUACUGUUTT

antisense AACAGUAUAAAGCAGCAUAUGGUCATT
Linc00662 si-3 sense GAAAUCUCUAGAGCUUUCCACAUAATT

antisense UUAUGUGGAAAGCUCUAGAGAUUUCTT
IGF2BP3 si-1 sense CGGUGAAUGAACUUCAGAAUUTT

antisense AAUUCUGAAGUUCAUUCACCGTT
IGF2BP3 si-2 sense GCUGCUGAGAAGUCGAUUACUTT

antisense AGUAAUCGACUUCUCAGCAGCTT
IGF2BP3 si-3 sense GCAGGAAUUGACGCUGUAUAATT

antisense UUAUACAGCGUCAAUUCCUGCTT
GTF2B si-1 sense CCAAGAGUCACAUGUCCAATT

antisense UUGGACAUGUGACUCUUGGAA
GTF2B si-2 sense CCAUCUCGAGUUGGAGAUUTT

antisense AAUCUCCAACUCGAGAUGGAT
GTF2B si-3 sense GCUAAUGAUGCUAUAGCUUTT

antisense AAGCUAUAGCAUCAUUAGCTC
ITGA1 si-1 sense GCUCCUCACUGUUGUUCUATT

antisense UAGAACAACAGUGAGGAGCTT
ITGA1 si-2 sense CCUUCUACAUGUUGGACAATT

antisense UUGUCCAACAUGUAGAAGGTT
ITGA1 si-3 sense GGAUGGUAAGACACUGAAATT

antisense UUUCAGUGUCUUACCAUCCTT

Supplementary Table 3. The antibodies used in this study
Antibody Dilution/dose Supplier (Catalog No.)
METTL3 Rabbit Polyclonal antibody western blotting 1:1000 immunofluorescence 1:100 Abcam (ab195352)

GTF2B Rabbit Polyclonal antibody western blotting 1:1000 ABclonal (A1708)

GTF2B Rabbit Monoclonal antibody RIP 1:20 Abcam (ab109518)

IGF2BP3 Rabbit Polyclonal antibody western blotting 1:1000
RIP 1:20

ABclonal (A4444)

ITGA1 Rabbit Polyclonal antibody western blotting 1:1000 Proteintech (22146-1-AP)

GAPDH western blotting 1:5000 GeneTex (GTX627408)

HRP Goat Anti-Mouse IgG (H+L) western blotting 1:20000 Abclonal (AS003)

HRP Goat Anti-Rabbit IgG (H+L) western blotting 1:20000 Abclonal (AS014)

Cy3 Goat Anti-Mouse IgG (H+L) immunofluorescence 1:150 Abclonal (AS008)

FAK Rabbit pAb western blotting 1:1000 immunofluorescence 1:100 Abclonal (A11195)

Phospho-FAK-Y397 Rabbit pAb western blotting 1:1000 Abclonal (AP0302)

Paxillin Rabbit pAb western blotting 1:1000 immunofluorescence 1:100 Abclonal (A18181)

Phospho-Paxillin-Y118 Rabbit pAb western blotting 1:1000 Abclonal (AP1156)

Erk1/2 Rabbit mAb western blotting 1:1000 Abclonal (A4782)

Phospho-ERK1-T202/Y204+ERK2-T185/Y187 Rabbit pAb western blotting 1:1000 Abclonal (AP0472)


