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Abstract

To explore the effect of insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2)
on colorectal cancer (CRC) by recognizing the mé6A modification of YAP mRNA thus
activating ErbB2 expression. High expressions of IGF2BP2, YAP, and ErbB2 promoted
the proliferation, migration and invasion of CRC cells and reduced their apoptosis.
IGF2BP2 recognized the m6A on YAP mRNA and promoted the translation of mRNA.
YAP regulated ErbB2 expression by promoting TEAD4 enrichment in ErbB2 promoter
region. Therefore, IGF2BP2 promoted the expression of ErbB2 to enhance the prolif-
eration, invasion and migration of CRC cells, to repress cell apoptosis, and to promote
solid tumor formation in nude mice. IGF2BP2 activates the expression of ErbB2 by
recognizing the méA of YAP, thus affecting the cell cycle of CRC, inhibiting cell apop-

tosis, and promoting proliferation.
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1 | INTRODUCTION

Colorectal cancer (CRC) is the one of the most frequently diagnosed
malignancies in the world, accounting for more than 700 000 deaths
annually.! Surgery is regarded as the gold-standard treatment for pa-
tients with CRC at early stages, while conventional cytotoxic chemo-
therapy and targeted therapeutic regimens are commonly adopted
to treat patients with high risks of developing recurrent or meta-
static disease.? Due to the exorbitant costs of chemotherapy, it is
prudent to diagnose CRC at earlier stages and prevent deterioration
for better prognosis.> Meanwhile, the hard-done work of our peers
has highlighted the vast implications of epigenetic modification,
including DNA methylation, histone modifications, and noncoding
RNAs with CRC.* Genome-wide hypomethylation is a characteristic
of CRC, which constitutes an early event in colorectal carcinogenesis
by causing chromosomal instability.? Thus, an elaborate understand-
ing of the epigenetic regulatory mechanisms in CRC might enable
their future clinical applications as prognosis biomarkers or their po-
tential as therapeutic targets.

Methylation of the 6th adenosine (m6A) is the most frequent
messenger RNA (mRNA) modification and plays an important role
in the regulation of gene expression at a post-transcriptional level.®”
m6A is dynamically deposited, removed, and recognized by méA
methyltransferases (“writers”), demethylases (“erasers”), and méA-
specific binding proteins (“readers”), respectively. What is notable is
that m6A and its regulators are often dysregulated in a variety of ma-
lignancies, including breast cancer and CRC.8** Additionally, single-
nucleotide polymorphisms in the m6A modification core genes are
also known to contribute to the etiology of cancer; for instance,
the rs7766006, YTHDF2 rs3738067, and FTO rs9939609 variants
confer an amplified risk of inoma.12 Meanwhile, rs62328061 and
rs298982 exhibit significant association with decreased suscepti-
bility to neuroblastoma, whereas rs4834698 and rs9884978 can
augment the risk of neuroblastoma.'® Additionally, the insulin-like
growth factor 2 mRNA-binding protein 2 (IGF2BP2) is recognized as
a crucial reader for m6A modification and further participates in the
pathogenesis of various malignancies.? Moreover, a prior study sug-
gested that IGFBP2 plays a key tumor-promotive role in the progres-
sion of CRC.* Furthermore, another study further identified that
insulin-like growth factor-1 receptor serves as a vital mediator in the
development of intratumor hypoxia by regulating the Yes-associated

protein (YAP).!> Recent evidence suggests that YAP serves as an

important driver of cancer development, tumor growth, and me-
tastasis.’® A large proportion of the YAP protein is localized in the
nucleus in breast cancer with high YAP expression levels.'” Similarly,
overexpression of YAP can significantly augment the proliferation of
ovarian granulosa cells.® On the other hand, knockdown of YAP can
reduce the growth and ability to trigger tumor formation in human
CRC lines.X” However, there is lack of research on the epigenetic reg-
ulation of YAP expression in CRC, particularly in regard to YAP mRNA
methylation. Nevertheless, YAP possesses the ability to regulate
liver cell proliferation by directly targeting the ErbB2 promoter.?° In
recent years, the genetic mutation of ErbB2, also known as human
epidermal growth factor receptor-2 (HER2), has been documented
in multiple cancer types including breast cancer, gastric cancer, and
CRC.?%22 | addition, preclinical studies have further confirmed a
causative role of ErbB2 in tumorigenesis.21 Therefore, a deep under-
standing of the mechanism underlying ErbB2 in regulating tumor cell
development will provide more strategy for the treatment of CRC.

Consequently, we collected CRC samples from patients and
analyzed the relationship between IGF2BP2 and clinical features.
Furthermore, we elucidated the mechanism of IGF2BP2 in regulat-
ing YAP m6A modification and ErbB2 expression, which can provide
a new strategy in treating CRC.

2 | MATERIALS AND METHODS
2.1 | Insilico analysis

First, Colon adenocarcinoma (COAD)-related expression dataset
was retrieved from The Cancer Genome Atlas (TCGA) database
(https://portal.gdc.cancer.gov/). A total of 512 samples were ob-
tained, comprising 41 control samples and 471 COAD samples. In ad-
dition, human genome data were obtained from GENCODE (https://
www.gencodegenes.org/human/). The perl language (https://www.
perl.org/) was then adopted to convert gene names in the COAD
dataset to GeneSymbol, and then 22 genes related to mé6A modi-
fication were obtained from méA2target (http://méa2target.cance
romics.org/#/home). The R language (https://www.r-project.org/)
was employed to extract the mé6A modification-related genes from
the COAD dataset, and the number of zero values and null values
was retrieved in the data. As IGF2BP1 and IGF2BP3 presented with

more zero values, 20 m6A modification-related genes were selected
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for subsequent analyses. In order to accurately analyze the relation-
ship among genes in CRC, the COAD dataset after deleting the con-
trol sample was designated as COAD*.

The “limma” package of R language (https://bioconductor.org/
packages/limma/) was adopted again to analyze the difference
between the control and COAD sample in COAD to obtain the ex-
pression of mé6A modified genes, and the differentially expressed
genes (DEGs) were screened with a threshold of |log fold change
(FC)] > 0.2 and P < .01. The “pheatmap” package (version 1.0.12,
https://CRAN.R-project.org/package =pheatmap) was employed to
plot a heat map of mé6A modification-related genes, and the “vio-
plot” package (https://CRAN.R-project.org/package=vioplot) was
adopted to draw a violin map of mé6A modification-related genes.
Pearson correlation among the expressions of genes was analyzed
using R language built-in function “cor.test(),” and the top 300 mem-
ories were regarded as the most relevant genes.

The “survival” package of R language (version 3.1-11, https://
CRAN.R-project.org/package =survival) was then employed for
Kaplan-Meier survival analysis, and the top 25% samples were
selected as the high-expression group, while the rest 75% sam-
ples were regarded as low expression for IGF2BP2. The differ-
ence in overall survival between the high-expression group and
low-expression group was subsequently analyzed, and the over-
all survival curve was plotted. The Gene-list Enrichment mod-
ule of KO-Based Annotation System (KOBAS) (http://kobas.cbi.
pku.edu.cn/kobas3) was used for Goal-Oriented (GO) and Kyoto

Encyclopedia of Genes and Genomes (KEGG) enrichment analyses.

2.2 | Clinical sample collection

A total of 66 patients diagnosed with CRC at the General Hospital of
Ningxia Medical University from August 2012 to August 2014 were
enrolled in the current study. None of the included patients received
radiotherapy or preoperative chemotherapy. Obtaiend tumor tis-
sues and adjacent normal tissues were dissected and stored in liquid
nitrogen for subsequent experiments.

For further details regarding the materials and methods used,

please refer to the Supplementary Information.

2.3 | Statistical analysis

Statistical analyses were performed using the SPSS version 19.0
(/20.0/21.0/22.0) (IBM Corp.). Measurement data were shown as
mean =+ standard deviation. Data between two groups were compared
by unpaired t-test, while one-way analysis of variance (ANOVA) was
adopted for data comparisons among multiple groups. The optical
density values at different time points were compared by two-factor
ANOVA. The survival rate of patients was calculated using the Kaplan-
Meier method, and univariate analysis was performed with the log-
rank test. The correlation between the expression of IGF2BP2 and

clinical indicators of CRC patients was analyzed by the chi-square test.
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3 | RESULTS

3.1 | Silencing of IGF2BP2 restrained the
proliferation, migration, and invasion of CRC cells and
promoted their apoptosis

First, 22 genes related to m6A modification were obtained from
the méA2target. In addition, COAD expression data were obtained
through the TCGA database, and the expression patterns of 22 m6A
modification-related genes were assessed using the R language.
It was found that IGF2BP1 and IGF2BP3 presented with 186 and
30 zero value, respectively, while the remaining 20 genes exhibited
no zero value; thus, the expression data of IGF2BP1 and IGF2BP3
were deleted. Subsequent differential analyses of these 20 genes
revealed that all genes exhibited significant differences in COAD,
among which METL14, ALKBH5, YTHDF3, and YTHDC2 were
poorly expressed genes, while WTAP, YTHDC1, YTHDF2, RBM15B,
FTO, HNRNPC, HNRNPA2B1, ZC3H13, IGF2BP2, CBLL1, METL16,
VIRMA, RBM15, ZCCHC4, YTHDF1, and METL3 were highly ex-
pressed genes (Figure 1A, B). The survival time and survival status
of each COAD sample were further obtained through TCGA, and
the relationship between the expression of these 20 genes and pa-
tient survival was analyzed. The patients were then divided into a
high-expression group and a low-expression group based on the first
25% and last 75% of the gene expression value. It was found that
solely the high expression of IGF2BP2 was associated with reduced
survival rate of COAD patients (Figure 1C, Table S3). RT-qPCR was
further employed to measure the expression patterns of IGF2BP2
in 66 cases of CRC tissues and the corresponding adjacent normal
normal tissues, which revealed that the IGF2BP2 expression in CRC
tissues was 1.75 times higher than that in adjacent normal tissues
(Figure 1D). In addition, the expression patterns of IGF2BP2 in
human CRC cells (SW480, SW620, and HCT-8) and HIEC-6 were de-
tected with RT-gPCR, which illustrated that compared with HIEC-6
cells, the expression of IGF2BP2 in CRC cell lines was remarkably
increased, and the difference was the most pronounced in SW480
cells (Figure 1E). Therefore, the SW480 cells were selected for sub-
sequent experimentation.

To further elucidate the effect of IGF2BP2 on the proliferation,
migration, invasion, and apoptosis of SW480 cells, we treated SW480
cells with three si-IGF2BP2 sequences to silence the expression of
IGF2BP2, and detected the mRNA and protein expression patterns
of IGF2BP2in SW480 cells using RT-gPCR and Western blot analysis,
respectively. Compared with cells transfected with si-normal control
(NC), the mRNA and protein expressions of IGF2BP2 were found to
be significantly reduced following transfection with si-IGF2BP2-1,
si-IGF2BP2-2, or si-IGF2BP2-3, among which si-IGF2BP2-1 brought
about the lowest expression of IGF2BP2 and the highest interfer-
ence efficiency. Therefore, si-IGF2BP2 was chosen for subsequent
experimentation (Figure 1F, G). In addition, SW480 cells were trans-
fected with oe-IGF2BP2 plasmids to overexpress IGF2BP2, and the
mRNA and protein expression patterns of IGF2BP2 in each group

were measured by RT-qPCR and Western blot analysis, respectively.
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Compared with cells transfected with oe-NC, the mRNA and pro-
tein expressions of IGF2BP2 were found to be markedly increased
after transfection with oe-IGF2BP2 plasmids (Figure 1H, I). At the
same time, the relationship between IGF2BP2 levels and clinical in-
dicators of CRC patients was statistically analyzed, which revealed
that IGF2BP2 levels were notably correlated with tumor size, TNM
stage, and tumor differentiation (Table S4). Meanwhile, the re-
sults of CCK-8 assay showed that the cell proliferation was signifi-
cantly decreased following transfection with si-IGF2BP2, while the

cells transfected with oe-IGF2BP2 presented with increased cell

proliferation (Figure 1J). Moreover, cell migration was assessed with
the help of a scratch test, which demonstrated that migration of cells
transfected with si-IGF2BP2 was decreased compared with that
of cells transfected with si-NC, whereas the opposing trends were
documented in cells transfected with oe-IGF2BP2 compared with
cells transfected with oe-NC (Figure 1K). Furthermore, Transwell
assay results illustrated that the cell invasion was reduced follow-
ing transfection with si-IGF2BP2, while being increased after trans-
fection with oe-IGF2BP2 (Figure 1L). Meanwhile, flow cytometric
data suggested that compared with cells transfected with si-NC, the
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FIGURE 1 Silencing of insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) inhibited the proliferation, migration, and invasion of
colorectal cancer (CRC) cells and promoted apoptosis. A, Expression heat map of methylation of the 6th adenosine (m6A)-modified genes in the
COAD dataset obtained from the TCGA database, *P < .05, **P < .01, ***P < .001. B, Violin chart of mé6A-modified gene expression, wherein
blue represents the control group and red represents the cancer group. C, Survival curve of IGF2BP2 in COAD. D, Expression of IGF2BP2 in
CRC tissues and adjacent normal tissues tested by RT-gPCR. n = 66. *P < .05, compared with the normal group. E, Expression of IGF2BP2 in
four kinds of CRC cells and normal human intestinal epithelial cells tested by RT-gPCR. *P < .05, compared with human intestinal epithelial cells
(HIEC-6) cells. F, mRNA expression of IGF2BP2 in cells transfected with si-IGF2BP2-1, si-IGF2BP2-2, and si-IGF2BP2-3 tested by RT-qPCR.

G, Protein expression of IGF2BP2 in cells transfected with si-IGF2BP2-1, si-IGF2BP2-2, and si-IGF2BP2-3 measured by Western blot analysis.
*P < .05, compared with cells transfected with si-normal control (NC). H-I, mRNA expression of IGF2BP2 in the oe-NC group and the oe-
IGF2BP2 group detected by RT-gPCR. I, Protein expression of IGF2BP2 in the oe-NC group and the oe-IGF2BP2 group measured by Western
blot analysis. *P < .05, compared with cells transfected with oe-NC. J, Proliferation of cells tested by CCK-8 assay. K, Cell migration measured
by the scratch test. L, Cell invasion detected by Transwell assay. M, Cell cycle distribution detected by flow cytometric analysis. N, Cell
apoptosis assessed by flow cytometric analysis. *P < .05, compared with cells transfected with si-NC. #P < .05 compared with cells transfected
with oe-NC. The results are measurement data, shown as mean + standard deviation. Unpaired t-test was used to compare the data between
two groups, and one-way ANOVA was used to compare the data among multiple groups. The survival rate of patients was calculated by the
Kaplan-Meier method, and univariate analysis was performed by the log-rank test. The cell experiments were repeated three times

proportion of GO/G1 phase-arrested cells was remarkably increased
and that of S phase-arrested cells was notably reduced, while apop-
tosis was markedly increased in cells transfected with si-IGF2BP2.
Besides, compared with cells transfected with oe-NC, the propor-
tion of GO/G1 phase-arrested cells was markedly reduced and that
of S phase-arrested cells was considerably increased, whereas apop-
tosis was significantly reduced in cells transfected with oe-IGF2BP2
(Figure 1M, N). Altogether, these findings indicated that silencing of
IGF2BP2 inhibited the proliferation, migration, and invasion of CRC
cells and promoted apoptosis.

3.2 | IGF2BP2 increased the stability of YAP by
binding to m6A-modified YAP mRNA in CRC cells

In order to further determine the downstream genes of IGF2BP2,
genes presenting with more than 10 zero value in the expression
data of COAD were excluded, and differential analysis was subse-
quently performed using the R language. After screening with the
threshold of |logFC| > 0.2 and P < .01, 8823 DEGs were obtained.
Moreover, the normal samples in the COAD data (COAD") were
deleted, and the correlation between the expression of IGF2BP2
in COAD* and other genes was analyzed in order to uncover the
genes related to IGF2BP2 in CRC. The top 300 related genes were
screened, among which the smallest absolute value of correlation
was |cor| = 0.353, and its significance was P = 2.83E - 15 (Table S5).
It was found that IGF2BP2 was predicted by méA2target to medi-
ate the m6A modification of 7653 genes. By intersecting the DEGs
in COAD, IGF2BP2-related genes in COAD*, and the predicted
IGF2BP2-mediated genes by méA2target, a total of 59 shared genes
were obtained (Figure 2A). m6A modification of HMGA2 mediated
by IGF2BP2 has been widely studied, and the number of documents
related to CRC and CCND1 is 331, which is about 3.3 times that
of YAP1. Consequently, YAP1 was selected as subject of focus for
further investigation. YAP1 expression data were subsequently
obtained and analyzed, and the results validated that YAP1 was in-
deed highly expressed in CRC (Figure 2B). In addition, the results
of RT-gPCR showed that the expression of YAP in CRC tissues was

1.592 times higher than that in adjacent normal tissues (P < .05)
(Figure 2C). Meanwhile, YAP was also found to be highly expressed
in human CRC cell lines (SW480, SW620, HCT-8) relative to human
normal intestinal epithelial cells HIEC-6, with the SW480 cells exhib-
iting the highest YAP expression (Figure 2D). Moreover, the results
of RT-gPCR and Western blot analysis illustrated that compared with
cells transfected with si-NC, YAP expression in cells transfected
with si-IGF2BP2 group was much lower (P < .05). On the other
hand, compared with cells transfected with oe-NC, YAP expression
in cells transfected with oe-IGF2BP2 was increased (Figure 2E, F).
Meanwhile, IGF2BP2 expression was found to be positively cor-
related with YAP1 expression in coAaD* (Figure 2G). Furthermore,
Pearson correlation analysis suggested that IGF2BP2 expression
was positively correlated with YAP expression in clinical samples of
CRC (Figure 2H). Furthermore, Me-RIP results illustrated that com-
pared with cells transfected with si-NC, YAP m6A modification lev-
els were markedly decreased in cells transfected with si-IGF2BP2.
On the contrary, YAP m6é6A modification levels were remarkably in-
creased in cells transfected with oe-IGF2BP2 compared with cells
transfected with oe-NC (Figure 2l). The detection results of the
YAP downstream target gene expression further demonstrated that
knockdown of IGF2BP2 decreased the expressions of CYR61 and
TGF, while overexpression of IGF2BP2 brought about the opposite
trends (Figure 2J). Altogether, these findings indicated that IGF2BP2
bound to mé6A-modified YAP mRNA and then increased the stability
of YAP in CRC cells.

3.3 | IGF2BP2 stimulated the proliferation,
migration, and invasion of CRC cells while suppressing
apoptosis by stabilizing YAP expression

To further explore the effect of IGF2BP2 on CRC cells, CRC cells were
transfected with si-IGF2BP2 or combined with oe-YAP. Subsequent
results of RT-gPCR and Western blot analysis demonstrated that
compared with cells transfected with si-NC + oe-NC, the mRNA and
protein expression levels of IGF2BP2 and YAP were dramatically re-
duced in cells transfected with si-IGF2BP2 + oe-NC. Meanwhile, there
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was no significant alteration in the mRNA and protein expressions of
IGF2BP2 in cells following transfection of si-IGF2BP2 + oe-YAP, while
mRNA and YAP protein expressions were found to be increased in
comparison with cells transfected with si-IGF2BP2 + oe-NC (P < .05)
(Figure 3A, B). In addition, cell proliferation was tested by means of a

CCK-8 assay, which illustrated that the cell proliferation was reduced
after treatment of si-IGF2BP2 + oe-NC compared with that of cells
transfected with si-NC + oe-NC. Conversely, the proliferation of cells
transfected with si-IGF2BP2 + oe-YAP was significantly increased
compared with that of cells transfected with si-IGF2BP2 + oe-NC
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FIGURE 2 Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) increased the stability of Yes-associated protein (YAP)

by binding to methylation of the 6th adenosine (méA)-modified YAP mRNA in colorectal cancer (CRC) cells. A, Venn diagram of COAD
differential genes, IGF2BP2-related genes in COAD?, and the IGF2BP2-mediated genes predicted by mé6A2target showing 59 intersection
genes. B, Box plot of YAP1 expression in the COAD dataset, where the left blue box is the control group and the red box on the right is

the cancer group. C, Expression of YAP in CRC tissues and adjacent normal tissues detected by RT-qPCR. n = 66. *P < .05, compared with
adjacent normal tissues. D, Expression of YAP in four kinds of CRC cells and normal human intestinal epithelial cells detected by RT-qPCR.
*P < .05, compared with HIEC-6 cells. E, Expression of YAP in cells when IGF2BP2 was silenced or overexpressed tested by RT-qPCR.

*P < .05, compared with cells transfected with si-normal control (NC). #P < .05, compared with cells transfected with oe-NC. F, Expression
of YAP in cells when IGF2BP2 was silenced or overexpressed tested by Western blot analysis. *P < .05, compared with cells transfected
with si-NC. #P < .05 compared with cells transfected with oe-NC. G, Expression correlation diagram of YAP1 and IGF2BP2 in the COAD*
dataset. H, Correlation analysis of IGF2BP2 and YAP in 66 cases of human CRC tissues by Pearson correlation analysis. |, m6A level of MYC
mRNA detected by Me-RIP. *P < .05, compared with cells treated by IgG. #P < .05, compared with cells transfected with si-NC. $P < .05,
compared with cells transfected with oe-NC. J, Expression of the YAP downstream target genes CYR61 and TGF detected by RT-gPCR in
cells following IGF2BP2 silencing or overexpression. The results are measurement data, shown as mean + standard deviation. Unpaired
t-test was used to compare the data between two groups, and one-way ANOVA was used to compare the data among multiple groups. The

cell experiments were repeated three times

(P < .05) (Figure 3C). Furthermore, the results of scratch test demon-
strated that the migration of cells transfected with si-IGF2BP2 + oe-
NC was reduced compared with that of cells transfected with si-NC +
oe-NC, while being remarkably increased following transfection with
si-IGF2BP2 + oe-YAP compared with cells transfected with si-IGF2BP2
+o0e-NC (P < .05) (Figure 3D). In addition, Transwell assay data showed
that the invasion of cells transfected with si-IGF2BP2 + oe-NC was
notably reduced compared with that of cells transfected with si-NC
+ 0e-NC, while the invasion of cells transfected with si-IGF2BP2 +
oe-YAP was increased compared with that of cells transfected with
si-IGF2BP2 + oe-NC (P < .05) (Figure 3E). Flow cytometric analysis
further demonstrated that the proportion of GO/G1 phase-arrested
cells was significantly increased after treatment with si-IGF2BP2 + oe-
NC, while that of S phase-arrested cells was reduced, and the apopto-
sis ability was increased compared with cells transfected with si-NC +
oe-NC (P < .05). Meanwhile, the proportion of GO/G1 phase-arrested
cells was reduced after treatment with si-IGF2BP2 + oe-YAP and that
of S phase-arrested cells was increased, while cell apoptosis was de-
creased compared with that of cells transfected with si-IGF2BP2 +
oe-NC (P < .05) (Figure 3F, G). Together, these findings indicated that
IGF2BP2 could boost the proliferation, migration, and invasion of CRC
cells but repressed apoptosis by stabilizing the expression of YAP.

3.4 | IGF2BP2 increased the expression of ErbB2 by
stabilizing YAP

A ChIP assay was conducted to detect the enrichment of transcrip-
tion factor TEAD4 at the ErbB2 promoter in the presence of YAP
overexpression. The results illustrated that TEAD4 was enriched
at the ErbB2 promoter after YAP overexpression (Figure 4A). The
results of RT-gPCR further revealed that the expression of ErbB2
in CRC tissues was 1.629 times higher than that in adjacent nor-
mal tissues (Figure 4B). Moreover, RT-qPCR data also revealed in-
creased expressions of ErbB2 in human CRC lines (SW480, SWé620,
and HCT-8) compared with human normal intestinal epithelial cells
HIEC-6, and the difference was the most pronounced in SW480

cells (Figure 4C). Subsequent analyses of the correlation between

the expression of ErbB2 in COAD* and other genes revealed a total
of 300 most relevant genes (Table S6). These genes and the 8823
DEGs in COAD were then intersected, and 72 more important re-
lated genes were obtained (Figure 4D). Through the GO and KEGG
enrichment analyses of these 72 related genes by KOBAS, the GO
annotations primarily enriched in ErbB2 included cellular anatomi-
cal entity, chemorepellent activity, regulation of developmental
growth, transcription coregulator activity, and apical junction com-
plex (Figure 4E), and the main enriched KEGG pathways contained
the Notch signaling pathway, Axon guidance, Tight junction, Fanconi
anemia pathway, and Glycerolipid metabolism (Figure 4F).

SW480 cells were subsequently transfected with si-ErbB2 and
oe-ErbB2, and the results of Western blot analysis showed that
ErbB2 expressions were reduced in the cells transfected with si-
ErbB2-1, si-ErbB2-2, and si-ErbB2-3, with si-ErbB2-2 exhibiting su-
perior knockdown efficiency (Figure 4G, H), which was thus selected
for further experimentation. In addition, compared with the oe-NC-
transfected cells, the expression of ErbB2 was found to be increased
in the oe-ErbB2-transfected cells. Meanwhile, CCK-8 results indi-
cated an enhancement in the proliferation of CRC cells transfected
with oe-ErbB2, while a decline in proliferation was noted in the pres-
ence of si-ErbB2 (Figure 4l).

Furthermore, the results of RT-qPCR and Western blot analysis
indicated that the mRNA and protein expressions of ErbB2 were
decreased in the presence of si-IGF2BP2 + oe-NC compared with
si-NC + oe-NC, while opposing trends were observed following
transfection with si-IGF2BP2 + oe-YAP relative to transfection with
si-IGF2BP2 + oe-NC (Figure 4J, K). Overall, these findings indicated
that IGF2BP2 could upregulate the expression of ErbB2 by stabiliz-
ing the expression of YAP.

3.5 | IGF2BP2 facilitated tumorigenesis of CRC
cells in vivo by stabilizing the expression of YAP and
upregulating ErbB2

To investigate whether IGF2BP2 affected tumor growth in vivo by
regulating the YAP/ErbB2 axis, SW480 cells transfected with oe-NC
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+ si-NC, oe-IGF2BP2 + si-NC, and oe-IGF2BP2 + si-YAP were in- presence of IGF2BP2 overexpression, while being markedly reduced

jected subcutaneously into nude mice. The average tumor volume following YAP silencing (Figure 5A-C). Meanwhile, IHC analysis re-
and weight of mice were found to be remarkably increased in the sults illustrated that ErbB2 positive expression in the tumor tissues
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Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) promoted the proliferation, migration, and invasion of

colorectal cancer (CRC) cells while attenuating cell apoptosis by stabilizing the expression of Yes-associated protein (YAP). CRC cells were
transfected with si-IGF2BP2 or combined with oe-YAP. A, mRNA expression of IGF2BP2 and YAP in CRC cells detected by RT-qPCR. B,
Protein expression of IGF2BP2 and YAP in CRC cells measured by Western blot analysis. C, Cell proliferation tested by CCK-8 assay. D, Cell
migration measured by scratch test. E, Invasion of cells measured by Transwell assay. F, Cell cycle distribution detected by flow cytometry.
G, Cell apoptosis assessed by flow cytometry. *P < .05, compared with cells transfected with si-normal control (NC) + oe-NC. #P < .05,
compared with cells transfected with si-IGF2BP2 + oe-NC. The results are measurement data, shown as mean + standard deviation.
Unpaired t-test was used to compare the data between two groups, and one-way ANOVA was used to compare the data among multiple
groups. Data at different time points were compared by two-way ANOVA. The cell experiments were repeated three times

of mice was considerably increased following IGF2BP2 overexpres-
sion, while contrasting trends were observed after further YAP
silencing (Figure 5D). Collectively, these findings supported that
IGF2BP2 promoted the tumorigenesis of CRC cells in vivo via YAP-
mediated ErbB2 upregulation.

4 | DISCUSSION

Despite significant advancements in the treatment of CRC over the
past few years, the medical burden of CRC is expected to surge up-
ward in the next two decades due to a series of problems attrib-
uted to the Western Iifestyle.23 Meanwhile, a number of studies
have indicated the significance of genetic mutations as specific mo-
lecular markers for CRC.?* The current study clarified the molecular
mechanism of méA modification and function of YAP, which can be
regulated by IGF2BP2 proteins, in the modulation of CRC cell pro-
liferation, invasion, and apoptosis. Furthermore, we explored the
relationship between YAP and ErbB2 and uncovered its significant
role in regulating CRC tumor growth and metastasis. Altogether, our
findings indicated the IGF2BP2-YAP-ErbB2 axis (Figure 6) as a po-
tential novel target for CRC alleviation.

Firstly, findings obtained in our study illustrated that IGF2BP2
was highly expressed in CRC tissues relative to corresponding ad-
jacent normal tissues. Similarly, a prior study documented upregu-
lation of IGF2BP2 in pancreatic cancer tissues, such that these high
expressions were associated with short overall survival in pancre-
atic cancer patients.25 Meanwhile, aberrantly robust expressions of
IGF2BP2 were previously detected in head and neck squamous cell
carcinoma tissues and further correlated with poor patient progno-
ses.?® Furthermore, we established si-IGF2BP2 and oe-IGF2BP2
cell lines for in vitro analyses, and found that overexpression of
IGF2BP2 augmented tumor cell proliferation, migration, and in-
vasion, whereas its inhibition brought about a significant increase
in tumor cell apoptosis. Likewise, deficiency of IGF2BP2 was pre-
viously shown to diminish the growth and metastasis of glioma.?’
More importantly, a prior study validated the suppressing role of
downregulated IGF2BP2 in the progression of CRC, which is in ac-
cordance with our findings.?®

? account-

M6A is the most common RNA modification,?
ing for more than 60% of all RNA modifications.® Interestingly,
IGF2BP2 was recently identified as a key regulator of mé6A modi-

fication.3! Furthermore, accumulating evidence has highlighted the

importance of méA as a hallmark of cancer. For instance, Jin et al®?

demonstrated the regulatory mechanisms of m6A-modified integ-
rin subunit alpha 6 in bladder cancer development and progression,
and highlighted it as a potential therapeutic target against bladder
cancer. Meanwhile, our findings revealed that the expression of YAP
was closely associated with IGF2BP2: Both YAP and IGF2BP2 were
highly expressed in CRC, whereas inhibition of IGF2BP2 decreased
both mRNA and protein YAP expression levels. Similarly, another
study identified that YAP expression was decreased by IGF2BP2,
such that this downregulation attenuated proliferation and cell
cycle entry in diffuse large B-cell lymphoma cells.®® Moreover, we
observed that overexpression of YAP increased CRC cell prolifera-
tion, migration, and invasion. This can be possibly explained by the
sustained expression of YAP augmenting aberrant cell proliferation
by targeting cell cycle-related pathways including DNA synthesis,
S-phase entry, and completion of mitosis.®#%> Additionally, our find-
ings corroborated the interaction between IGF2BP2 and YAP, thus
indicating the role of IGF2BP2 as a m®A modifier of YAP. In addition,
we investigated the effects of the IGF2BP2-YAP axis on the biologi-
cal characteristics of CRC cells and found that inhibition of IGF2BP2
not only led to low YAP expressions but also precipitated disordered
tumor cell biological functions including cell proliferation, migration,
and invasion. On the other hand, overexpression of YAP reduced cell
apoptosis, which may be attributed to the fact that YAP can bind to
transcription factors of the TEAD family to stimulate antiapoptotic
genes.®®% Overall, it would be plausible to suggest that IGF2BP2-
YAP exerts important functions in regulating tumor cell growth and
development and thus may serve as a potential therapeutic target
for CRC.

Receptor tyrosine-protein kinase ErbB2, also known as HER2,
is recognized as a member of the epidermal growth factor receptor
family.3® ErbB2 is overexpressed in tumor tissues relative to normal
tissues, and these increased ErbB2 expressions can trigger various
signaling pathways, including the mitogen-activated protein kinase,
phosphatidylinositol 3-kinase, and protein kinase C pathway, resulting
in elevated cellular proliferation and tumorigenesis.®? Interestingly,
ErbB2 mutations are present in 7% of cases of CRC, with some stud-
ies suggesting that the presence of these alterations can be a po-
tential marker for the prognosis of CRC patients.40 Meanwhile, our
findings revealed that inhibition of IGF2BP2 reduced the expression
of ErbB2 at both mRNA and protein levels, while overexpressed
YAP augmented the expressions of ErbB2 and IGF2BP2, hinting at

the presence of a mutual regulation relationship between the three
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proteins in CRC. However, in ovarian cancer, ErbB4 underwent dra-
matic changes as a result of YAP activation, whereas ErbB2 expres-

sion remained stable,*' which suggests that YAP-ErbB2 interaction
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may be cell type dependent. Previous studies have further reported
that YAP and TEAD4 directly bind to and activate a regulatory el-

ement in the ErbB2 promoter in liver cells.?C It is noteworthy that
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FIGURE 4 Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) upregulated the expression of ErbB2 by stabilizing the

expression of Yes-associated protein (YAP). A, Enrichment of TEAD in the ErbB2 promoter upon YAP overexpression detected by ChIP
assay. *P < .05, compared with cells transfected with oe-normal control (NC). B, Expression of ErbB2 in colorectal cancer (CRC) tissues and
adjacent normal tissues detected by RT-gPCR. n = 66. *P < .05, compared with adjacent normal tissues. C, Expression of ErbB2 in CRC cells
and normal human intestinal epithelial cells detected by RT-qPCR. *P < .05, compared with human intestinal epithelial cells (HIEC-6) cells. D,
Venn diagram of DEGs in COAD and ErbB2-related genes in COAD? showing 72 intersection genes. E, Bubble chart of the top 10 GO entries
of 72 intersection genes obtained using KOBAS, wherein the ordinate indicates the enriched item, the horizontal indicates the number of
genes enriched in the entry, and the color of the bubble indicates the significance of the enrichment-IgP value. F, Bubble chart of the top

10 genes in the 72 intersection genes according to the KEGG analysis by KOBAS, wherein the ordinate indicates the enriched entry, the
abscissa indicates the number of genes enriched in the item, and the color of the bubble indicates the significance of the enrichment-IgP
value. G, Protein expression of ErbB2 measured by Western blot analysis in cells transfected with si-ErbB2-1, si-ErbB2-2, or si-ErbB2-3. H,
Protein expression of ErbB2 measured by Western blot analysis in cells transfected with oe-ErbB2. *P < .05, compared with cells transfected
with si-NC or oe-NC. |, Cell proliferation tested by CCK-8 assay. **P < .01, compared with cells transfected with si-NC or oe-NC. J, Protein
expression of ErbB2 detected by RT-qPCR. K, Protein expression of ErbB2 measured by Western blot analysis. *P < .05, compared with cells
transfected with si-NC + oe-NC. #P < .05, compared with cells transfected with si-IGF2BP2 + oe-NC. The results are measurement data,
shown as mean + standard deviation. Unpaired t-test was used to compare the data between two groups and one-way ANOVA was used to
compare the data among multiple groups. The cell experiments were repeated three times
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FIGURE 5 Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) stabilized the expression of Yes-associated protein (YAP)
and upregulated the expression of ErbB2 to promote the tumorigenesis of colorectal cancer (CRC) cells in vivo. Mice were injected with
cells stably transfected with oe-IGF2BP2 + si-normal control (NC) or oe-IGF2BP2 + si-YAP. A, Representative images of xenograft tumors
in nude mice. B, Tumor volume in mice. C, Tumor weight in mice. D, Positive expression of ErbB2 in tumor tissues of nude mice tested by
immunohistochemistry (IHC). *P < .05, compared with mice injected with cells stably transfected with oe-NC + si-NC. #P < .05, compared
with mice injected with cells stably transfected with oe-IGF2BP2 + si-NC. The results are measurement data, shown as mean + standard
deviation. One-way ANOVA was used to compare the data among multiple groups. Data of tumor volume at different time points were
compared by repeated-measures ANOVA. n = 6 for mice upon each treatment

ChlIP analyses in our study also illustrated that TEAD4 was enriched
in the ErbB2 promoter as a result of YAP overexpression. In addition,
luciferase analyses showed that YAP activated the regulatory ele-
ment in the ErbB2 promoter, thus validating that YAP could regulate
ErbB2 by activating transcription. Besides, the interaction between
ErbB2 and YAP was previously implicated with suppressed tumor

growth in breast, prostate, and colon cancers.*? Furthermore, YAP

and TEAD4 enrichment in the ErbB2 promoter is also conserved in
liver cell line,?® which highlights that this regulation may extend to
other cancer cells as well.

Collectively, findings obtained in our study indicated that
IGF2BP2 can activate ErbB2 expression by recognizing the méA
modification of YAP, thereby affecting the cycle distribution of

CRC cells, inhibiting its apoptosis, and promoting its proliferation,
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and this pathway appears to have important clinical implications.
Future studies aiming at modulation of the dynamic balance among
IGF2BP2, YAP, and ErbB2 may lead to high-throughput drug screen-
ing strategy to uncover suitable drug regimens for CRC treatment.
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proliferation of CRC cells is promoted,
while apoptosis is inhibited, as well as the
accelerated progression of CRC
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