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Background: The treatment of hepatocellular carcinoma (HCC), a malignant cancer with global spread,
remains unsatisfactory, and novel prognostic biomarkers need to be identified. N6-methyladenosine (m°A)
has been found to regulate tumor initiation and progression through different mechanisms. As a dynamic and
reversible messenger RNA (mRNA) modification, m°A can be read by insulin-like growth factor 2 mRNA-
binding protein 2 IGF2BP2). IGF2BP2 targets thousands of mRINA transcripts, which may be involved in
HCC progression.

Methods: In this study, we integrated 4 classes of datasets including The Cancer Genome Atlas (TCGA)-
LICH, m°A-sequencing data of HepG2 cells, and RNA-sequencing data of IGF2BP2-knockdown HepG2
cells to explore the key genes regulated by IGF2BP2-mediated m°A in HCC. The expression and m°A
modification of candidates were validation in independent microarray expression profile of HCC tissue and
annotated m°A database RMBase. The relationship of immune cell infiltration and the genes expression was
estimated by CIBERSORT and TIMER.

Results: A total of 89 candidate genes were filtered. Next, cluster analysis was performed base on functions
and pathways to identify the enrichment pathways. By constructing a protein-protein interaction (PPI)
network, we found 54 nodes. Ten significant genes were filtered from the PPI. These genes were validated in
data of an independent microarray and an m°A database. We found that the upregulation of these 10 genes
was associated with poor prognosis. In addition, we showed the expression of these 10 genes was associated
with the infiltration of variety of immune cell and tumor purity.

Conclusions: These identified genes may provide novel insights and facilitate the development of
potential biomarkers for HCC diagnosis, as well as provide clues for IGF2BP2 inhibition therapy in HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a malignant cancer
with global prevalence, and its treatment remains
unsatisfactory (1). While HCC has variable regional
incidence, it nonetheless ranks as the fifth most common
cause of cancer-related death worldwide. To date, most
of the prognostic markers for HCC are derived from the
postoperative period (2), and thus novel tissue or serum
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biomarkers to diagnose and predict HCC progress urgently
need to be identified.

N6-methyladenosinde (m°A), as the most prevalent
modification of messenger (nRNA) in eukaryotes, is part of
a newly discovered mechanism of posttranscriptional gene
regulation (3-5). It was reported that m°A occurs in the
consensus sequences G (m°A) C or A (m°A) C (6), and more
than 7,000 human genes could be m°A modified (4,5). As the
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dynamic modifier of mRNA, m‘A is reversible. METTL3
and METTLI14 work as the m°A methyltransferases
(7-11); FTO or ALKBHS play the role of demethylases
(12,13); YTH domain family (including YTHDF1, YTHDEF2,
YTHDF3, YTHDCI1 and YTHDC2) and insulin-like
growth factor 2 mRNA binding proteins (IGF2BPs, including
IGF2BP1/2/3) can recognize the m°A modified sites (14).
MCA functions in the cellular process of RNA stability (11,15),
translation efficiency (16,17), RNA secondary structure (18),
subcellular localization (19), alternative polyadenylation,
and splicing (20). In addition to cellular function, m°A
methyltransferases are involved in the embryonic stem
cell differentiation and circadian clock (19,21-23).
Furthermore, m°A erasers are associated with human
body weight (24-26) and mouse spermatogenesis (13).

m°A methylation has been found in cancer initiation
and progression, and its dysregulation is associated with
HCC. METTLS3 is upregulated and contributes to HCC
progression (27), while in metastatic HCC, decreased m°A
modification has been observed (28). To date, the key target
and biological function of m°A in HCC in HCC remain
elusive.

Insulin-like growth factor 2 (IGF2) is a well-studied
polypeptide growth factor, functioning in growth and
development (29). Its mRNA binding proteins 1, 2,
and 3 (IGF2BP1/2/3) function in mRNA stability and
translation through m°A readers (30). In the past few
years, abundant evidence has been produced showing the
association of IGF2BP2 with type 2 diabetes and cancer (31).
Autoimmune response to IGE2BP2 was observed in HCC,
which is consistent with IGF2BP2 being functional in
cancer progress regulation (32-34); however, the underlying
mechanism linked to m°A modification remains to be
explored.

In this study, we aim to identify tumor-associated genes
regulated by IGF2BP2 on a m°A-dependent manner in
HCC tissues using integrated bioinformatics analysis
of RNA-sequencing of HCC patients in TCGA dataset
(TCGA-LIHC) and m°A-sequencing/RNA-sequencing
datasets of HCC cell line. We identified ten m°A-related
IGF2BP2-regulated genes which are play key role in HCC
progression. The relationship of the key genes, HCC
patients’ clinical outcomes and immune infiltration were
evaluated. Our results suggested that the key genes could
be used as potential biomarkers for overall survival (OS)
of HCC patients and act as an indicator for IGF2BP2
inhibition therapy in HCC.

I present the following article in accordance with the
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STREGA reporting checklist (available at https://dx.doi.
org/10.21037/jgo-21-306).

Methods
Data sets

The data of 369 HCC patients and 50 normal samples
were obtained from TCGA-LICH database. The m°A-
sequecning data (GSE90642), IGF2BP2-knockdown RNA-
sequencing data (GSE80890 and GSE88139), and the
gene expression microarray data of HCC or normal tissues
(GSE102079) were downloaded from the Gene Expression
Omnibus (GEO). The annotated human m°A sites data
were obtained from RMBase (35). The study was conducted
in accordance with the Declaration of Helsinki (as revised
in 2013).

M°A-sequencing analysis

For M°A-sequencing data of HepG2 cells, the human
genome GRCh38/hg38 was used to align the sequencing
reads by HISAT?2, and exomePeak was used to detect the
m°A peaks.

Differentially expressed gene (DEG) identification

For IGF2BP2 knockdown RNA-sequencing, the human
genome GRCh38/hg38 was used to align the sequencing
reads by HISAT? and assembled by StringTie, and DEGs
were identified by DESeq2. For TCGA-LICH data, Gene
Expression Profiling Interactive Analysis (GEPIA) was
used for analysis. For microarray data of HCC, DEGs were
identified by limma package in R language.

Gene ontology (GO) and pathway enrichment analysis

Metascape software was used for GO and pathway
enrichment analysis.

Protein-protein interaction (PPI) network construction
and module analysis

Search Tool for the Retrieval of Interacting Genes
(STRING) combined with Cytoscape software were used
for the construction of the PPI network. Gene list were
dropped into STRING with a score >0.4 being considered
as significant. The criteria were set as follows: MCODE
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scores >3 and number of nodes >4. Finally, function and
pathway enrichment analysis were performed for genes in
the modules.

Tumor microenvironment analysis

The composition of 22 immune cell subtypes in different
groups of HCC tissues was determined by the CIBERSORT
package (36). HCC tissues were classified according to the
gene expression. The relationship between key modified,
IGF2BP2-regulated and differentially expressed genes
(MIRDEGS) and TIICs was determined by TIMER
algorithm (37).

Statistical analysis

Differences were estimated using paired or unpaired
Student’s # test depend on different analysis. A P-value <0.05
was considered statistically significant. Survival curves were
obtained using the Kaplan-Meier method and compared
using the log-rank test.

Results

Hdentification of m°A-modified and IGF2BP2-regulated
DEGs in HCC

To determine the genes regulated by IGF2BP2 via a m°A-
dependent manner in HCC, we first performed differential
expression analysis between HCC tissues and normal tissues
of the TCGA-LICH dataset. Then we explored the genes
potentially regulated by IGF2BP2 by analyzing RNA-
sequencing data of IGF2BP2-knockdown HepG2 cells.
Furthermore, m°A-sequencing data of HepG2 cells was
included in the analysis for filtering the genes with m°A
modification. We screened 89 m°A-MIRDEGs in HCC
tissues (Figure 1A4).

We speculated that most of these MIRDEGs were
involved in HCC. To clarify the functions these genes were
involved in, we uploaded all the MIRDEGs to Metascape to
identify the overrepresented GO categories. Consistent with
our previous assumptions, the most enriched MIRDEGsS in
biological process (BP) included cell cycle phase transition
and regulation of cell cycle (Figure 1B). Moreover, the results
showed that the MIRDEGs enriched in cell component (CC)
were mainly involved in vacuolar lumen and chromosome
(Figure 1C). The molecular function (MF) of MIRDEGs
was enriched in kinase binding and low-density lipoprotein
particle receptor binding (Figure 1D).
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Next, we analyzed the most significant pathways of
MIRDEGs functions integrated with Reactome, Canonical,
BioCarta, Hallmark, and KEGG database using Metascape.
The results indicated that the MIRDEGs were mostly
enriched in cell cycle and Hallmark G2/m checkpoint
(Figure 1E). Taken together, GO and pathway enrichment
analysis indicated that the MIRDEGs might be involved in
the progression of HCC by regulating HCC cell cycle.

Key candidate gene identification with PPI construction
and modular analysis

To further identify the genes playing key roles in HCC
progression, a PPI network, containing 54 nodes and 121
edges, was constructed using the 89 MIRDEGs (Figure 2A).
Among these, we chose a significant module from the PPI
network complex using MCODE, which included MCM3,
MCM?7, MKI67, GINS2, CDCA5, FOXMI1, HJURP,
CDC25C, TPX2, and CCNA2 (Figure 2B). Surprisingly,
we also found that this module was mainly associated with
cell cycle (Figure 2C). These results further confirmed that
MIRDEGs were involved in HCC progression through
regulation of the cell cycle. Therefore, we named these 10
MIRDEGsS as key MIRDEGs.

Validation of key MIRDEGs in independent datasets

To confirm the reliability and validity of the above analysis,
we explored the expression profile of the key MIRDEGs in
the expression microarray data of 152 HCC tissues and 14
normal liver tissues. Consistent with the previous analysis,
the expression of these 10 genes were significantly different
in tumors compared with normal tissues (Figure 34,3B).

To confirm the presence of m°A modification in the
mRNAs of the key MIRDEGs, we downloaded the
processed m°A-sequencing and MeRIP-sequencing data
from the RNA Modification Base (RMBase) database. As
shown in Figure 3C, the m°A peaks were detected at the
locus of the key MIRDEGs.

"Taken together, we validated that the key MIRDEGs are
containing m°A modification and play critical role in HCC
progression.

Correlations between the key MIRDEGs and clinical
features of HCC patients

To further identify the clinical significance of the key
MIRDEGs associated with HCC, we compared the

7 Gastrointest Oncol 2021;12(4):1773-1785 | https://dx.doi.org/10.21037/jgo-21-306



1776

TCGA_LICH

Wei. Genes regulated by IGF2BP2-mediated m6A in HCC

1806

B GO:0044770: cell cycle phase transition
G0:0010564: regulation of cell cycle process
G0:0071456: cellular response to hypoxia

G0:0005775: vacuolar lumen

3
4og10(P)

—— G0:0051301: cell division
7 G0:0071103: DNA conformation change
G0:0006260: DNA replication X i G0:0000793: condensed chromosome
G0:0002444: myeloid leukocyte mediated immunity
———+ G0:0051493: regulation of cytoskeleton organization
—— G0:0043488: regulation of mRNA stability
(——— G0:0016572: histone phosphorylation G0:0000228: nuclear chromosome
—— G0:0007050: cell cycle arrest
—— GO:1901136: carbohydrate derivative catabolic process
—— G0:0051291: protein heterooligomerization 50:0005912: adherens junction
— 1G0:0060193: positive regulation of lipase activity
G0:0051100: negative regulation of binding
G0:0071222 cellular response to lipopolysaccharide
—— G0:0097006: regulation of plasma lipoprotein particle levels GO:0005788: endoplasmic reticulum lumen
—] i
— G0:0022411: cellular component disassembly
— G0:0008285: negative regulation of cell proliferation 5 5 . :
T 2 T s T8 Hog10(P)
Hog10(P)
D E R-HSA-1640170: Cell Cycle
| 50:0019900: kinase binding M5901: HALLMARK G2M CHECKPOINT
M11: PID PRL SIGNALING EVENTS PATHWAY
| 60:0050750: low-density lipoprotein particle receptor binding | hsa04110: Cell cycle
RHSA-176974: Unwinding of DNA
60:0005505; calcum on binding ] 1B15: BIOCARTA IL2R6 PATHWAY
| RHSA.6798695: Neutrophil degranulation
50:0005525: GTP bindin | | R-HSA-3781865: Diseases of glycosylation
o — M5941: HALLMARK UV RESPONSE UP
RHSA-9020702: Interleukin-1 signaling
G0:0019904: protein domain specific binding — M126: PID PLCL PATHWAY
—— ReHSA-381426: Regulation of Insulin-like Growth Factor (IGF) transport and uptake by Insulin-like Growth Factor Bi
G0:0004860: protein kinase inhibitor activity —— MS885: NABA MATRISOME ASSOCIATED.
— M5926: HALLMARK MYC TARGETS V1
0:0004553: hydrolase activity, hydrolyzing O-glycosyl compounds — [M5939: HALLMARK P53 PATHWAY
[ M5913: HALLMARK INTERFERON GAMMA RESPONSE
1 5 5

0 6
-0g10(P)

Figure 1 Identification of DEGs from 4 datasets. (A) Different color areas represent different data sets. The overlapping areas represent
the commonly regulated DEGs. DEGs were identified by GEPIA, q<0.01 used as the significance threshold and log2FC >1 as the cutoff.
(B) Enriched GO terms of MIRDEGs based on BP. (C) Enriched GO terms of MIRDEGs based on CC. (D) Enriched GO terms of
MIRDEGS based on MF. (E) DEGs functional and signaling pathway analysis. DEGs, differentially expressed genes; BP, biological process;
CC, molecular function; MF, molecular function; MIRDEGs, modified, IGF2BP2-regulated and differentially expressed genes.

overall survival (OS) between different groups of HCC
patients from TCGA-LICH dataset classified by the key
MIRDEGs expression level. Kaplan-Meier survival curves
showed that patients with higher expression of the key
MIRDEGsS had shorter OS (Figure 44). In addition, the key
MIRDEGs were significantly upregulated in HCC tissues
(Figure 4B). Cox regression analysis also showed that the
expression of the key MIRDEGs related to OS (Figure 4C).
Altogether, our results indicated that the key MIRDEGs are
potential prognostic biomarkers for HCC patients.

© Journal of Gastrointestinal Oncology. All rights reserved.

The key MIRDEGs and HCC tumor microenvironment

As tumor-infiltrating immune cells (TIICs) have been
reported to associated with the prognosis of multiple
cancers, including HCC, we next estimate the infiltration of
immune cells in TCGA-LIHC samples using CIBERSORT.
We showed that the IGF2BP2 expression significantly
changed variety of immune cells among TIICs subtypes
(Figure 5A,5B). The infiltration of macrophages and
lymphocytes is significantly different between IGF2BP2
high/low expression groups. However, we found that the
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Figure 2 DEGs PPI network complex and modular analysis. (A) Using the STRING online database, MIRDEGs were used to construct a
PPI network. (B) Module I consist of 54 nodes and 121 edges. (C) Significant signaling pathway analysis of the 10 genes by Metascape. DEGs,
differentially expressed genes; PPI, protein-protein interaction; MIRDEGs, modified, IGF2BP2-regulated and differentially expressed genes.

immune cells change between HCC tissues and normal Discussion

tissues is different (Figure 5C,5D). Using TIMER, we

further showed that the tumor purity, B cells, CD8" T cells, HCC is a highly aggressive global malignancy (38) and is
CD4" T cells, Macrophages, Neutrophil and Dendritic cells responsible for approximately 700,000 deaths annually (39).
were significantly associated with the expression of the key It has a high mortality rate and low cure-to-incidence
MIRDEGs (Figure 6). ratio (40). HCC’s late diagnosis is the primary cause of
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its low survival rate. In spite of the advances in surgery and
patient care, only 10% of HCC patients are acceptable for
resection and still suffer a significant risk of recurrence (39).
The bleak treatment options highlight the necessity for the
early detection of HCC (37). Due to HCC’s poor prognosis,
there is an urgent need to develop new prognostic
biomarkers. Using bioinformatical analysis, we identified
10 key m*A-modified genes that are regulated by IGF2BP2
in HCC, including MCM3, MCM?7, MKI67, GINS2,
CDCAS, FOXM1, HJURP, CDC25C, TPX2, and CCNA2,
which named key MIRDEGs. Furthermore, we found that
upregulation of the key MIRDEGs is associated with HCC
prognosis. Hence, the key MIRDEGS might function as a

novel set of prognostic biomarkers in HCC progression and

© Journal of Gastrointestinal Oncology. All rights reserved.

indicator of IGF2BP2 inhibition therapy.
N6-methyladenosinde (m°A) is the most abundant
internal mRINA modification and has an important role in
RNA stability, translation efficiency, localization, splicing,
and polyadenylation. m°A has diverse biological functions in
cancer and is closely associated with several cancers types, and
decreased m°A modification has been observed in HCC (28).
Emerging evidence have suggested m’A abundance and the
expression of its regulators including “writers”, “
and “readers” are dysregulated in various types of cancers,
including HCC, and they play critical roles in cancer
initiation, progression, metastasis, as well as drug resistance

erasers”

and cancer relapse (41). Basically, the “writers” catalyze
m°A modifications in the mRNA of oncogenes or tumor
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Figure 4 Correlation between the expression of the selected genes with overall survival and confirmation of expression of the selected genes
in TCGA-LICH data set. (A) Kaplan-Meier survival curves showed the correlation between expression and overall survival in HCC patients.
(B) The expression profiles of selected genes in TCGA-LICH data set. P<0.05 indicates significance. T: tumor (n=369); N: normal (n=50).
(C) Forest diagram of Cox regression analysis with the key MIRDEGs in TCGA-LICH dataset. *, P<0.05. HCC, hepatocellular carcinoma;
MIRDEGs, modified, IGF2BP2-regulated and differentially expressed genes.
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suppressor genes; and then the “readers” decoding the m°A
methylations and generating the functional signal through a
series of molecular biological effects, including regulation of
translation, RNA splicing and stability, in turn upregulating
oncogene expression or downregulating tumor suppressor
gene expression. On the other hand, the “erases” can
selectively remove m°A methylations from the mRNA of
oncogenes or tumor suppressor genes, preventing the action
of “readers”, thereby upregulating oncogene expression or
downregulating tumor suppressor gene expression.
IGF2BP2 was originally identified as an IGF2 RNA-
binding protein (RBP). It has since been discovered that
it also targets the mRNA of LAMB2, LIMS2, TRIM54,
UCPI, and another 12 other genes (42-45). One recent
study suggested that, as a new m°A reader, RBP can
recognize m°A modification and bind with m°A RNA
through K homology (KH) domains (30), leading to
the stability and upregulation of m°A-modified mRNA.
Other research indicates that IGF2BP2 functions as a

© Journal of Gastrointestinal Oncology. All rights reserved.

*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001; ns:

biomarkers in the screening, diagnosis, and prognosis of
cancer, including HCC, colorectal, ovarian, and breast
cancer (32,33,45). IGF2BP2 works as an oncogene in cancer
(46-49). In 1999, the p62 isoform of IGF2BP2 was
identified to be an autoantigen in HCC (50). In another
study, 21% of HCC patients were found to have the
autoantibody against p62, which was absent in chronic
hepatitis and liver cirrhosis (50). Later, the overexpression
of IGF2BP2 was identified in HCC (51), and later
discoveries showed that high IGF2BP2 expression predicts
poor prognosis in patients with HCC (52).

In this study, we conducted intergenic analysis of
IGF2BP2 knockdown RNA-sequencing data, TCGA-
LICH expression data, and m°A-sequencing data to
identify IGF2BP2-regulated genes that function in m°A
modification. A total of 89 IGF2BP2-related and m°A-
modified genes were filtered. GO and pathway enrichment
analysis indicated that these genes mainly enriched in
cell cycle signaling pathway. Then we constructed a
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PPI network of the 89 gene candidates and extracted a
significant module containing 10 key MIRDEGs from the
PPI network, including MCM3, MCM?7, MKI67, GINS2,
CDCAS, FOXM1, HfURP, CDC25C, TPX2, and CCNA2.
These key MIRDEGs were validated in an independent
HCC microarray expression profile and an m°A database
RMBase. To the best of our knowledge, these proto-
oncogene genes have been explored in the prognosis of
HCC. MCM3 and MCM?7 play roles in DNA replication.
In HCC, overexpressed translation regulator, Pokemon, was
found to suppress the expression of MCM3 and MCM?7,
suggesting that MCM3 and MCM?7 may be relevant to the
prediction of HCC (53). Genome wide analysis in Southern
China indicated that variants near TTN and CCDC8 were
associated with markers of proliferation, MKI67, which
could be potential biomarkers for the prediction of hepatitis
B virus (HBV)-related HCC patients (54). Functioning in
DNA replication, GINS complex subunit 2 (GINS2) was
reported to be a novel prognostic cancer indicator, but its
function in HCC has not been reported (55). Previously,
CDCAS5 was identified as a prognostic biomarker and
therapeutic target for HCC (56), while downregulation of
FOXM1 was shown to inhibit the proliferation, migration,
and invasion of HCC cells (57). Furthermore, it has been
discovered that the overexpression of Holliday junction-
recognizing protein (HJURP) could promote proliferation
of HCC cells (58). Meanwhile, dihydromyricetin (DHM)
was found to induce G2/M phase arrest, which could lead
to the inhibition of HCC progression through Chk1/
Chk2/Cdc25C pathway. It was also revealed that TPX2
is involved in HCC cell proliferation, apoptosis, and
epithelial-mesenchymal transition (EMT) (59). Finally, the
expression of miR-22-CCNA2 has been associated with
the proliferation of HCC (60). To our surprise, pathway
enrichment analysis for the key MIRDEGs suggested
that the key MIRDEGs might be involved in the HCC
progression by regulating cell cycle pathway. The main
characteristic of cancer is its relentless proliferation
(61-64), which is usually regulated by a series of cell cycle
regulators, including CycD1 (65,66), p21, p27, and p57
(67-69). This finding indicates that the key MIRDEGs
have critical functions in HCC.

Although these genes have been investigated separately
in HCC, their modification through m°A and IGF2BP2
regulation have not been examined as a whole. These 10
key genes could serve as a novel set of biomarkers to predict
HCC progression. IGF2BP2 is the key to connecting
all these genes with each other. As a novel m°A reader,

© Journal of Gastrointestinal Oncology. All rights reserved.
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IGF2BP2 may serve as the posttranscriptional bridge to link
these key genes with HCC. Because the key MIRDEGs are
regulated by IGF2BP2, it is considerable to use IGF2BP2
inhibition treatment when the dysregulation of key
MIRDEGs was observed. In addition, we found that the
key MIRDEGs expression was associated with the immune
cell infiltration, suggesting that IGF2BP2 inhibition
therapy may enhance the immune response to tumor
cells, which demonstrating a potential HCC therapeutic
strategy that IGF2BP2 inhibitor combined with checkpoint
inhibitor (PD-1/PD-L1 inhibitors) to suppressing the
HCC development and reducing the HCC recurrence after
surgery.

In summary, we found that IGF2BP2 could recognize
the 10 key MIRDEGs via m°A modification and stabilize
their mRNA, which leads to the upregulation of these
genes. This would disturb the normal cell cycle, alter the
tumor microenvironment and promote HCC progression.
Although the results remain need extensive experiment
to validate, our study provides a new direction in HCC
research and offers a novel set of biomarkers with potential
prognostic and therapeutic significance.
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