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Purpose: Hepatocellular carcinoma (HCC) ranks as the fourth leading cause of cancer-
related deaths worldwide. N6-methyladenosine (m6A) RNA methylation is the most com-
mon modification of messenger RNAs (mRNAs). The prognosis of HCC patients with
metastasis remains poor. Our study aimed to elucidate the regulatory role of m6A on HCC
metastasis.

Patients and Methods: All HCC patients were enrolled from The Affiliated Huai’an No. 1
People’s Hospital of Nanjing Medical University. The expression levels of gene were tested
by quantitative polymerase chain reaction (QPCR), Western blot, or immunohistochemistry
(IHC) analysis. Wound healing assay, Transwell invasion assay, and lung metastasis model
were implemented to investigate the migration and invasion ability of HCC cells. Candidate
targets were selected by a comprehensive analysis of RNA-sequencing and m6A-sequencing
of HepG2 cells.

Results: In this study, we demonstrated that METTL14 was significantly downregulated in
HCC and significantly associated with the prognosis of HCC patients. METTL14 knockdown
promoted the migration, invasion, and epithelial-mesenchymal transition (EMT) of HCC
cells in vitro and in vivo. In addition, overlapping RNA-sequencing and m6A-sequencing
data, we identified EGFR as a direct target of METTL14 in HCC. Mechanistically,
METTL14 was found to inhibit HCC cell migration, invasion, and EMT through modulating
EGFR/PI3K/AKT signaling pathway in an m6A-dependent manner.

Conclusion: Targeting METTL14/EGFR/PI3K/AKT signaling pathway may facilitate the
development of a new treatment strategy against the metastasis of HCC.
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Introduction

Hepatocellular carcinoma (HCC), aggressive cancer, ranks as the fourth leading
cause of cancer-related deaths worldwide.' Despite advances in therapy and surgi-
cal methods, the overall survival (OS) of HCC patients with metastasis or recur-
rence remains poor.” Therefore, it is critical to elucidate the molecular mechanisms
of HCC cell metastasis.

N6-methyladenosine (m6A) RNA methylation is the most common modification
of messenger RNAs (mRNAs).” Generally, m6A modification exists in the thou-
sands of transcripts in mammalian cells and prefers to occur at the consensus
RRACH motif (R=Gor A; H=A, C, or U).4 The m6A modification is catalyzed
by a multicomponent methyltransferase complex (MTC) consisting of METTL3,
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METTL14, WTAP, KIAA1429, RBM15, and ZC3H13.>"°
Moreover, the m6A modification can also be removed by
RNA demethylases, including FTO and ALKBHS5.'*!
Interestingly, m6A-modified mRNAs may occur in differ-
ent fates if they are bound by different RNA binding
proteins of which the known ones are YTHDCI and
YTHDF1/2/3."*'* METTLI14, a core component of
MTC, colocalizes with METTL3 in nuclear speckles, and
catalyzes the m6A modification.'” The aberrant m6A mod-
ification caused by dysregulated METTLI14 plays an
important role in the progression of various cancers, such
In HCC, METTL14 has been
reported to suppress the metastasis of HCC cells by mod-

as colorectal cancer'®

ulating m6A-dependent primary miR-126 processing.'’
Considering m6A RNA methylation is the most common
modification of mRNAs,” we hypothesized that METTL14
may also inhibit the metastatic potential of HCC through
regulating specific mRNAs in an m6A-dependent manner.

In this study, we revealed that METTL14 was signifi-
cantly downregulated in HCC and significantly associated
with the prognosis of HCC patients. Mechanistically, we
demonstrated that METTL14 can destabilize EGFR
mRNA in an m6A-dependent manner and inhibit HCC
metastasis through EGFR/PI3K/AKT

cell signaling

pathway.

Patients and Methods

Clinical Samples

All clinical samples were collected from The Affiliated
Huai’an No. 1 People’s Hospital of Nanjing Medical
University. The inclusion criteria for the patients to be
enrolled in the study were as follows: HCC patients
whose histologic slides were identified by two pathologists
independently; b HCC patients without any antitumor
treatment before surgery, such as chemoradiotherapy.
Otherwise, patients were excluded. The detailed clinico-
pathological characteristics of the HCC patients are listed
in Table 1. The informed consent was obtained from each
patient and the study was approved by the Ethics
Committee of The Affiliated Huai’an No. 1 People’s
Hospital of Nanjing Medical University.

Cell Culture

Normal human hepatocyte cells (LO2) and HCC cell lines
(Hep3B, MHCC-LM3, YY8103, SMCC7721, HepG2)
were purchased from Shanghai Institutes of Biological

Sciences, Chinese Academy of Sciences (Shanghai,

Table | The Correlations Between METTL14 Expression Levels
and the Clinicopathological Features in HCC Patients

Features Number METTLI4 P value
(n=40) Expression
Low | High

Age (year)

>55 20 Il 10

<55 19 9 10 0.75
Gender

Male 29 15 14

Female Il 5 6 0.71
Liver cirrhosis

Yes 26 14 12

No 14 6 8 0.51
Tumor
differentiation

Well/moderate 20 9 11l

Poor 20 Il 9 0.53
Tumor size (cm)

>5 15 9 6

<5 25 Il 14 031
Microvascular
invasion

Yes 14 Il 3

No 26 9 17 0.019
TNM stage

1+l 25 9 16

H+1vV 15 Il 4 0.022
Distant metastasis

Yes 14 10 4

No 26 10 16 0.041

China). All cells were routinely cultured with Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (Gibco, Vienna, Austria) and
cultured in a humidified atmosphere of 5% CO2 at 37°C.

Cell Transfection

The siRNAs were designed and synthesized by RiboBio
(Guangzhou, China) and transfected into HepG2 and
MHCC-LM3 cells using Lipofectamine 2000 (Invitrogen,
USA). The sequences of siRNAs are listed in Table 2.
Stable knockdown of METTL14 was achieved by subclon-
ing sSIMETTL14 into pGLV3/H1/GFP/Puro vectors to con-
struct ssIMETTL14 for animal studies (GeneChem, China).
Then, HepG2 cells were infected with lentivirus at
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Table 2 The RNA Sequences Used in This Study

Name Sequence

Forward: 5'-CTGAAAGTGCCGACAGCATTGG-3’
Reverse: 5'-CTCTCCTTCATCCAGATACTTACG-3’

METTLI4 primers

Forward: 5'-AACACCCTGGTCTGGAAGTACG-3’
Reverse: 5-TCGTTGGACAGCCTTCAAGACC-3’

EFGR primers

GAPDH primers Forward: 5'- GGTGGTCTCCTCTGACTTCAA-3’

Reverse: 5'- GTTGCTGTAGCCAAATTCGTTGT-3’

siMETTLI14-1 5-CAGCATTGGTGCCGTGTTAAA-3’
siMETTL14-2 5-AAGGATGAACTAGAAATGCAA-3’
siEGFR-| 5" -CAAAGUGUGUAACGGAAUA-3’
siEGFR-2 5-AACACAGTGGAGCGAATTCCT-3
siNC 5'-AUCGAAUUC CUGCAGCCCGUU-3

a multiplicity of infection (MOI) of 10, followed by selec-
tion with 2 pg/mL puromycin.

RNA Extraction and qPCR
Total RNA was isolated by TRIzol reagent (Invitrogen,

China) and subsequent cDNA synthesis was performed with
PrimeScript RT Reagent (Takara, Japan) according to the
manufactures’ instructions. RNA expression was measured
by qPCR by using the SYBR Premix Ex Taq™ (Takara,
Japan). The relative expression of genes was calculated by
2744 method with the normalization to GAPDH.
The primer sequences of genes are shown in Table 2.

using the

Western Blot Analysis

HCC cells were washed and lysed in RIPA lysis buffer.
After that, the extracts were boiled for 5 min, separated on
SDS-PAGE,
(Millipore, Germany). Subsequently, the PVDF membrane

and transferred to a PVDF membrane

was incubated with the corresponding primary antibody at
4°C overnight. Then, the membrane was washed five times
and incubated with a secondary antibody. Finally, bands
were visualized by using an imaging system (Bio-Rad,
USA). Target genes were normalized to corresponding
GAPDH using Image J software. The antibodies used in
this study were as follows: METTL14 (Proteintech,
26158-1-AP); EGFR (Proteintech, 18986-1-AP); p-EGFR
(CST, #3777); PI3K (Proteintech, 20584-1-AP); p-PI3K
(CST, #17366); AKT (Abcam, ab8805); p-AKT (#4060);
(Proteintech, 20874-1-AP); N-cadherin
(Proteintech, 22018-1-AP);  Vimentin  (Proteintech,
10366-1-AP); GAPDH (Proteintech, 10494-1-AP).

E-cadherin

Immunohistochemistry (IHC) Analysis

The paraffin sections were deparaffined and then treated in
methanol with 3% H202 for 30 min through the steps of
fractional ethanol series and rehydration of distilled water.
Sections were rinsed twice with phosphate-buffered saline
and incubated with goat serum. After washing, the sections
were incubated with appropriate primary antibodies (anti-
METTLI14, Proteintech, 26158-1-AP) at 4°C overnight.
Immunohistochemistry staining was performed with
(HRP)
Diaminobenzidine (DAB) detection. Images were taken

horseradish ~ peroxidase conjugates  using

with an Olympus FSX100 microscope (Olympus, Japan).

Lung Metastasis Model

For the lung metastasis model, stably transfected HepG2
cells (1x10%0.1 mL DMEM) were injected into each
nude mouse through the tail vein. Five weeks later, mice
were euthanized, and the lung tissues were collected.
Then, the metastatic nodules were counted by using HE-
staining. Our study was approved by the Animal Care
Committee of Nanjing Medical College and mice were
maintained under specific pathogen-free (SPF) conditions
and manipulated according to the protocols of the Animal
Research: Reporting in Vivo Experiments (ARRIVE)
and the
Association (AVMA) for euthanasia guideline.

guideline American Veterinary Medical

Wound Healing Assay

HCC cells were transplanted into a 6-well culture plate
and incubated for 24 h followed by being scraped three
parallel lines with a sterile pipette tip, being washed twice
with PBS, and being cultured in DMEM containing 10%
FBS. Images were taken under a microscope at 0 and 24
h after scratching (Olympus, Japan).

Transwell Invasion Assay

Transwell invasion assays were conducted in transwell
USA) which was
Matrigel mix (BD Biosciences, USA) according to the

chambers (Corning, coated with
manufacturer’s protocol. After incubation for 24 h, non-
invaded cells were scraped off, and the cells invaded on
the bottom of the chamber were fixed with 4% parafor-
maldehyde for 10 min, then stained with crystal violet
(0.1%) for 15 min. Thereafter, the stained cells were
photographed and counted with an Olympus FSX100
microscope (Olympus, Japan).
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Bioinformatics Analysis

GEO datasets were searched in the public GEO database
(https://www.ncbi.nlm.nih.gov/geo/) by using keywords
“METTL14 OR Methyltransferase-like protein 14” and
“Hepatocellular carcinoma OR HCC”. Then, GSE54236
which contains 80 normal liver tissue and 81 HCC tissue

samples was enrolled. The differentially expressed
miRNAs were analyzed by using GEO2R based on the
“limma” R package. The prognostic value of METTL14 in
HCC was assessed by using the Kaplan—-Meier plotter
database (http://kmplot.com/analysis/index.php?p=

background).

Statistical Analysis

All data analysis was performed by using SPSS 20.0
(SPSS, USA) and GraphPad Prism 7 (GraphPad, USA).
The differences between the two groups were determined
by a two-tailed #-test. The differences between multiple
groups determined by of variance
(ANOVA). The chi-square test was used to analyze the
different distributions of clinicopathological variables.

were analysis

Overall survival was estimated with the Kaplan—-Meier
method, and the Log rank test was employed to evaluate
the difference. p<0.05 was considered to be statistically
significant.

Results

METTLI4 Was Significantly
Downregulated in HCC and Significantly
Associated the Prognosis of HCC

Patients
Analysis of public data (TCGA and GSE54236)
showed that METTL14 was significantly downregu-
lated in HCC tissues compared with normal liver tis-
sues (Figure 1A and B). Consistently, qPCR analysis of
clinical samples and HCC cell lines verified that the
expression of METTL14 significantly decreased in
HCC tissues and cell lines, especially in distant metas-
tasis tissues and MHCC-LM3 cells (Figure 1C and D).
In addition, THC analysis showed that the protein levels
of METTL14 were also significantly downregulated in
HCC tissues (Figure 1E). Chi-square analysis exhibited
that low METTL14 expression was significantly corre-
lated with advanced TNM stage, microvascular inva-
sion, and distant metastasis (Table 1). Kaplan—Meier
survival curves showed that HCC patients with low

METTL14 expression underwent a poorer overall sur-
vival (Figure 1F). Moreover, the analysis of the
Kaplan—Meier Plotter database of HCC exhibited that
HCC patients with downregulated METTL14 trend to
undergo poorer relapse-free survival (RFS), progres-
sion-free survival (PFS), and disease-specific survival
(DSS) (Figure 1G).

METTLI14 Knockdown Promoted the
Migration, Invasion, and EMT of HCC

Cells

To explore the regulatory role of METTL14 in HCC, we
knocked down its expression using two small interference
RNA (siM14-1 and siM14-2). qPCR and Western blot
analysis showed that siM14 transfection markedly inhib-
ited the expression of METTL14 at both mRNA and
protein levels (Figure 2A and B). The wound healing
assays showed that METTL14 downregulation signifi-
cantly improved the migratory capabilities of HCC cells
(Figure 2C). The Transwell Matrigel invasion assays
showed that METTL14 downregulation significantly pro-
moted the invasion ability of HCC cells (Figure 2D).
Mounting evidence has verified that EMT is an essential
step during metastasis of cancer cells.'®'® Western blot
assay exhibited that METTL14 knockdown inhibited the
(E-cadherin) and
increased the expression of mesenchymal
(N-cadherin, Vimentin) (Figure 2E). To test whether
METTL14 could suppress the metastasis of HCC cells
in vivo, we established lung metastasis models through

expression of epithelial markers

markers

intravenously injecting METTL14-silenced HepG2 cells.
Then, we observed that there were more metastatic
nodules on the lung surfaces in the METTLI14 stable
knockdown group than that

(Figure 2F).

in the control group

Identifying EGFR mRNA as the Target of
METTLI4 in HCC

To identify the targets of METTL14 in HCC, we analyzed
the public RNA-sequencing profiling and mo6A-
sequencing profiling of HepG2 cells with METTL14
knockdown based on GSE90642. RNA sequencing data
showed that 329 genes were significantly downregulated,
but 530 genes were overexpressed after METTL14 knock-
down in HepG?2 cells (Figure 3A). In addition, METTL14
knockdown resulted in 705 transcripts with downregu-
lated m6A modification (Figure 3A). Thereafter, we
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Figure | METTLI4 was significantly downregulated in HCC and significantly associated the prognosis of HCC patients. (A and B) The expression value of METTLI14 in
HCC based on TCGA and GSE54236 analysis. (C and D) The relative expression of METTLI4 in HCC tissues and cell lines compared to ANTs and LO2 cells. (E) IHC
analysis of METTLI4 expression in HCC tissues. (F) Kaplan—Meier survival curves of HCC patients. (G) Analysis of Kaplan-Meier Plotter database of HCC exhibited that
HCC patients with downregulated METTLI4 trend to undergo poor OS, RFS, PFS, and DSS. ANT, adjacent normal tissue; HCC, hepatocellular carcinoma; PCT, primary

cancer tissue; DMT, distant metastasis tissue; *p<0.05; **p<0.01; ***p<0.001.

overlapped the RNA-sequencing data and m6A-
sequencing data and selected these dysregulated mRNAs
with downregulated m6A modification as the potential
targets of METTL14 in HCC. KEGG analysis showed
that these potential targets of METTL14 were signifi-
cantly associated with 20 signaling pathways, such as
phosphatidylinositol phosphorylation and regulation of
phosphatidylinositol 3-kinase (PI3K) signaling (Figure
3B). Next, we conducted a protein-protein-interaction
(PPI) analysis and selected out the top 10 hub genes
among these potential targets of METTL14 (Figure 3C).
Interestingly, EGFR ranked at the core position of these

hub genes (Figure 3C). Therefore, we selected EGFR as
the target of METTL14 in HCC. Analysis of GSE90642
showed that METTL14 knockdown resulted in downre-
gulated m6A levels but upregulated mRNA levels of
EGFR (Figure 3D). MeT-DB V2.0 database revealed
that the m6A-modified peak in EGFR mRNA was located
in the 3'untranscriptional region (3'UTR) (Figure 3E).
qPCR analysis and Western blot analysis verified that
METTLI14 downregulation significantly increased EGFR
expression at mRNA and protein levels (Figure 3F and
G). Recently, studies have reported that YTHDF2, an
moA reader, could target thousands of mRNA and
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destabilize mRNA via recognizing m6A motif.?’
Therefore, we explored whether YTHDF2 affects EGFR
expression. Two specific siRNAs targeting YTHDF2 were
employed and Western blot was used to confirm the

knockdown efficiency (Figure 3H). Similar to the results
of METTL14 downregulation, we found that YTHDF2
knockdown augmented EGFR
(Figure 3H).

strongly expression
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EGFR Knockdown Effectively Reversed
the Effect of METTLI14 Downregulation

on HCC Cells

To explore the role of EGFR in HCC, we suppressed its
interfering RNA (siEGFR).
Western blot analysis showed that siEGFR transfection
significantly inhibited the expression of EGFR at both
mRNA and protein levels (Figure 4A). The wound healing

expression using small

assays showed that EGFR downregulation significantly
inhibited the migratory capabilities of HCC cells (Figure
4B). The Transwell Matrigel invasion assays showed that
EGFR downregulation also significantly inhibited the
invasion of HCC cells (Figure 4C). Next, we co-
transfected siEGFR and siMETTL14 into HCC cells to
investigated whether suppressing EGFR can reverse the
effect of METTL 14 knockdown on HCC cells. The wound
healing assays showed that METTL14 knockdown pro-
moted cell migration, whereas EGFR downregulation
reversed such effect (Figure 4B). Consistently, the
Transwell Matrigel invasion assays showed that the
improved invasive ability resulted from METTL14 knock-
down was re-established after inhibiting EGFR expression
in HCC cells (Figure 4C).

METTLI14 Inhibited the Metastatic
Potential of HCC Cells Through
Regulating EGFR/PI3K/AKT Signaling

Pathway

It has been reported that EGFR can promote HCC metas-
tasis through the activation of EGFR phosphorylation and
subsequent PI3K-AKT signaling pathway.”' In addition,
PI3K-AKT signaling pathway is significantly associated
with EMT of cancer cells.”**> KEGG analysis revealed
the potential targets of METTLI14 were significantly
enriched in the regulation of PI3K signaling (Figure 3B).
Therefore, we hypothesized that METTL14 may function
through the EGFR-PI3K-AKT signaling pathway in HCC.
Western blot analysis showed that the effect of METTL14
knockdown on the expression of epithelial markers
(E-cadherin) and mesenchymal markers (N-cadherin,
Vimentin) was reversed by EGFR inhibition (Figure SA).
Besides, METTL14 knockdown increased the expression
of phosphorylated EGFR (p-EGFR), p-PI3K, and p-AKT
(Figure 5B). On the contrary, suppressing EGFR decreased
the expression of p-EGFR, p-PI3K, and p-AKT (Figure
5B). Moreover, EGFR knockdown could reverse the effect

of METTL14 inhibition on the activation of EGFR, PI3K,
and AKT (Figure 5B).

Discussion

Although the surgical and medical treatment strategies
have witnessed several advancements, the prognosis of
HCC patients is still not so efficient because of frequent
metastasis and recurrence.”* As the most abundant mod-
ification occurring in eukaryotic mRNAs,” m6A modifi-
cation has been widely reported to be associated with the
metastasis of various cancers, including HCC.?** M6A
modification is reversibly regulated by multicomponent
methyltransferase complex and demethylases which are
often dysregulated in cancers.”'® For example, RNA N6-
methyladenosine demethylase FTO is considerably upre-
gulated in breast cancer and promotes breast tumor
progression through N6-methyladenosine-dependent post-
transcriptional degradation of BNIP3.> METTLI14 is
a core component of MTC and colocalizes with
METTL3 in nuclear speckles to catalyze the mo6A
modification."”” Gu et al discovered that METTLI14 is
lowly expressed in bladder cancer and METTL14 knock-
out promotes the proliferation, self-renewal, metastasis,
and tumor-initiating capacity of bladder cancer.®® In
HCC, METTL14 was reported to suppress the metastasis
of HCC cells by modulating m6A-dependent primary
miR-126 processing.'” In the present study, we verified
the downregulated expression of METTL14 in HCC and
further demonstrated that METTL14 can inhibit HCC
metastasis through posttranscriptional destabilization of
EGFR mRNA in an m6A-dependent manner.

EGFR is an important oncogene and presents at the
majority of solid cancers, such as pancreatic cancer,’’
breast cancer,>? prostate cancer,”®> and colorectal
cancer.>* In non—small cell lung cancer (NSCLC), there
are several reports of EGFR overexpression which can
lead to aggressive and clinically invasive
characteristics.*>*® In HCC, the EGFR signaling pathway
regulates the invasion and metastasis ability of cells.’’
EGFR is significantly associated with the activation of
PI3K-AKT signaling in HCC. Zheng and colleagues
revealed that Tropomodulin3 modulates EGFR-PI3K-
AKT signaling to drive HCC metastasis.”’ In addition,
CD133 confers cancer stem-like cell properties by stabi-
lizing EGFR-AKT signaling in HCC.*® This preclinical
evidence supports the hypothesis that targeting EGFR
could be potentially promising for HCC prevention and

treatment. In this study, we demonstrated that METTL14
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transfection.

can inhibit HCC cell migration, invasion and EMT
through modulating EGFR/PI3K/AKT signaling pathway.
Contrary to METTL14, METTL3, another key compo-
nent of MTC, can facilitate tumor progression through
post-transcriptional silencing of SOCS2 in HCC.*
Moreover, one study showed that both METTL3 and
METTL14 have a methyltransferase domain to methylate
RNA and the m6A methyltransferase activity is much

higher in the METTL3/METTL14 complex than that in
either subunit alone.” However, the crystal structure and
biochemical evidence indicated that METTL3, rather
than METTLI14, is the unique catalytic subunit, and
METTL14 functions in structural stabilization and RNA
substrate recognition.*® Therefore, further clarify the
characterization of METTL3 and METTL14 in HCC is
urgently needed.
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Conclusions

In summary, our study convincingly demonstrates that the
identified METTL14/EGFR/PI3K/AKT signaling pathway
can regulate the migration, invasion and EMT of HCC
cells, thereby facilitating the development of new treat-
ment strategy against the metastasis of HCC.
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