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Abstract
Vasculogenic mimicry (VM) formed by aggressive tumor cells to mimic vasculogenic networks plays an important role in 
the tumor malignancy of HCC. However, the pathogenesis underlying VM is complex and has not been fully defined. m6A 
is a common mRNA modification and has many biological effects. However, the relationship between m6A and VM remains 
unclear. In this research, we found that m6A methyltransferase METTL3 in HCC tissues was positively correlated with VM. 
The m6A level of mRNA significantly increased in 3D cultured cells treated with VEGFa and was related to VM formation. 
Transcriptome sequencing analysis of 3D cultured cells with knockdown Mettl3 showed that the Hippo pathway was involved 
in m6A-mediated VM formation. Further mechanism research indicated that the m6A modification of YAP1 mRNA affected 
the translation of YAP1 mRNA. In conclusion, m6A methylation plays a key role in VM formation in HCC. METTL3 and 
YAP1 could be potential therapeutic targets via impairing VM formation in anti-metastatic strategies.
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Abbreviations
HCC	� Hepatocellular carcinoma
VM	� Vasculogenic mimicry
m6A	� N6-methyladenosine
VEGFa	� Vascular endothelial growth factor a
YAP1	� Yes associated protein 1
DEN	� Diethylnitrosamine
METTL3	� Methyltransferase-like 3
ALKBH5	� AlkB homolog 5

PAS	� Periodic acid–Schiff
IHC	� Immunohistochemistry
CDH5	� Cadherin 5
MMP2	� Matrix metallopeptidase 2
MMP9	� Matrix metallopeptidase 9
FN1	� Fibronectin 1
MeRIP	� Methylated RNA immunoprecipitation

Introduction

Liver cancers are the fourth most common cause of cancer-
related deaths and rank sixth in terms of incident cases 
worldwide. Hepatocellular carcinoma (HCC) accounts for 
the majority of primary liver cancers [1]. Although much 
progress has been made in the treatment of HCC in recent 
years, the prognosis of patients with HCC remains very 
poor. Angiogenesis is essential to promote HCC growth 
and metastasis. Previous studies showed that blood vessels 
in tumors are only formed by endothelial cells. Since the 
1990s, many pharmaceutical companies have focused on 
developing compounds that curtail angiogenesis to starve 
tumor cells. Several drugs, such as Avastin and Nexavar 
[2, 3], have been approved in the U.S. for cancer treatment. 
However, these drugs only temporarily slow tumor growth 

Kailiang Qiao and Yantao Liu contributed equally to this work.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1045​6-020-09744​-8) contains 
supplementary material, which is available to authorized users.

 *	 Tao Sun 
	 tao.sun@nankai.edu.cn

1	 State Key Laboratory of Medicinal Chemical Biology 
and College of Pharmacy, Nankai University, 38 Tongyan 
Road, Haihe Education Park, Tianjin, China

2	 Tianjin Key Laboratory of Molecular Drug Research, Tianjin 
International Joint Academy of Biomedicine, Tianjin, China

3	 Department of Pathology, Affiliated Hospital of Jining 
Medical University, Jining Medical University, No.89, 
Guhuai Road, Rencheng District, Jining, Shandong, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10456-020-09744-8&domain=pdf
https://doi.org/10.1007/s10456-020-09744-8


84	 Angiogenesis (2021) 24:83–96

1 3

and do not completely kill tumor cells. Moreover, many 
types of tumors treated with these drugs often develop 
resistance or metastasis [4–6].

Vasculogenic mimicry (VM) was discovered by Manio-
tis [7]. He believes that functional blood supply channels 
in tumors may not be involved in endothelial cells but are 
formed by aggressive tumor cells. This finding provides a 
new perspective on the blood supply of tumors. To date, 
VM has been found in a variety of cancer types, such as 
melanoma [8–10], ovarian cancer [11, 12], colorectal can-
cer [9, 13], laryngeal squamous cell carcinoma [14, 15], 
and HCC, and has been associated with poor prognosis 
in patients.

The development of drugs based on VM theory is 
predicted to change the cancer treatment for patients, 
but the mechanism of VM formation remains unclear. 
N6-Methyladenosine (m6A) modifications of RNA were 
discovered in the 1970s [16]. Of the many RNA modi-
fications of eukaryotes, m6A has the most abundant and 
has unique distribution characteristics on transcripts [17, 
18]. Jia et al. identified the first RNA demethylase, fat 
mass and obesity-associated (FTO) gene, indicating that 
RNA modification is reversible [19]. Since then, many 
studies on m6A dynamic modification have been con-
ducted. Methyltransferase-like 3 (METTL3), METTL14, 
and Wilm’s tumor-1-associated protein (WTAP) have been 
proved to act as m6A methyltransferases (“writers”) in 
mammalian cells [20, 21]. The m6A-binding proteins with 
the YTH domain, including cytoplasmic protein YTHDF1, 
YTHDF2, YTHDF3, and nuclear protein YTHDC1, have 
been identified to be the “readers” of m6A and modulate 
mRNA stability and translation to mediate downstream 
effects [22, 23]. In recent years, a number of studies have 
focused on biological function of m6A-modified mRNA. 
The m6A modification was found to be involved in a vari-
ety of biological processes and played an important role 
in cancer progression. However, the relationship between 
m6A and VM formation remains unclear.

In this study, we found that the expression of m6A 
writer METTL3 is positively correlated with VM in HCC 
tissues. The m6A mRNA level increased in 3D cultured 
cells treated with VEGFa and was related to VM formation 
and VM-related makers. RNA sequencing and functional 
studies indicated the involvement of the Hippo pathway 
in m6A-mediated VM formation. The m6A modification 
can promote the translation of YAP1 mRNA and open 
the Hippo pathway. Moreover, m6A-dependent YAP1 
expression can promote VM formation, migration, inva-
sion in vitro, and in vivo. Our findings indicate the criti-
cal role of m6A modification in VM formation in HCC. 
METTL3 and YAP1 could be potential therapeutic targets 
via impairing VM formation in anti-metastatic strategies.

Material and methods

Patient samples and ethics

HCC tissue microarrays from 75 and 96 cases were pur-
chased from US Biomax for IHC. Each single tissue spot 
on every array slide was individually examined by certified 
pathologists according to the WHO published standards for 
diagnosis, classification, and pathological grading.

Cell culture, treatments, and transfection

Human cancer HepG2 and MHCC-97H cells were pur-
chased from KeyGen Biotech (Nanjing, China). SK-HEP-
1-Luc (luciferase labeled) cells were obtained from OBIO 
(Shanghai, China). The cells were maintained in Dulbecco’s 
modified Eagle medium (DMEM, Bioind, ISR) or Minimum 
Essential Medium α (MEM α, Gibco, USA) with 10% fetal 
bovine serum (FBS, Bioind, ISR) and 1% penicillin/ strep-
tomycin (Hyclone, USA). All cells were tested negative for 
mycoplasma contamination before use. SK-HEP-1-Luc cells 
were transfected with psi-LVRU6GP-shMETTL3 or vector 
control via lipofectamine 2000 to establish stable METTL3 
knockdown cell lines. The reference sequence as follows: 
CTG CAA GTA TGT TCA CTA TGA [20]. The transfected 
cells were selected with puromycin (2 µg/mL, Gibco, USA) 
for 2 weeks. The surviving cells were collected and seeded 
into a 96-well plate for formation of cell clones and fur-
ther expansion. The expanded monoclonal cell populations 
were named as SK-HEP-1-Luc-Vector and SK-HEP-1-Luc-
shMETTL3 cells. For overexpression of YAP1, the cells 
were transfected with pcDNA3.1-YAP1 by lipofectamine 
2000. For METTL3 knockdown, the cells were transfected 
with siMETTL3 or nontargeting scrambled siRNAs (Santa 
Cruz Biotechnology, sc-92172 and sc-37007, respectively) 
by using RNAiMax (Thermo Fisher, USA).

LC–MS/MS quantification of m6A in poly(A)‑mRNA

The cells were coincubated with VEGFa (5 ng/mL). After 
incubation, mRNA was extracted from total RNA by using 
a PolyATtract® mRNA Isolation Systems (Promega, USA). 
mRNA concentration was measured by ultraviolet absorb-
ance at 260 nm. mRNA (200 ng) was first denatured by 
heating at 95 °C for 5 min, chilled on ice for 2 min, and 
added with 1/10 volume of S1 nuclease buffer (30 mM 
CH3COONa, pH 4.6; 280 mM NaCl; 1 mM ZnSO4) and 
150 units of S1 nuclease (Thermo Fisher Scientific, USA). 
The mixture (20 μL) was incubated at 37 °C for 5 h. The 
solution was subsequently added to 1/10 volume of alkaline 
phosphatase buffer (50 mM Tris–HCl, 10 mM MgCl2, pH 
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9.0) and 15 units of alkaline phosphatase (Takara, Dalian, 
China). The cells were continuously incubated at 37 °C for 
an additional 2 h, followed by extraction with an equal vol-
ume of chloroform twice. The resulting aqueous layer was 
collected, lyophilized to dryness, and reconstituted in 100 
μL of water. The sample was diluted to 1 mL and then fil-
tered (0.22 μm pore size, 4 mm diameter, Millipore). The 
solution (10 μL) was injected into the LC–MS/MS device. 
The nucleosides were separated by reverse-phase ultra-
performance liquid chromatography on a C18 column with 
online mass spectrometry detection using Waters XEVO 
TQ-STM (Waters, USA) triple quadrupole mass spectrom-
eter in positive electrospray ionization mode. All nucleo-
sides were quantified using retention time and ion mass 
transitions of 268.0 to 136.0 (A) and 282.1 to 150.0 (m6A). 
Quantification was conducted using standard curves ran in 
the same batch. Ratio of m6A to A was calculated based on 
the calibration curves.

In vivo orthotopic implantation model

Animal experiments were conducted in accordance with the 
National Institutes of Health Animal Use Guidelines. All 
experimental protocols were approved by the Institutional 
Animal Care and Use Committee at Tianjin International 
Joint Academy of Biomedicine. Male BALB/c nude mice 
aged 4–6 weeks were used in the experiments. According 
to institutional guidelines, all animals were maintained in 
a specific pathogen-free animal care facility. An orthotopic 
liver tumor model in nude mice was established to assess 
metastasis. In brief, 1 × 107 SK-HEP-1-Luc-shControl or 
SK-HEP-1-Luc-shMETTL3 stable cells(as Fig. 6a clone#1) 
were suspended in 300 μL of PBS and injected orthotopi-
cally into the left liver lobe of nude mice. The mice were 
killed, and the lungs and liver were preserved in 10% for-
malin solution for further study. Tumor growth and lung 
metastases were detected in vivo after injection of 150 mg/
kg D-Luciferin and potassium salt substrate (Yeasen, CN) 
in PBS into anesthetized mice with NightOWLIILB983 
(Berthold Technologies).

Diethylnitrosamine‑induced Mettl3+/− mouse 
model of HCC

Animal experiments were conducted in accordance with 
the National Institutes of Health Animal Use Guidelines. 
All experimental protocols were approved by the Institu-
tional Animal Care and Use Committee at Tianjin Interna-
tional Joint Academy of Biomedicine. Mettl3+/− mice with 
C57BL6/J background were generated using CRISPR–Cas9 
system. Exon2-Exon3 of Mettl3 is the knockout region. 
sgRNA was transcribed in vitro. Cas9 and sgRNA were 
microinjected into the fertilized eggs of C57BL/6 J. Mice 

fertilized eggs were transplanted to obtain positive F0 mice 
which were confirmed by PCR(PCR primers: F1:TCC CTG 
GGA AAC ATA ATC ACA TCC,F2: CTC CCT AAA AGA 
GTG TAA CTT CCC C, WT: 1975 bp, Target: 520 bp). 
Fifteen-day-old mice were injected with diethylnitrosamine 
(DEN; 20 mg/kg body weight; Sigma, USA) to initiate tumor 
generation. Beginning at 29-day-old, the mice were injected 
with TCPOBOP (3 mg/kg body weight, intraperitoneally, 
Sigma-Aldrich, St. Louis, MO) biweekly for 3–15 weeks 
for a total of seven times to promote tumor growth. Once 
HCC was established, Mettl3+/− mice were divided into three 
groups assigned to receive the transposon system. The DNA 
mixtures of transposons (H6552 or H6552-YAP1 plasmids) 
and transposase-encoding vector (H6281, molar ratio of 
transposon plasmids to transposase-encoding vector of 2:1) 
were suspended in Lactated Ringer’s solution and injected 
into the lateral tail veins of mice (0.1 mL/g body weight) 
in less than 7 s. After 5 weeks, the mice were euthanized. 
Liver and lung tissue samples were collected and processed 
for histological analysis.

Statistical analysis

Experiments were repeated at least three times indepen-
dently. Measured data were represented as mean ± SEM. 
One-way analysis of variance (ANOVA) or two-tail Student 
t test was applied to compare quantitative data. Overall sur-
vival was analyzed with Kaplan–Meier method by using log-
rank test to determine difference. p values for each analysis 
are marked on figures, and the level of statistical significance 
was set as p < 0.05 (*p < 0.05; **p < 0.01; ***p < 0.001).

The other methods for m6A immunofluorescence, bio-
informatics analysis, METTL3 knockdown transcriptome 
sequencing, MeRIP-qPCR, luciferase reporter assays, poly-
some profiling analysis, protein stability assays, western 
blot, RNA extraction and quantitative real-time PCR for 
gene expression, RNA stability assays, scanning electron 
microscopy, three-dimensional culture assay, wound healing, 
invasion assays, hematoxylin–eosin (H&E) and immunohis-
tochemistry are described in detail in the Supplementary 
Materials and Methods.

Results

m6A writer METTL3 expression in clinical HCC 
tissues is associated with VM and poor prognosis

CD34 or CD31 and periodic acid–Schiff (PAS) dual staining 
was applied to distinguish the matrix-rich morphological 
pattern of VM. First, a retrospective study of 75 patients 
with HCC was conducted. After CD31-PAS double stain-
ing and IHC staining (Fig. 1a, Table S3), the pathological 
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Fig. 1   m6A writer METTL3 expression in clinical HCC tissues is 
associated with VM and poor prognosis of patients. a Evidence and 
morphologic observation of VM and Endothelial Vessel by CD31 
(brown) /PAS (pink) /hematoxylin (blue) staining in HCC. b Immu-
nostaining for METTL3 in HCC tissue microarrays (left). Kaplan–
Meier curves for the OS of HCC patients (right), VM + / METTL3 + ( 
n = 21), VM − / METTL3 + ( n = 18), VM + /METTL3 − (n = 19), 
and VM − /METTL3 − (n = 17). c correlation analysis between VM 
and METTL3 (n = 75). d Representative images of METTL3, VE-

cadherin, E-cadherin, Vimentin, MMP2, and MMP9 expression in 
VM negative and positive HCC tissue samples. e Correlation analy-
sis between VE-cadherin, E-cadherin, Vimentin, MMP2, and MMP9 
expression (n = 96). f Correlation analysis between METTL3 and 
VM maker by using TCGA dataset (n = 364). g GSEA enrichment 
analysis of low expression (n = 182) and high expression (n = 182) of 
METTL3 from TCGA dataset. Black scale bar = 50 μm. All data were 
represented as mean ± SEM. *p < 0.05, ** p < 0.01, ***p < 0.001



87Angiogenesis (2021) 24:83–96	

1 3

group was divided into four subgroups based on the num-
ber of VM cases and METTL3 staining intensity: VM + / 
METTL3 + , VM − / METTL3 + , VM + /METTL3 − , and 
VM − /METTL3 − . Survival analysis indicated that the 
survival rate of the double-positive group was significantly 
lower than that of the double-negative group (Fig. 1 b). The 
staining intensity of METTL3 was also strongly correlated 
with the number of VM (Fig. 1c). Moreover, coexpression 
analysis in 96 patients with HCC was conducted. We found 
that METTL3 was negatively correlated with the expression 
of epithelial marker E-cadherin and positively correlated 
with VM markers, namely, VE-cadherin, VEGFR1, and 
VEGFR2; mesenchymal marker Vimentin; and tumor VM 
microenvironmental markers, namely, MMP2 and MMP9 
(Fig. 1d, e, Fig.S1 a-b, Table S4). The TCGA data showed 
that the expression of METTL3 in liver cancer was signifi-
cantly higher than those of normal tissues (Fig.S1 c), and 
was associated with pathological grade and clinical stage 
(Fig.S1 d-e). Moreover, the expression of METTL3 in 364 
patients with liver cancer was positively correlated with 
VM-related proteins, namely, CDH5, VIM, FLT1, KDR, 
MMP2, MMP9, FN1, and SERPINE2 (Fig. 1f, Fig.S1 f-g). 
In addition, the patients with were separated based on the 
mRNA expression of METTL3 into two groups, namely, 
METTL3 high expression and METTL3 low expression. The 
differential genes between the two groups were enriched by 
GSEA to find m6A writer METTL3-related pathways. The 
VEGFa signaling pathway was enriched (Fig. 1g). These 
data showed that METTL3 was involved in the formation of 
HCC VM and closely related to poor prognosis.

VM in HCC cell line is regulated by m6A mRNA level

Although VM can be induced by various extracellular 
ligands and microenvironment, VEGFa has been consid-
ered as the major inducer of this process in HCC cells [24]. 
We treated 3D cultured HepG2 and MHCC-97H cells with 
VEGFa (5 ng/mL) for 24 h. The tube formation ability was 
significantly increased. We then investigated the variations 
in the m6A mRNA levels in 3D cultured cells. By using 
LC–MS/MS, we identified that the m6A mRNA levels iso-
lated from HepG2 and MHCC-97H cell treated with VEGFa 
were statistically (p < 0.05, t test) more abundant than those 
in their corresponding control cells. The m6A/A mRNA 
levels in HepG2 and MHCC-97H cells treated with VEGFa 
increased by 49% and 59%, respectively (Fig. 2a). These 
data showed that HCC cell lines undergoing VM increased 
the m6A levels of mRNA.

To characterize the roles of m6A in VM, we reduced the 
m6A level by using siRNA pools of METTL3 and investi-
gated the tube formation ability in HCC cell lines. The m6A 
level was detected by immunofluorescent assay. Silenced 
METTL3 cells had significantly lower levels of m6A and 

weaker tube formation ability than siRNA-negative control 
cells (Fig. 2b), which also confirmed the roles of METTL3 
as the m6A “writer” in VM. The ultramicrostructure of VM 
was observed by scanning electron microscope. The silenced 
METTL3 cells were not connected well and formed a curved 
shape (Fig. 2c). Then we evaluated VM-related makers, 
namely, E-cadherin and VE-cadherin, in silenced METTL3 
cells. The results of western blot and qPCR analysis showed 
that the knockdown of METTL3 suppressed the expression 
of VE-cadherin and promoted the expression of E-cadherin 
in HepG2 and MHCC-97H cells (Fig. 2d, e). To rule out 
the possibility of off-target effect, we also chose another 
shRNA of METTL3 to inspect its effect on VM formation. 
The results showed that silenced METTL3 cells transfected 
with this plasmid had significantly lower levels of m6A and 
weaker tube formation ability than shcontrol cells (Fig. S2. 
a). The western blot results showed that knocking down 
METTL3 suppressed the expression of VE-cadherin and 
promoted the expression of E-cadherin(Fig. S2. b).

Furthermore, VEGFa induced downregulation of E-Cad-
herin and upregulation of VE-Cadherin were rescued by 
knocking down METTL3 in HepG2 and MHCC-97H cells 
(Fig. 2f). Overexpression ALKBH5 (a m6A eraser) cells had 
significantly lower levels of m6A and weaker tube forma-
tion ability than control cells (Fig. 2g). Together, our data 
indicated that the total m6A levels mRNA may regulate VM 
formation in HCC in vitro.

Hippo pathway is inhibited by interfering METTL3

To investigate the m6A-related pathway undergoing VM 
process of HCC. RNA-seq was used for transcriptome map-
ping in 3D cultured HepG2 cells treated by knocking down 
METTL3 and their corresponding control cells (Fig. 3a). 
A total of 149 differentially expressed genes were identi-
fied. Overlapping these differential genes and m6A-modified 
genes from GSE110320 [25], we found that the mRNA of 
most of the differential genes (75%) were modified by m6A 
(Fig. 3b). The overlapping genes were enriched by Gene 
Ontology (GO) analysis (Fig. 3c). The VEGFa–VEGFR2 
pathway were enriched, which was reported to be associ-
ated with VM formation. Moreover, as an important path-
way, Hippo signaling was enriched and played an important 
role in the malignant progression of cancer [26]. Then the 
involvement of the Hippo pathway in m6A-mediated VM 
formation was investigated. The analysis of the MeRIP data 
indicated the high abundance of m6A modification in the 
YAP1 mRNA, particularly in the CDS region (Fig. 3d). 
MeRIP-qPCR experiments were conducted to enrich m6A-
modified mRNA. The m6A modification level of YAP1 
mRNA was significantly reduced in knockdown METTL3 
cells (Fig. 3e). In summary, the Hippo pathway is involved 
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in the m6A-mediated VM formation and that the mRNA of 
YAP1 is modified by m6A.

YAP1 promotes VM formation and malignant 
progression via a m6A‑dependent way in vitro

YAP1 plays an important role in cancer progression. The 
involvement of YAP1 in VM formation and its relation 
to m6A were further analyzed. First, we detected YAP1 
expression by using western blot after changing the m6A 
level in MHCC-97H and HepG2 cell lines. YAP1 was 
downregulated after the decline of m6A by knocking down 
METTL3 and upregulated after the rise of m6A by overex-
pressing ALKBH5 (an important m6A demethylase) and 
inducing by VEGFa (Fig. 4a–c). In addition, the overex-
pression of YAP1 significantly promoted the expression 
of VM marker VE-cadherin and reduced the expression 

of epithelial marker E-cadherin. Knocking down METTL3 
significantly rescued the increase in the VE-cadherin level 
caused by the overexpression of YAP1 (Fig. 4a). In view 
of the possible role of YAP phosphorylation in signaling 
during VM formation. We detected phosphorylated YAP, 
named pYAP(Ser127), level using western blot during VM 
formation. The results showed that pYAP and YAP have 
the same expression pattern in cells treated by VEGFa or 
transfected with siMETTL3(Fig.S3 a-b). These data indi-
cated that m6A could not influence the phosphorylation 
in signaling during VM formation. The cell function of 
YAP1 was then evaluated. YAP1 significantly increased 
VM formation and enhanced cell migration and invasion 
(Fig. 4d–i). This process was rescued by knocking down 
METTL3. In summary, YAP1 promotes VM formation and 
cancer progression via a m6A-dependent way in vitro.

Fig. 2   VM formation is regulated by m6A level of mRNAs. a 
MHCC-97H and HepG2 cells were treated with or without 5 ng/ml 
VEGFa for 24  h, the m6A/ A ratio of mRNA were determined by 
LC–MS/MS. b m6A IF assay of 3D cultured cells transfected with 
siNC or siMETTL3 (left) and quantitatively analyzed by Wimasis 
Image Analysis (right). White scale bar = 200  μm. c The morpho-
logic detect with scanning electron microscopy in 3D culture assay. 
White scale bar = 100  μm. d, e Protein (d) and mRNA (e) expres-
sions of E-Cad, VE-Cad, and METTL3 in MHCC-97H and HepG2 

cells were measured by qRT-PCR and western blot analysis, respec-
tively. f MHCC-97H and HepG2 cells were transfected with siNC 
or siMETTL3 for 24 h, and then were treated with or without 5 ng/
ml VEGFa for another 24  h, protein expression was determined by 
western blot analysis. g m6A IF assay of 3D cultured cells transfected 
by siNC or overexpression ALKBH5 (left) and quantitatively ana-
lyzed by Wimasis Image Analysis (right). White scale bar = 200 μm. 
All data were represented as mean ± SEM. *p < 0.05, **p < 0.01, 
***p < 0.001
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m6A enhances the translation efficiency of YAP1 
mRNA

The mechanisms regulating YAP1 expression through m6A 
methylation were further investigated. The pre-mRNA and 
mRNA expression levels of YAP1 after interfering with 
METTL3 were detected. Surprisingly, the transcription 
level of YAP1 increased after interfering with METTL3 
(Fig. 5a). Then we treated siNC and siMETTL3 cells with 
actinomycin-D to block transcription. The results showed 
that the half-life of pre-mRNA and mRNA was significantly 
prolonged after interfering with METTL3 (Fig. 5b, c). The 
remaining mRNA and pre-mRNA were significantly higher 
in siMETTL3 group than its corresponding control after 
transcription inhibition for 6 h(Fig.S4. a-b), which sug-
gested that m6A modification may trigger the splicing of 
pre-mRNA and degradation of mature mRNA of YAP1 in 
HCC. The dyssynchrony between the mRNA and protein 
levels of YAP1 leaded us to suspect that m6A modification 
may be related to the translation or stability of the YAP1 
protein. METTL3 knockdown cells and corresponding 
control cells were treated with cycloheximide, a protein 
translation inhibitor. The Western blot assay indicated no 
significant change in the half-life of the two experimental 
proteins (Fig. 5d, e). The translation efficiency of the YAP1 
protein was measured using dual-luciferase assay. The CDS 

sequence of YAP1 was constructed into the F-luciferase 
protein downstream of pGL6-miR for fusion expression. 
The translation efficiency of the YAP1 protein was signifi-
cantly reduced after knocking down METTL3 (Fig. 5f, g). 
It indicated that m6A-induced YAP1 expression is related 
to regulation of protein translation.

Total RNA of HepG2 was separated by differential cen-
trifugation with sucrose density gradient. We obtained non-
translating fraction (< 40 S), translation initiation fraction 
(including 40S ribosomes, 60S ribosomes, 80S monosomes, 
and < 80S), and translation active polysomes (> 80S) by 
ribosome profiling. The experimental results showed the 
significant decrease in the assembly of the ribosome trans-
lation initiation complex (Fig. 5h). The qPCR test showed 
the significantly reduced mRNA level of YAP1 in the trans-
lation-activated polysome state in siMETTL3 cells (Fig. 5i). 
In summary, m6A primarily changes the expression of the 
YAP1 protein by affecting translation efficiency.

Silencing METTL3 suppresses VM formation 
and cancer progression in an orthotopic 
transplantation tumor model of HCC

We used an orthotopic transplantation tumor model of HCC to 
study the potential effects of m6A methylation in HCC during 
metastasis and VM formation in vivo. First, sh-control and 

Fig. 3   Hippo pathway is involved in m6A-dependent VM forma-
tion. a Schematic illustration of the experimental procedure. b Venn 
diagram showing the shared gene between Differential genes of 
siMETTL3 and genes modified by m6A (GSE110320). A total of 113 
shared gene were observed. c Metascape enrichment analysis of the 

above shared genes. d m6A peaks were enriched in CDS of YAP1 
genes from m6A RIP-seq data (GSE110320). e m6A RIP-qPCR anal-
ysis of YAP1 mRNA in MHCC-97H and HepG2 cells by transfected 
with siNC and siMETTL3. All data were represented as mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001
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sh-METTL3 SK-Hep1-Luc cells were injected into the liver of 
nude mice (Fig. 6a). Obviously, the luciferase signaling of the 
whole body and the lung tissue was inhibited in shMETTL3 
nude mouse (Fig. 6b–e). mice. The Kaplan–Meier survival 
analysis revealed that sh-METTL3 nude mice had favora-
ble prognosis (Fig. 6f). The fixed tissue was stained by HE 
to eliminate lung metastasis. The counts of tumor foci in sh-
METTL3 nude mice were less than those in sh-Control node 
mouse (Fig. 6g). VM formation in tumor tissues was analyzed 
by PAS and CD31 dual staining. sh-METTL3 cells exhibited 
less VM than sh-Control group (Fig. 6h). The IHC staining 
analysis showed that the expression levels of VM marker 

VE-cadherin and other makers involved in VM (MMP2, 
MMP9, and Fibronectin) decreased, while the expression of 
the epithelial maker E-cadherin increased in the sh-METTL3 
group. The expression of YAP1 was also inhibited in the sh-
METTL3 group (Fig. 6i). In conclusion, m6A methylation 
could promote cancer progression and VM formation in vivo.

Fig. 4   YAP1 promote VM and cancer progression via a m6A-
dependent way in  vitro. a Expression of YAP1, METTL3, VE-cad 
and E-Cad in MHCC-97H and HepG2 cells transfected with or with-
out pcDNA-3.1–3 × Flag/YAP1 and siNC/siMETTL3 for 48  h. b 
Expression of YAP1 and ALKBH5 in MHCC-97H and HepG2 cells 
transfected with or without pcDNA3.1-AKLBH5. c Expression of 
YAP1 in MHCC-97H and HepG2 cells treated with VEGFa (24  h) 

or not. d, e The tube formation of MHCC-97H and HepG2 cells 
transfected with or without pcDNA-3.1-YAP1 and siNC/siMETTL3 
for 48  h were recorded (left) and quantitatively analyzed (right). 
f, g wound healing of MHCC-97H and HepG2 cells. h, i Tran-
swell of MHCC-97H and HepG2 cells. All data were represented as 
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.by Student’s t test
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m6A‑dependent YAP1 expression promotes VM 
formation and tumor metastasis in a DEN‑induced 
Mettl3+/− mouse model of HCC

To further investigate the role of m6A and YAP1 in can-
cer progression and VM formation in vivo, we generated 
Mettl3+/− C57BL6/J mice by using CRISPR–Cas9 system. 
Considering that knock out of METTL3 is embryonically 
lethal, we obtained mice with just one allele knocked out. 
However, METTL3 was downregulated significantly in 
the liver tissues of these mice (Fig. 7a). An HCC model 
was generated by treating Mettl3+/− mice and wild-type 
mice with DEN to initiate tumor generation. The mice 
were then given with TCPOBOP every 2 weeks for a total 
of seven times to promote tumor growth. At the end of 
the treatment, half of the Mettl3+/− mice were treated with 

YAP1 plasmid via hydrodynamic injection into the tail 
vein [27] (Fig. 7 c), namely Mettl3+/− + YAP1 group, and 
the other half of the Mettl3+/− mice were treated with 
the control plasmid, namely Mettl3+/− + Vector group. At 
the same time, the wild-type mice were also treated with 
the control plasmid, namely Wt + Vector group (Fig. 7 
b). The liver tumor foci were counted after dissection. 
Mettl3+/− + Vector group mice had less tumor foci than 
the Wt + Vector group. After the hydrodynamic injec-
tion of YAP1, which rescued the decrease of tumor foci 
due to the knocking down METT3 in Mettl3+/− mice 
(Fig. 7d). The fixed tissue was stained by HE to elimi-
nate lung metastasis. The counts of metastasis foci were 
counted. Mettl3+/− + Vector group mice had less foci 
than the Wt + Vector group. After the hydrodynamic 
injection of YAP1, which rescued the decrease of foci 

Fig. 5   m6A triggers translation of YAP1 mRNA. a Precursor and 
mature mRNA level of YAP1 in HepG2 cells by transfected with 
or without siNC/siMETTL3 for 48 h. b, c After transfected siNC or 
siMETTL3 for 24 h, HepG2 cells were treated with Act-D for 90 min, 
then precursor (b) or mature (c) YAP1 mRNA were detected at indi-
cated times using qPCR. TI, Transcription Inhibition. The RNA 
lifetime (t1/2) can be calculated by nonlinear regression analysis. d, 
e After transfection with siNC or siMETTL3 for 24 h, HepG2 cells 
were treated with CHX for the indicated times, and protein expres-

sion of YAP1 was analyzed by western blot. f, g HepG2 cells were 
transfected with pGL6-miR-YAP1-CDS reporter and siMETTL3 for 
48 h, and the translation efficiency of YAP1 is defined as the quotient 
of reporter protein production (F-luc/R-luc). h Polysome profiling 
of HepG2 cells were analyzed after knockdown METTL3. i Analy-
sis of YAP1 mRNA in non-ribosome portion (< 40S), 40S, 60S, 80S, 
and polysome for transfected siMETTL3 or siNC in HepG2 cells. 
All data were represented as mean ± SEM. *p < 0.05, **p < 0.01, 
***p < 0.001, by Student’s t test
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due to the knocking down METT3 in Mettl3+/− mice 
(Fig. 7e). VM formation in tumor tissue was analyzed 
by PAS and endomucin dual staining. The VM counts 
in Mettl3+/− + Vector group mice decreased signifi-
cantly compared with those in the Wt + Vector group. 

Meanwhile, the overexpression of YAP1 due to hydro-
dynamic injection rescued the decrease resulting from 
the knocking down of METTL3 (Fig. 7f). The IHC stain-
ing analysis showed that the expression of VE-cadherin, 
MMP2, and MMP9 decreased in Mettl3+/− + Vector mice, 

Fig. 6   Silencing of METTL3 suppresses VM formation and cancer 
progression in a orthotopic transplantation tumor models of HCC. a 
The expression of METTL3 in stable METTL3 knockdown cell lines 
by G418 screening. b In  vivo Imaging in the BALB/C nude mice. 
SK-HEP-1-Luc-shMETTL3 (n = 6), and SK-HEP-1-Luc-shControl 
(n = 6) cell lines were injected into the liver of BALB/C nude mice. 
c Statistical analysis of the luciferease signal. d Imaging of the lucif-
erase signal of the lungs after dissection. e Statistical analysis of 
the luciferase signal. f Survival analysis of the BALB/C nude mice. 

g Formation of HCC metastatic foci in the lung was confirmed by 
hematoxylin and eosin staining. h Evidence and morphologic obser-
vation of VM. Red arrow points to the PAS-positive and CD31-
negative vessels lining with tumor cells. Yellow arrow points to the 
endothelial cell lined vessels(left). Statistical results of VM in shCon-
trol and shMETTL3 groups (right). i METTL3, E-cadherin, VE-cad-
herin, MMP2, MMP9 and YAP1 expression in the tumor tissues of 
Vector and shMETTL3 groups were analyzed via IHC. All data were 
represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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while the overexpression of YAP1 rescued the influence 
of knocking down METTL3. The E-cadherin expression 
was opposite to the expression pattern of VE-cadherin 
(Fig. 7g). These data demonstrated that METTL3 knock-
down can attenuate the effect on cancer progression and 

VM formation in a DEN-induced Mettl3+/− mouse model 
of HCC, and YAP1 could restore the influence of knock-
ing down METTL3.

Fig. 7   YAP1 promote VM formation and tumor metastasis in a 
DEN-induced Mettl3+/− mouse HCC model. a METTL3 expression 
in wild-type and Mettl3+/− C57BL/6 J mice was detected by Western 
blot. (#1,# 2, #3 represent three wild-type mice, #4, #5, #6 represent 
three Mettl3+/− C57BL/6  J mice). b the experimental procedure of 
DEN-induced Mettl3+/− C57BL/6  J mice HCC model. c Schematic 
illustration of the experimental procedure. Selected transposons 
were hydrodynamically delivered to the liver together with plasmids 
encoding transposase by tail venn injection. d Representative photos 
of the visible liver nodules and HE staining results.(left). The tumor 
foci of Wt + Vector (n = 6), Mettl3+/− + Vector(n = 6) and Mettl3+/− 

+ YAP1(n = 6) groups were statistically analyzed (right). e Formation 
of HCC metastatic foci in the lung was confirmed by hematoxylin and 
eosin staining(left). The tumor foci were statistically analyzed (right). 
f Representative photos of PAS and endomucin dual staining(left). 
Statistical results of VM counts in Wt + Vector, Mettl3+/− + Vector 
and Mettl3+/− + YAP1 groups. g E-cadherin, VE-cadherin, MMP2, 
MMP9 and YAP1 expression in the tumor tissues of WT + Vec-
tor, Mettl3+/− + Vector and Mettl3+/− + YAP1 groups were ana-
lyzed via IHC. All data were represented as mean ± SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001
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Discussion

RNA m6A methylation plays an important role in can-
cer generation and progression. In this study, the analysis 
of clinical case groups showed that m6A write-in protein 
METTL3 was significantly related to VM formation and 
expression of VM-related markers. As such, METTL3-
mediated m6A modification may be involved in VM for-
mation. Analysis using VEGFa-induced VM formation 
model indicated that the m6A modification level increased 
significantly during VM formation. After interfering with 
METTL3, the VM formation ability decreased signifi-
cantly. Transcriptome analysis was carried out in 3D cul-
tured tumor cells. The Hippo pathway plays an important 
role in m6A-dependent VM formation. YAP1 is an impor-
tant protein in the Hippo pathway, and many m6A modi-
fications are found in the CDS region of YAP1. The cell 
function data analysis showed that YAP1 can significantly 
promote VM formation and rescued the decline by knock-
ing down METTL3. In-depth mechanistic study found that 
m6A can affect the translation efficiency and expression 
of the YAP1 protein. The analysis of the orthotopic trans-
plantation tumor model and the DEN-induced HCC model 
in Mettl3+/− mice showed that m6A can significantly affect 
VM formation and cancer progression. Thus, m6A or m6A 
writer METTL3 can be used as an indicator prognosis and 
a target of anti-metastasis drugs in HCC.

The mechanism of cancer metastasis remains unclear. 
Considerable evidence indicates that m6A plays an impor-
tant role in cancer metastasis. Epithelial-mesenchymal 
transition(EMT), an important theory of tumor metas-
tasis established by oncologist Weinberg [28], is related 
to m6A. METTL3 could promote EMT by METTL3/
ZMYM1/E-cadherin signaling. m6A-induced lncRNA 
RP11 can trigger the dissemination of CRC cells via post-
translational upregulation of Zeb1 [29]. m6A can regulate 
EMT by influencing translation of Snail [30]. m6A dem-
ethylase ALKHB5 can inhibit pancreatic cancer motility 
by demethylating lncRNA KCNK15-AS1 [31]. In addi-
tion, m6A was related to many cancer types, including 
lung cancer [32], leukemia [33, 34], colon cancer [35, 36], 
gastric cancer [37], glioma [38], bladder cancer [39], naso-
pharyngeal cancer [40].

The essence of EMT is a transdifferentiation behav-
ior during cancer progression, and VM formation is also 
a phenotype of tumor cells that transdifferentiate from 
epithelial cells to endothelial cells. Ten years ago, we 
proposed that the essence of VM is the process of epi-
thelial–endothelial transition (EET) in tumor cells. Moreo-
ver, Twist1, an important transcription factor that drives 
EMT, can transcriptionally regulate the expression of VM 
marker VE-cadherin [41]. The present study is the first to 

describe the role of m6A in the formation of VM and pro-
vides new insights for explaining this process and cancer 
progression.

Various biochemical and physiological characteristics 
will be changed by RNA m6A modification. Many research 
works reported that m6A could influence the stability [22, 
42], distribution [43], alternative splicing [44] of RNA. The 
circRNA modified by m6A could be translated as a pro-
tein [45]. m6A also could promote R-LOOP formation to 
inhibit the transcription [46]. In this study, m6A can affect 
the half-life of YAP1 mRNA, which may be mediated by 
m6A reader YTHDF2 and be a conservative mechanism for 
m6A-mediated mRNA stability. Our results showed that the 
protein expression of YAP1 was more influenced by transla-
tion efficiency.

Hippo pathway plays an important role in tumorigen-
esis and malignant progression. However, the relationship 
between Hippo pathway and VM has not been reported. 
Though we find two research works involving Hippo path-
way and VM, these results had no focused on the function of 
Hippo pathway in VM formation. Ou et al. found that Friz-
zled 2 (FZD2) could induce EMT and VM. RNA sequencing 
reveals that the Hippo pathway is enriched following stable 
silencing of Frizzled 2 (FZD2) in vitro [47]. Wei et al. found 
that Verteporfin suppresses cell survival, angiogenesis and 
vasculogenic mimicry of pancreatic ductal adenocarcinoma. 
Mechanism studies found that YAP transcriptionally regu-
lates Ang2 expression to enhance angiogenesis in vitro [48]. 
Our results firstly showed that YAP1 promotes VM forma-
tion and malignant progression via a m6A-dependent way 
in vitro and in vivo.

The mechanism of m6A in VM formation is complex. 
Other m6A-related proteins (including METTL14, FTO, 
ALKBH5 and the recently discovered large number of m6A 
readers) may be involved in many important pathways and 
thus affect VM formation. Further research will be con-
ducted to explain the role of m6A-related mechanisms in 
VM formation to provide important targets for development 
of VM-based anti-metastasis drugs.
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