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Purpose: N°-methyladenosine (m®A) modification plays an important role in regulating RNA maturation, stability, and translation.
Thus, m®A modification is involved in various pathophysiological processes including hepatocellular carcinoma (HCC). However, the
direct contribution of m®A modifications to RNA function in HCC remains unclear. Here, we identified LEAWBIH (long non-coding
RNA epigenetically activating Wnt/B-catenin signalling in HCC) as an m®A-modified long non-coding RNA (IncRNA) and investi-
gated the effects of m®A on the function of LEAWBIH in HCC.

Methods: Quantitative polymerase chain reaction was performed to measure the gene expression in tissues and cells. The level
of m®A modification was detected using a methylated RNA immunoprecipitation assay and single-base elongation- and ligation-based
gPCR amplification method. Cell proliferation was evaluated using the Glo cell viability and CCK-8 assays. Cell migration and
invasion were evaluated using Transwell migration and invasion assays. The mechanisms of m®A modified LEAWBIH were
investigated using chromatin isolation by RNA purification, chromatin immunoprecipitation, and dual-luciferase reporter assays.
Results: LEAWBIH was highly expressed and correlated with poor survival in HCC patients. LEAWBIH was identified as a m®A-modified
transcript. m®A modification increased LEAWBIH transcript stability. The m°A modification level of LEAWBIH was increased in HCC,
and a high m°A modification level of LEAWBIH predicted poor survival. LEAWBIH promotes HCC cell proliferation, migration, and
invasion in an m®A modification-dependent manner. Mechanistic investigations revealed that m®A-modified LEAWBIH activated Wnt/B-
catenin signaling. m®A-modified LEAWBIH binds to the m®A reader YTHDC1, which further interacts with and recruits H3K9me2
demethylase KDM3B to CTNNBI promoter, leading to H3K9me2 demethylation and CTNNB! transcription activation. Functional rescue
assays showed that blocking Wnt/B-catenin signaling abolished the role of LEAWBIH in HCC.

Conclusion: m°A-modified LEAWBIH exerts oncogenic effects in HCC by epigenetically activating Wnt/B-catenin signaling,
highlighting m®A-modified LEAWBIH as a promising therapeutic target for HCC.
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Introduction

Liver cancer is the sixth most common malignancy and the third leading cause of cancer-related deaths worldwide.'
Hepatocellular carcinoma (HCC) is the most common type of liver cancer.? Surgical resection and liver transplantation are
the preferred therapies for early-stage HCCs.? For recurrent and advanced-stage HCCs, systemic therapies, including tyrosine
kinase inhibitors, immune checkpoint inhibitors, and monoclonal antibodies, are currently utilized.> However, the prognosis of
these advanced-stage HCCs is still very poor, with a 5-year survival rate of less than 20%.* Thus, further elucidation of the
mechanisms driving HCC initiation and progression is urgently needed to develop more efficient treatments for HCC.
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The pathophysiology of HCC has been gradually revealed.”® Several prevalent genetic mutations have been
frequently reported, such as TP53, TERT, AXIN1, APC, CTNNB1, CDKN2A, and RB1.'° Apart to genetic mutations,
more dysregulated expressed genes have also been identified.'" Epigenetic aberrations are the major contributors to gene
expression dysregulation.'? Epigenetic modifications, which include DNA methylation, histone acetylation, histone
methylation, and non-coding RNAs, can activate or repress gene transcription and expression by changing the chromatin
structure.>™'® Long non-coding RNAs (IncRNAs) are a class of non-coding RNAs with more than 200 nucleotides in
length.'”* Aberrant expressions and functions of IncRNAs have been revealed in many diseases, including HCC.**2*

Recently, post-transcriptional RNA modifications, which are also known as epitranscriptomic modifications, have

2930 N_methyladenosine (m®A) is the most common epitranscrip-

been found in various pathophysiological processes.
tomic modification and has been intensively investigated.’'*? Increasing evidence has shown that m°A modification
plays important roles in modulating RNA fate, including RNA maturation, splicing, stability, and translation.>*>® Thus,
by regulating RNA fate, m®A modification shows critical functions in many diseases, including HCC.>" > m®A is
catalyzed by m°A methyltransferases, such as METTL3, METTL14, and WTAP, and removed by m°A demethylases,
such as FTO, ALKBH3, and ALKBH5.%0*? Routinely, m°A is recognized by m®A readers, such as YTHDCI,
HNRNPG, and YTHDF1, which mediate most of the roles of m°A in various pathophysiology processes.*’ However,
the potential contributions of m®A modification to the roles and clinical significance of IncRNAs remain largely unclear.

In this study, by investigating The Cancer Genome Atlas (TCGA) Liver Hepatocellular Carcinoma (LIHC) RNA-seq
data, we found that IncRNA RP4-773N10.4 (also named AL160006.1) was upregulated and associated with poor
prognosis in HCC. Further investigation revealed that RP4-773N10.4 could be m°A modified. m®A-modified RP4-
773N10.4 exerted oncogenic roles in HCC through epigenetic activation of Wnt/B-catenin signalling. Thus, we named
RP4-773N10.4 as long non-coding RNA epigenetically activating Wnt/B-catenin signalling in HCC (LEAWBIH). We
further investigated the mechanisms underlying the role of the m®A-modified LEAWBIH in HCC.

Materials and Methods

Patient Specimens
The correlation between LEAWBIH expression and prognosis, based on TCGA-LIHC RNA-seq data, was analyzed using
the on line tool GEPIA (Gene Expression Profiling Interactive Analysis, http://gepia.cancer-pku.cn/).** Gene expression

levels based on TCGA-LIHC RNA-seq data were download from https://portal.gdc.cancer.gov/. Furthermore, 73 pairs of

HCC tissues and matched adjacent liver tissues were obtained from patients with HCC who underwent surgery at the
Affiliated Hospital of Youjiang Medical University for Nationalities. Written informed consent was obtained from all
participants. This study was conducted in accordance with the Declaration of Helsinki and was reviewed and approved
by the Affiliated Hospital of Youjiang Medical University for Nationalities Institutional Review Board.

Cell Culture

The human immortalized liver cell line THLE-2 (cat. no. CRL-2706) was acquired from American Type Culture
Collection (ATCC, Manassas, VA, USA). The human HCC cell line SK-HEP-1 (cat. no. TCHu109), HuH-7 (cat. no.
SCSP-526) and Hep3B cells (cat. no. SCSP-5045) were obtained from the Chinese Academy of Sciences Cell Bank
(Shanghai, China). THLE-2 cells were maintained using the BEGM Bullet Kit (cat. no. CC-3170; Lonza, Basel,
Switzerland). SK-HEP-1 and Hep3B cells were maintained in Eagle’s Minimum Essential Medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen). HuH-7 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) supplemented with 10% FBS. All cells were cultured at 37°C
and 5% CO,; and routinely tested as mycoplasma-free.

RNA Isolation and Quantitative Polymerase Chain Reaction (qQPCR)

Total RNA was isolated using the RNA Isolator Total RNA Extraction Reagent (Cat. no. R401; Vazyme, Nanjing, China),
followed by being subjected to reverse transcription using HiScript III RT SuperMix for qPCR (cat. no. R323; Vazyme) to
generate first-strand complementary DNA (cDNA). cDNA was subjected to quantitative polymerase chain reaction (qQPCR)
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using ChamQ Universal SYBR qPCR Master Mix (cat. no. Q711; Vazyme) on a QuantStudio Real-Time PCR Instrument
(Applied Biosystems). Primer sequences were as follows:5’-TCAGAGCCAGCGTCAAGAC-3’ (sense) and 5°’-GCCCA
CAAAGACACATCAGG-3’ (antisense) for LEAWBIH; 5-CCACACCCTTCTCCAATCC-3’ (sense) and 5’-GCTCCAC
AGGCAAACTCATC-3’ (antisense) for AXIN2; 5-CAGGTCAAACAGGAACATC-3’ (sense) and 5’-TTTAGAGTACA
CTCAGCAACG-3’ (antisense) for LEF1; 5-ACAACTTCCTGTCCTACTACCG-3’ (sense) and 5’-TCCTCCTCCTCT
TCCTCCTC-3’ (antisense) for CCND1; 5-CTTCCCCTACCCTCTCAA-3’ (sense) and 5’-CGATTTCTTCCTCATCTTCT
-3’ (antisense) for MYC, 5’-AAACAGGAAGGGATGGAA-3’ (sense) and 5’-CAGATGACGAAGAGCACAG-3’ (anti-
sense) for CTNNBI1, 5’-ATCAAGTAGTGCCTCCAG-3’ (sense) and 5’-CTTCCTCCTCATTCTCAG-3’ (antisense) for
YTHDC1, 5’-GCCTCCAACAACAAAACC-3’ (sense) and 5’-CCATCACCATCTCCTTCAC-3’ (antisense) for KDM3B,
5’-GTCGGAGTCAACGGATTTG-3’ (sense) and 5’-TGGGTGGAATCATATTGGAA-3’ (antisense) for GAPDH. GAPDH
was used as an endogenous control. Relative expression was calculated using the comparative Ct method.

Detection of m®A Modification

The m®A-modified transcripts were enriched in methylated RNA immunoprecipitation (MeRIP) assays in HCC cells
using the Magna MeRIP m°A Kit (cat. no. 17-10499, Millipore, Billerica, MA, USA). Enriched transcripts were
measured using qPCR as described above. Furthermore, site-specific m®A modification was detected using the previously
reported single-base elongation- and ligation-based qPCR amplification method (termed “SELECT”).*> Concurrent
detections of non m°®A-modified 2090 and 2672 sites were conducted, which served as input for m®A-modified 2095
and 2679 sites respectively. The probe sequences were as follows:5’-tagccagtacegtagtgegtgGCTTCCTCCA
GACTTTGTCCAAG-3’ (up) and 5’-5phos/CCATTGTCATCTCTCCAGCTAAGACcagaggctgagtcgetgeat-3° (down)
for m®A 2095, 5°- tagccagtaccgtagtgcgtgCTCCAGACTTTGTCCAAGTCCAT-3” (up) and 5°-5phos/GTCATCTCTCCA
GCTAAGACAGCTcagaggctgagtcgetgeat-3° (down) for A 2090, 5’-tagccagtaccgtagtgcgtegCTGCAGAACTCCCTGT
GGGCCAG-3" (up) and 5°-5phos/CCAGGATCTGGGAGCCCTGGAGeagaggetgagtegetgeat-3° (down) for m®A 2679,
5’-tagccagtaccgtagtgegtg ACTCCCTGTGGGCCAGTCCAGGA-3>  (up) and 5°-5phos/CTGGGAGCCCTGGAGG
CCCCTcagaggctgagtcgctgceat-3° (down) for A 2672. The sequences of the primers used for gPCR for SELECT were5’-
ATGCAGCGACTCAGCCTCTG-3’ (sense) and 5’-TAGCCAGTACCGTAGTGCGTG-3’ (antisense).*’

Construction and Transfection of Vectors and siRNAs

The cDNA encoding LEAWBIH was PCR-amplified using PrimeSTAR Max DNA Polymerase (cat. no. R045Q; Takara,
Shiga, Japan) and primers 5’-TTGGTACCGAGCTCGGATCCTATATGTGAAGTGGGCGGTTG-3’ (sense) and 5°-
GGGTTTAAACGGGCCCTCTAGATTGTTTTGTTTGGTTGGTTTTATTT-3" (antisense). The PCR products were
cloned into the BamH I and Xba 1 sites of the pcDNA3.1(+) vector (Invitrogen) using the NovoRec Plus One-step
PCR Cloning Kit (Novoprotein, Shanghai, China) to construct the LEAWBIH expression vector pcDNA3.1-LEAWBIH.
The m®A-modified 2095 and 2679 site-mutated LEAWBIH expression vector pcDNA3.1-LEAWBIH-mut was con-
structed using the Fast Mutagenesis System (TransGen, Beijing, China) with the primers 5’-TGGAGAGATG
ACAATGGTCTTGGACAAAG-3’ (sense) and 5’-ACCATTGTCATCTCTCCAGCTAAGACAG-3’ (antisense) for the
mutation at the 2095 site, and 5’-GGCTCCCAGATCCTGGTCTGGCCCACAG-3’ (sense) and 5’-ACCAGGATCT
GGGAGCCCTGGAGGCCC-3’ (antisense) for the mutation of 2679 site.

Two pairs of cDNA oligonucleotides targeting LEAWBIH were synthesized and cloned into the shRNA lentivirus
expression vector (GenePharma, Shanghai, China), which was used to generate shRNA lentivirus targeting LEAWBIH.
A scrambled non-targeting shRNA lentivirus was used as the negative control (NC). The shRNA
oligonucleotide sequences were as follows:5’-GATCCGGGTTTCTCTGTGCCTGAAAGTTCAAGAGACTTTCAGGC
ACAGAGAAACCCTTTTTTG-3" (sense) and 5’-AATTCAAAAAAGGGTTTCTCTGTGCCTGAAAGTCTCTTGA
ACTTTCAGGCACAGAGAAACCCG-3’ (antisense) for shRNA-LEAWBIH-1; 5-GATCCGGATGAAGAAACTTC
TCATACTTCAAGAGAGTATGAGAAGTTTCTTCATCCTTTTTTG-3’ (sense) and 5’-AATTCAAAAAAGGATGAAG
AAACTTCTCATACTCTCTTGAAGTATGAGAAGTTTCTTCATCCG-3’ (antisense) for shRNA-LEAWBIH-2; and
5-GATCCGTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAACTTTTTTG-3" (sense) and
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5’-AATTCAAAAAAGTTCTCCGAACGTGTCACGTTCTCTTGAAACGTGACACGTTCGGAGAACG-3’ (antisense)
for shRNA-NC.

The METTL3 and FTO expression vectors were obtained from GenePharma (Shanghai, China). ON-TARGETplus
Human YTHDCI1 siRNA SMART Pool (Cat. no. L-015332-02-0010) and ON-TARGETplus Human KDM3B siRNA
SMART Pool (cat. no. L-020378-01-0010) were purchased from Horizon Discovery (Cambridge, UK). Transfection of
the vectors and siRNAs was performed using GP-transfect-Mate (GenePharma).

Construction of Stable Cell Lines

To construct HCC cells with stable overexpression of wild-type or m®A-modified 2095 and 2679 sites mutated
LEAWBIH, pcDNA3.1-LEAWBIH or pcDNA3.1-LEAWBIH-mut were transfected into HuH-7 and SK-HEP-1 cells.
Forty-eight hours later, the cells were treated with 800 pg/ml G418 (InvivoGen, San Diego, CA, USA) for four weeks to
select stably overexpressing cells. To construct HCC cells with stable knockdown of LEAWBIH, shRNA lentivirus
targeting LEAWBIH was transfected into HuH-7 and Hep3B cells. Ninety-six hours later, the cells were treated with 2
pg/ml puromycin (InvivoGen) for four weeks to select for stably depleted cells.

Detection of Cell Proliferation, Migration, and Invasion

Glo cell viability and 5-ethynyl-2’-deoxyuridine (EdU) incorporation assays were performed to evaluate cell prolifera-
tion. Cell viability assays were performed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison,
WI, USA), as previously described.*® EdU incorporation assay was carried out using the Cell-Light EAU Apollo567 In
Vitro Kit (cat. no. C10310-1; RiboBio, Guangzhou, China) as previously described.*”** Transwell migration and

invasion assays were conducted to evaluate cell migration and invasion as we previously described.*’*

Dual-Luciferase Reporter Assay

The B-catenin reporter TOPflash (Addgene, Watertown, MA, USA), which expresses firefly luciferase, and pRL-TK
(Promega), which expresses Renilla luciferase, were cotransfected into the indicated cells. After transfection for 48h,
firefly and Renilla luciferase activities were detected using the Dual-Luciferase Reporter Assay System (Promega).

Chromatin Isolation by RNA Purification (ChIRP) Assay

The ChIRP assay was conducted in HuH-7 cells using the EZ-Magna ChIRP RNA Interactome Kit (cat. no. 17-10495,
Millipore). The sequences of the LEAWBIH antisense DNA probes were as follows:1, 5’-gtgagccagaggtcaatgaa-3’; 2, 5°-
cccaccaagtcagaaagatg-3’; 3, 5’-aaattggggctcaagccaac-3’; 4, 5’-gaggggacccagecagaaaga-3’; 5, 5’-caagacagtcgeatgtatec-3’; 6,
5’-tcatctttcaggcacagaga-3’; 7, 5’-gcctggaaggcaggaaaaag-3’; 8, 5’-aggaaatgtctgagetgtgg-3’; 9, 5’-ctcatgtggcagggaaaact-3’; 10,
5’-ctgeccageattctaataaa-3’; 11, 5’-atttggaatctcttccacgg-3’; 12, 5°-taaaggccaaggtcageata-3’; 13, 5’-ctaagacagcttacttgget-3’; 14,
5’-taggagaaggggcttcgaag-3’; 15, 5’-tggacctgcagaatgagetg-3°; 16, 5’-catgcatgtctecatattee-3°; 17, 5’-tctcatgaatgacgeatgeg-3’;
18, 5’-ttatgggaagatccaggagg-3’; 19, 5’-ttcaacctggggagtgacag-3’; 20, 5’-atatgaggctgtgcagagag-3°. The enriched DNA was
measured using qPCR with the following primers:5’-TGGGACAGGGGAGGATAC-3’ (sense) and 5’-GGGCGG
TGGAAAGTAGTC-3’ (antisense) for CTNNBI promoter; 5’-GACGCTTTCTTTCCTTTCGC-3" (sense) and 5’-CTGCC
CATTCATTTCCTTCC-3’ (antisense) for GAPDH promoter.

Chromatin Immunoprecipitation (ChlIP) Assay

The ChIP assay was conducted in indicated cells using the EZ-Magna ChIP A/G Chromatin Immunoprecipitation Kit
(cat. no. 17-10086, Millipore) and H3K9me2 antibody (cat. no. ab1220, Abcam, Cambridge, MA, USA) or a KDM3B
antibody (cat. no. 5377; Cell Signaling Technology, Danvers, MA). The enriched DNA was measured using qPCR with
the primers5’-TGGGACAGGGGAGGATAC-3’ (sense) and 5’-GGGCGGTGGAAAGTAGTC-3’ (antisense) for
CTNNBI promoter.
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Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6.0 Software. The Mann-Whitney test, Wilcoxon matched-
pairs signed rank test, log-rank test, Student’s ¢-test, one-way ANOVA followed by Dunnett’s multiple comparisons test,
Pearson’s chi-square test, and Spearman’s correlation analysis were conducted as indicated in the figure and table
legends. Statistical significance was set at P < 0.05.

Results

High Expression of LEAWBIH in HCC and Its Correlation with Poor Survival of HCC

Patients Were ldentified

The correlation between LEAWBIH expression and prognosis was analyzed using the online tool GEPIA (Gene Expression
Profiling Interactive Analysis, http://gepia.cancer-pku.cn/) based on TCGA-LIHC RNA-seq data. The results showed that high
expression of LEAWBIH was correlated with short overall survival in patients with HCC (Figure 1A). LEAWBIH expression
levels were analyzed using TCGA-LIHC RNA-seq data, and the results showed that high expression of LEAWBIH was found in
HCC tissues compared to that in normal liver tissues (Figure 1B). TCGA-LIHC RNA-seq data also showed that stage III-IV have
higher expression of LEAWBIH than stage [-Il HCCs (Figure 1C). To further investigate the clinical relevance of LEAWBIH, we
measured LEAWBIH expression in our HCC cohort, comprising 73 pairs of HCC tissues and matched adjacent noncancerous
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Figure I LEAWBIH was increased and correlated with poor overall survival in HCC. (A) The correlation between LEAWBIH (RP4-773N10.4) expression and overall
survival based on the TCGA-LIHC RNA-seq data, analysed by the online tool GEPIA. (B) LEAWBIH expression in 371 HCC tissues and 50 normal liver tissues, based on the
TCGA-LIHC RNA-seq data. Results are presented as median with interquartile range. P < 0.0001 by Mann-Whitney test. (C) LEAWBIH expression in 257 HCC tissues with
stage |-1l, and 90 HCC tissues with stage llI-1V, based on the TCGA-LIHC RNA-seq data. Results are presented as median with interquartile range. P = 0.0461 by Mann-
Whitney test. (D) LEAWBIH expression in 73 pairs of HCC tissues and matched adjacent liver tissues was measured by qPCR. Results are presented as median with
interquartile range. P < 0.0001 by Wilcoxon matched-pairs signed rank test. (E) Kaplan-Meier survival analysis of the correlation between LEAWBIH expression and overall
survival in our HCC cohort containing 73 cases. HR = 1.902, P = 0.0422 by log-rank test. (F) LEAWBIH expression in immortalized liver cell line THLE-2 and HCC cell lines
SK-HEP-1, HuH-7, and Hep3B was measured by qPCR. Results are presented as mean * standard deviation (SD) of 3 independent experiments. ****P < 0.0001 by one-way
ANOVA followed by Dunnett’s multiple comparisons test.
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liver tissues. The results showed that LEAWBIH was more highly expressed in HCC tissues than in the liver tissues (Figure 1D).
Kaplan-Meier survival analysis showed that high LEAWBIH expression was also correlated with short overall survival in our
HCC cohort (Figure 1E). Furthermore, high expression of LEAWBIH was also found in the HCC cell lines SK-HEP-1, HuH-7,
and Hep3B compared to that in the immortalized human liver cell line THLE-2 (Figure 1F).

m®A Modification Upregulated LEAWBIH Expression via Increasing LEAWBIH

Transcript Stability

LEAWBIH has been reported as an m®A-related IncRNA in lower-grade glioma.>® To investigate whether LEAWBIH
was m®A-modified in HCC, we performed a MeRIP assay in SK-HEP-1, HuH-7, and Hep3B cells. The results showed
that m®A-modified LEAWBIH was detected in all HCC cells (Figure 2A). The online tool SRAMP (http:/www.cuilab.cn/
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Figure 2 m°A modification increased LEAWBIH transcript stability. (A) MeRIP assays followed by qPCR were performed in SK-HEP-1, HuH-7, and Hep3B cells to
detect m®A-modified LEAWBIH. (B and €) m®A modification levels of 2095 (B) and 2679 (C) sites of LEAWBIH in SK-HEP-1, HuH-7, and Hep3B cells with METTL3 or
FTO overexpression were measured by SELECT. (D-F) LEAWBIH transcript stability over time was measured after blocking new RNA synthesis with a-amanitin (50 uM) in
SK-HEP-1 (D), HuH-7 (E) or Hep3B (F) cells with METTL3 or FTO overexpression. For (A—F), results are presented as mean * SD of 3 independent experiments. *P <
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1996 "= Journal of Hepatocellular Carcinoma 2023:10

Dove!


http://www.cuilab.cn/sramp
https://www.dovepress.com
https://www.dovepress.com

Dove Wei et al

sramp) predicted two m®A modification sites on LEAWBIH: 2095 and 2679 sites (Supplementary Figure 1A and B). To site-
specifically detect m°A modification sites at 2095 and 2679 sites, we carried out a previously reported single-base elongation- and
ligation-based gPCR amplification method (SELECT) (Supplementary Figure 1C).* The results presented that 2095 and 2679
sites were m®A-modified in SK-HEP-1, HuH-7, and Hep3B cells, and m®A modification levels of both 2095 and 2679 sites were
increased after overexpression of m®A methylase METTL3 and decreased after overexpression of m°A demethylase FTO
(Figure 2B and C). RNA stability assay showed that overexpression of METTL3 increased the stability of the LEAWBIH
transcript, whereas overexpression of FTO decreased the stability of LEAWBIH transcripts in SK-HEP-1, HuH-7, and Hep3B
cells (Figure 2D-F), suggesting that m°A modification may positively regulate LEAWBIH levels. Consistent with this, TCGA-

LIHC RNA-seq data showed that the expression of LEAWBIH was positively correlated with the expression of m°A methylases
METTL3, METTL14, and WTAP (Figure 2G-I). Similar with LEAWBIH, METTL3, METTL14, and WTAP were also highly
expressed in HCC tissues compared to that in normal liver tissues, according to TCGA-LIHC RNA-seq data (Supplementary

Figure 2A—C).

Increased m®A Modification Level of LEAWBIH and Its Positive Correlation with Poor
Survival of HCC Patients Were ldentified

Considering the positive effects of m®A modification on LEAWBIH, we investigated the potential clinical relevance of the
level of m®A modification of LEAWBIH in HCC. SELECT assays revealed that m°A modification levels at 2095 and 2679
sites of LEAWBIH were increased in HCC tissues compared to those in paired adjacent liver tissues (Figure 3A and B).
Kaplan-Meier survival analyses showed that high m®A modification levels at 2095 and 2679 sites were correlated with poor
overall survival of patients with HCC (Figure 3C and D). Consistent with the positive regulation of LEAWBIH
by m®A modification, m°A modification levels at sites 2095 and 2679 were positively correlated with LEAWBIH
expression in HCC tissues (Figure 3E and F). Furthermore, m®A modification levels at 2095 and 2679 sites were increased
in the HCC cell lines SK-HEP-1, HuH-7, and Hep3B compared with the immortalized human liver cell line THLE-2
(Figure 3G and H).

LEAWBIH Exerted Oncogenic Roles in HCC in an m®A Modification Dependent

Manner

Because of the significant prognostic correlation between the expression and m°A modification of LEAWBIH in HCC, we
investigated the potential functions of LEAWBIH in HCC. We generated HuH-7 and SK-HEP-1 cells with stable over-
expression of wild-type or m®A-modified 2095 and 2679 sites mutated LEAWBIH (Figure 4A and B). Glo cell viability assays
showed that HuH-7 and SK-HEP-1 cells overexpressing wild-type LEAWBIH had increased cell viability compared to control
cells, which was abolished by mutation of the m®A-modified 2095 and 2679 sites of LEAWBIH (Figure 4C and D). EdU
incorporation assays showed that HuH-7 and SK-HEP-1 cells with wild-type LEAWBIH overexpression had increased cell
proliferation compared with control cells, which was also abolished by the mutation of the m°®A-modified 2095 and 2679 sites
of LEAWBIH (Figure 4E). Transwell migration and invasion assays showed that HuH-7 and SK-HEP-1 cells with wild-type
LEAWBIH overexpression had increased cell migration and invasion compared with control cells, which were abolished by
mutation of the m®A-modified 2095 and 2679 sites of LEAWBIH (Figure 4F and G). These data suggested that LEAWBIH
exerts oncogenic effects in an m®A modification-dependent manner.

Knockdown of LEAWBIH Exerted Tumor Suppressive Roles in HCC

To further confirm the role of LEAWBIH in HCC, we generated HuH-7 and Hep3B cells with stable LEAWBIH
knockdown (Figure 5A and B). Glo cell viability assays showed that HuH-7 and Hep3B cells with LEAWBIH knock-
down had decreased cell viability compared to control cells (Figure 5C and D). EdU incorporation assays showed that
HuH-7 and Hep3B cells with LEAWBIH knockdown had decreased proliferation compared with control cells
(Figure 5E). Transwell migration and invasion assays showed that HuH-7 and Hep3B cells with LEAWBIH knockdown
had decreased cell migration and invasion compared to the control cells (Figure 5F and G). These data suggest that
knockdown of LEAWBIH exerts tumor-suppressive effects on HCC.
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Figure 3 m°A modification level of LEAWBIH was increased and correlated with poor overall survival in HCC. (A and B) m°A modification levels of 2095 (A) and 2679 (B)
sites of LEAWBIH in 73 pairs of HCC tissues and matched adjacent liver tissues was measured by SELECT. Results are presented as median with interquartile range. P <
0.0001 by Wilcoxon matched-pairs signed rank test. (C and D) Kaplan-Meier survival analysis of the correlation between m®A modification levels of 2095 (C) and 2679 (D)
sites of LEAWBIH and overall survival in our HCC cohort containing 73 cases. HR and P values were calculated by log-rank test. (E and F) The correlation between
LEAWBIH expression and m°A modification levels of 2095 (E) or 2679 (F) sites of LEAWBIH in HCC tissues. n = 73, r and P values were calculated by Spearman correlation
analysis. (G and H) m°A modification levels of 2095 (G) and 2679 (H) sites of LEAWBIH in immortalized liver cell line THLE-2 and HCC cell lines SK-HEP-1, HuH-7, and
Hep3B was measured by SELECT. Results are presented as mean * SD of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.00| by one-way ANOVA followed by
Dunnett’s multiple comparisons test.

LEAWBIH Activated Wnt/B-Catenin Signaling in an m°A-Dependent Manner

To reveal the mechanisms responsible for the oncogenic roles of m®A-modified LEAWBIH in HCC, we performed Gene
Set Enrichment Analysis (GSEA) of the TCGA-LIHC RNA-seq data. The TCGA-LIHC cohort was divided into
a LEAWBIH high-expression group and LEAWBIH low-expression group based on the median LEAWBIH expression
level. GSEA results presented that genes from “subtype S1” signature of HCC were significantly enriched in LEAWBIH
high expression group (Figure 6A). Subclass S1 of HCC indicates aberrant activation of the Wnt/B-catenin signaling.”'
Thus, we further investigated the correlation between LEAWBIH and Wnt/B-catenin signaling using GSEA of TCGA-
LIHC RNA-seq data. The results showed that several Wnt/B-catenin signaling gene signatures were significantly enriched
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Figure 4 LEAWBIH promoted cell proliferation, migration, and invasion in an m°A dependent manner. (A and B) LEAWBIH expression in HuH-7 (A) and SK-HEP-1 (B)
cells with stable overexpression of wild-type or m®A-modified 2095 and 2679 sites mutated LEAWBIH was detected by qPCR. (C and D) Cell viability of HuH-7 (C) and SK-
HEP-1 (D) cells with overexpression of wild-type or mutated LEAWBIH was measured by Glo cell viability assay. (E) Cell proliferation of HuH-7 and SK-HEP-1 cells with
overexpression of wild-type or mutated LEAWBIH was measured by EdU incorporation assay. Scale bars, 200 ym. (F) Cell migration of HuH-7 and SK-HEP-1 cells with
overexpression of wild-type or mutated LEAWBIH was measured by transwell migration assay. Scale bars, 100 ym. (G) Cell invasion of HuH-7 and SK-HEP-I cells with
overexpression of wild-type or mutated LEAWBIH was measured by transwell invasion assay. Scale bars, 100 ym. Results are presented as mean * SD of 3 independent
experiments. *P < 0.05, **P < 0.01, ****P < 0.0001, ns, not significant, by one-way ANOVA followed by Dunnett’s multiple comparisons test.
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Figure 5 Knockdown of LEAWBIH repressed cell proliferation, migration, and invasion. (A and B) LEAWBIH expression in HuH-7 (A) and Hep3B (B) cells with stable
knockdown of LEAWBIH was detected by qPCR. (C and D) Cell viability of HuH-7 (C) and Hep3B (D) cells with knockdown of LEAWBIH was measured by Glo cell
viability assay. (E) Cell proliferation of HuH-7 and Hep3B cells with knockdown of LEAWBIH was measured by EdU incorporation assay. Scale bars, 200 uym. (F) Cell
migration of HuH-7 and Hep3B cells with knockdown of LEAWBIH was measured by transwell migration assay. Scale bars, 100 pm. (G) Cell invasion of HuH-7 and Hep3B
cells with knockdown of LEAWBIH was measured by transwell invasion assay. Scale bars, 100 um. Results are presented as mean * SD of 3 independent experiments. *P <
0.05, **P < 0.0, **P < 0.001 by one-way ANOVA followed by Dunnett’s multiple comparisons test.

in the LEAWBIH high expression group (Figure 6A). Therefore, we further investigated the potential effects of
LEAWBIH on Wnt/B-catenin signaling. Dual-luciferase reporter assays showed that ectopic expression of LEAWBIH
increased the luciferase activity of the [-catenin reporter TOPflash, which was abolished by mutation of
the m®A-modified 2095 and 2679 sites of LEAWBIH (Figure 6B). Conversely, LEAWBIH knockdown decreased the
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Figure 6 m*A-modified LEAWBIH activated Wnt/B-catenin signaling. (A) GSEA of HCC subclass S| and Wnt/B-catenin signaling gene signatures in LEAWBIH high expression group
versus LEAWBIH low expression group. NES, normalized enrichment score. (B and C) B-catenin reporter TOPFlash was co-transfected with pRL-TK into HuH-7 cells with
overexpression of wild-type or mutated LEAWBIH (B) or HuH-7 cells with knockdown of LEAWBIH (C). Luciferase activities were measured 48 h after transfection. Results are
presented as the relative ratio of firefly luciferase activity to Renilla luciferase activity. (D) The expression of Wnt/B-catenin targets in HuH-7 cells with overexpression of wild-type or
mutated LEAWBIH was measured by qPCR. (E) The expression of Wnt/B-catenin signaling targets in HuH-7 cells with knockdown of LEAWBIH was measured by qPCR. For (B-E),
results are presented as mean * SD of 3 independent experiments. *P < 0.05, **P < 0.01, ns, not significant, by one-way ANOVA followed by Dunnett’s multiple comparisons test. (F—I)
The correlation between LEAWBIH expression and Wnt/B-catenin signaling targets AXIN2 (F), LEFI (G), CCND I (H), or MYC (I) expression in 371 HCC tissues, based on the TCGA-
LIHC RNA-seq data. r and P values were calculated by Spearman correlation analysis.
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luciferase activity of TOPflash (Figure 6C). Ectopic expression of LEAWBIH increased the expression of Wnt/p-catenin
targets, including AXIN2, LEF1, CCND1, and MYC, which was also abolished by mutations in the m®A-modified 2095
and 2679 sites of LEAWBIH (Figure 6D). LEAWBIH knockdown decreased Wnt/B-catenin target expression
(Figure 6E). TCGA-LIHC data revealed that LEAWBIH expression was positively correlated with the expression of
Wnt/B-catenin targets (Figure 6F-I), further supporting the positive regulation of Wnt/B-catenin signaling by LEAWBIH.
Similar with LEAWBIH, Wnt/B-catenin targets were also highly expressed in HCC tissues compared to that in normal
liver tissues, according to TCGA-LIHC RNA-seq data (Supplementary Figure 2D and E).

m®A-Modified LEAWBIH Epigenetically Activated CTNNBI Expression Through

Inducing Demethylation of H3K9me2 at CTNNB/| Promoter Region

Analysis of TCGA-LIHC RNA-seq data also revealed a significant positive correlation between LEAWBIH and
CTNNBI (B-catenin encoding gene) expression (Figure 7A). Similar with LEAWBIH, CTNNB1 was also highly
expressed in HCC tissues compared to that in normal liver tissues, according to TCGA-LIHC RNA-seq data
(Supplementary Figure 2F). qPCR results showed that the expression of CTNNB1 was increased in HuH-7 cells
overexpressing wild-type LEAWBIH, which was abolished by mutation of the m°®A-modified 2095 and 2679 sites of
LEAWBIH (Figure 7B). LEAWBIH decreased the expression of CTNNBI1 (Figure 7C). These data suggest that
LEAWBIH positively regulates CTNNBI expression in an m°A dependent manner. Previous reports have shown
that m°A-modified transcripts bind to the m°A reader YTHDCI, which further interacts with and recruits the
H3K9me2 demethylase KDM3B, inducing H3K9me2 demethylation and gene activation.’”> To investigate
whether m®A-modified LEAWBIH modulated CTNNB! transcription in such a manner, we first investigated whether
LEAWBIH bound to CTNNBI promoter using the ChIRP assays. The results showed that LEAWBIH specifically bound
to CTNNBI promoter (Figure 7D). ChIP assays showed that ectopic expression of LEAWBIH promoted the binding of
KDM3B to CTNNBI promoter and decreased H3K9me?2 levels at CTNNBI promoter, both of which were abolished by
mutations in the m®A-modified 2095 and 2679 sites of LEAWBIH (Figure 7E). Knockdown of LEAWBIH reduced the
binding of KDM3B to CTNNBI promoter and increased H3K9me2 levels at CTNNBI promoter (Figure 7F). The
depletion of YTHDCI1 abolished the effects of LEAWBIH on the binding of KDM3B to CTNNB! promoter and
H3K9me?2 levels at CTNNBI promoter (Figure 7G and Supplementary Figure 3A). Depletion of YTHDCI1 also abolished
the LEAWBIH-induced increase in CTNNBI expression (Figure 7H), suggesting that YTHDCI is required for epigenetic
roles of m°A-modified LEAWBIH in epigenetically activating CTNNBI expression. Similarly, KDM3B depletion
abolished the LEAWBIH-induced increase in CTNNBI expression (Figure 71 and Supplementary Figure 3B).
Collectively, these findings suggest that m®A-modified LEAWBIH epigenetically activates CTNNBI expression by

inducing H3K9me?2 demethylation at CTNNBI promoter region.

Blocking of Wnt/B-Catenin Signaling Reversed the Oncogenic Roles of LEAWBIH in
HCC

To evaluate whether the oncogenic role of LEAWBIH in HCC is dependent on the activation of Wnt/B-catenin signaling,
we treated LEAWBIH-overexpressing HuH-7 cells with the Wnt/B-catenin signaling inhibitor ICG-001 (Supplementary
Figure 3C). Glo cell viability assays showed that ICG-001 treatment reversed the increase in cell viability caused by
LEAWBIH overexpression (Figure 8A). EdU incorporation assays showed that treatment with ICG-001 reversed the
increase in cell proliferation caused by LEAWBIH overexpression (Figure 8B). Transwell migration and invasion assays
showed that treatment with ICG-001 reversed the increase in cell migration and invasion caused by LEAWBIH over-
expression (Figure 8C and D). These data suggest that Wnt/B-catenin signalling activation is a critical mediator of the
oncogenic role of LEAWBIH in HCC.

Discussion
As the most common RNA post-transcriptional modification, m®A plays an important role in determining RNA fate.>
However, the clinical significance of m®A remains largely unclear. In this study, we found that the m®A modification
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Figure 7 m®A-modified LEAWBIH epigenetically activated CTNNB/ expression. (A) The correlation between LEAWBIH and CTNNBI expression in 371 HCC tissues,
based on the TCGA-LIHC RNA-seq data. r = 0.4085, P < 0.0001 by Spearman correlation analysis. (B and C) The expression of CTNNBI in HuH-7 cells with
overexpression of wild-type or mutated LEAWBIH (B) or HuH-7 cells with knockdown of LEAWBIH (C) was measured by qPCR. (D) ChIRP assays with LEAWBIH
antisense probes or control probes were conducted in HuH-7 cells to measure the binding of LEAWBIH to CTNNB/ promoter. GAPDH promoter was used as negative
control. (E) ChIP assays with KDM3B or H3K9me?2 specific antibodies were conducted in HuH-7 cells with overexpression of wild-type or mutated LEAWBIH to measure
the binding of KDM3B to CTNNB/ promoter and H3K9me2 level at CTNNB/ promoter. (F) ChlP assays with KDM3B or H3K9me2 specific antibodies were conducted in
HuH-7 cells with knockdown of LEAWBIH to measure the binding of KDM3B to CTNNB/ promoter and H3K9me2 level at CTNNBI promoter. (G) ChIP assays with
KDM3B or H3K9me?2 specific antibodies were conducted in HuH-7 cells with overexpression of LEAWBIH and depletion of YTHDCI to measure the binding of KDM3B to
CTNNBI promoter and H3K9me2 level at CTNNB/ promoter. (H) The expression of CTNNBI in HuH-7 cells with overexpression of LEAWBIH and depletion of YTHDCI
was measured by qPCR. (I) The expression of CTNNBI in HuH-7 cells with overexpression of LEAWBIH and depletion of KDM3B was measured by qPCR. Results are
presented as mean * SD of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant, by one-way ANOVA followed by Dunnett’s multiple
comparisons test (B—F) or Student’s t-test (G-I).

Journal of Hepatocellular Carcinoma 2023:10 hetps: 2003

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wei et al Dove

A ;. B
Z‘ K §
= 204 <
g % PcDNA3.1
2 1.5 ns g
S =
g 10 3
- Q.
% 0.5 =) pcDNA3.1-  pcDNA3.1-LEAWBIH
x o LEAWBIH +ICG-001
w
0.0- =
N
0y. N\ Q
N
Q Y O
(@) Q/ XN
T VL
v W \ad
Qo '\’\/ QO ,\,\/
g 3
> >
¢ ¢
C =] 60 - ok D k=] 501 o
= g
= pcDN;3.1 S 40+ pcDNA3.1
2 N, T + VRN
g 40 r‘\:\:.h’*‘ 4 -g 30 ns .%’\ Yoo .
= L W ¥ 2 301 A T
3 g 3 20 S
S 20+ pcDNA3.1-  pcDNA3.1-LEAWBIH o pcDNA3.1-  pcDNA3.1-LEAWBIH
= __LEAWBIH _  +ICG-001 z 10- LEAWBIH"'"; _+ICG-001 _
5 SENC L iy g P e
= ol WL F Wt i n B SRy
~ St - N N 8 Lttt
?‘:b $@\ ,QQ k LEN -; . p 0P ?{P @Q)\ ,QQ "a:#».‘va—' ~.*'.‘,‘ as
> & & > & &
O \3’ X\ (@) \3/ x\
Q r.\’ @\‘2‘ Q fb"\' Q)\\?‘
v v
S \3’ Y \fo
R n_)'.\' Q (b'.\'
év é?“
» »

O,
Q,

Figure 8 Blocking of Wnt/fB-catenin signaling reversed the roles of LEAWBIH in promoting cell proliferation, migration, and invasion. (A) Cell viability of HuH-7 cells with
overexpression of LEAWBIH treated with or without 5 utM ICG-001 was measured by Glo cell viability assay. (B) Cell proliferation of HuH-7 cells with overexpression of
LEAWBIH treated with or without 5 uM ICG-001 was measured by EdU incorporation assay. Scale bars, 200 pm. (C) Cell migration of HuH-7 cells with overexpression of
LEAWBIH treated with or without 5 uM ICG-001 was measured by transwell migration assay. Scale bars, 100 um. (D) Cell invasion of HuH-7 cells with overexpression of
LEAWBIH treated with or without 5 uM ICG-001 was measured by transwell invasion assay. Scale bars, 100 pm. Results are presented as mean = SD of 3 independent
experiments. **P < 0.01, ns, not significant, by one-way ANOVA followed by Dunnett’s multiple comparisons test.

level of LEAWBIH is increased in HCC and increased m°A modification level of LEAWBIH predicts poor overall
survival of patients with HCC. Furthermore, we found that the prognostic efficacy of m°A modification level in
LEAWBIH was better than that in LEAWBIH. Thus, our findings suggest that m°A modification levels of specific
transcripts may be prognostic biomarkers for specific diseases, such as the m®A modification level of LEAWBIH for
HCCs’ prognosis.

The m°®A modification has been shown to have positive or negative roles in the stability of specific transcripts.> In this
study, we found that m®A modification increases the stability of LEAWBIH. Thus, the m°A modification level of LEAWBIH
positively correlated with its expression level. In addition to the effects of m°A modification on LEAWBIH stability, we found
that the biological functions of LEAWBIH were influenced by m®A modification. LEAWBIH plays an oncogenic role in HCC
by promoting cell proliferation, migration, and invasion. However, mutation of the m®A modification sites abolished the
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oncogenic role of LEAWBIH. Our findings suggest that only m°A-modified LEAWBIH, but not unmodified LEAWBIH,
plays oncogenic roles in HCC. These data revealed that m°A modification not only regulates RNA expression but also
regulates RNA function.

Mechanistic investigations revealed that m®A-modified LEAWBIH binds to the m°®A reader YTHDC1, which further
interacts with and recruits the H3K9me2 demethylase KDM3B to CTNNBI promoter. H3K9me?2 is a classical repressive
histone mark.’**> By decreasing H3K9me2 levels in CTNNBI promoter region, m®A-modified LEAWBIH activates
CTNNBI transcription. These findings provide novel evidence of the effects of m®A modifications on gene transcription.
Previously, Li et al reported that m®A-modified transcripts interact with and recruit YTHDC1 and further KDM3B to
the m®A-associated chromatin region, leading to the reduction of H3K9me2 and gene expression activation.”® Deng et al
reported that m®A-modified transcripts interact with another m®A reader FXR1, which further interacts with and recruits
DNA 5-methylcytosine dioxygenase TET1 to genomic regions, leading to DNA demethylation and gene transcription.>®
All these findings revealed the interplays between RNA modification and epigenetic gene transcription.

CTNNBI encodes B-catenin, which is a major component of the Wnt/B-catenin signaling pathway. Nuclear transloca-
tion of B-catenin activates the expression of Wnt/B-catenin downstream targets, which was routinely indicated as Wnt/p-
catenin signaling activation.”” Wnt/B-catenin signaling shows important roles in many pathophysiological processes.® In
various cancers, Wnt/B-catenin signaling mainly shows tumor promotive roles.>® In this study, we found that through
epigenetic activation CTNNBI expression, m®A-modified LEAWBIH activated Wnt/p-catenin signaling, which is
responsible for the oncogenic roles of m®A-modified LEAWBIH in HCC.

Conclusion

In conclusion, this study revealed that the m®A modification level of LEAWBIH was increased and correlated with a poor
prognosis in HCC. m°®A-modified LEAWBIH exerts oncogenic effects in HCC by epigenetically activating CTNNBI
expression and Wnt/B-catenin signaling. These findings suggest that m°A-modified LEAWBIH is a potential therapeutic
target for HCC.

Abbreviations

m°A, N6-methyladenosine; HCC, Hepatocellular carcinoma; IncRNA, long non-coding RNA; TCGA, The Cancer
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Whnt/B-catenin signaling in HCC; FBS, fetal bovine serum; qPCR, quantitative polymerase chain reaction; cDNA,
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