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Purpose: Hepatocellular carcinoma (HCC) is one of the most lethal malignancies in the world. Oncofetal proteins are the optimal
diagnostic biomarkers and therapeutic targets for HCC. As the most abundant modification in RNA, N°-methyladenosine (m°®A) has
been reported to be involved in HCC initiation and progression. However, whether m®A has oncofetal characteristics remains
unknown.

Methods: Gene expression in HCC tissues and cells was detected using qPCR. The level of m°A methylation was determined using
methylated RNA immunoprecipitation assay. The biological roles of NUTM2B-AS1 in HCC were detected using Cell Counting Kit-8,
5-ethynyl-2’-deoxyuridine incorporation, and spheroid formation assays. The mechanisms underlying the roles of NUTM2B-AS1 were
explored using RNA immunoprecipitation (RIP), chromatin isolation by RNA purification (ChIRP), chromatin immunoprecipitation
(ChIP), and assay for transposase-accessible chromatin (ATAC).

Results: NUTM2B-AS1 was identified as a novel oncofetal long noncoding RNA that was upregulated in the fetal liver and HCC and
silenced in adult liver tissues. METTL3 and METTL16 induce m°A hypermethylation of NUTM2B-AS1. The m®A methylation levels
of NUTM2B-AS1 exhibit oncofetal characteristics. m°A methylation upregulates NUTM2B-AS]1 expression by increasing NUTM2B-
AS1 transcript stability. m®A-methylated NUTM2B-AS1 promotes HCC cell proliferation and stemness via epigenetically activating
BMPRIA expression. NUTM2B-AS1 specifically binds to BMPRIA promoter. m®A-methylated NUTM2B-AS] is recognized by
the m®A reader YTHDC2, which further binds to the H3K4 methyltransferase MLL1. m®A-methylated NUTM2B-AS1 recruits
YTHDC2 and MLL1 to BMPRIA promoter, leading to increased H3K4me3 and chromatin accessibility at BMPRIA promoter.
Functional rescue assays suggest that BMPRIA is a critical mediator of the oncogenic role of m®A-methylated NUTM2B-AS| in
HCC.

Conclusion: METTL3- and METTL16-mediated m®A methylation of NUTM2B-AS]I is a novel oncofetal molecular event in HCC
that promotes HCC stemness via epigenetically activating BMPRIA transcription.
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Introduction

Liver cancer is one of the most common malignancies worldwide, which ranks as the second leading lethal cancer type in
China and the sixth leading lethal cancer type in the United States.'”* Hepatocellular carcinoma (HCC) is the major
subtype of liver cancer.> Compared to other malignancies, HCC has relatively poor prognosis, with 5-year survival rate of
only about 20%.* One of the causes of worse prognosis of HCC is that most HCCs have stemness property and strong
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self-renewal potential.” HCC share many similar molecular features with embryonic liver development.® Several
oncofetal molecules have been identified in HCC, such as AFP, GPC3, SALL4, MBNL3, H19 and SLC38A4.7!2
However, other oncofetal events, such as epigenetic modifications, involved in embryonic liver development and HCC
are still largely unknown.

Epigenetic modifications are the main regulators of gene expression and include DNA methylation, histone modifica-
tion, and noncoding RNAs etc.'> ! Long noncoding RNAs (IncRNAs) are a class of regulatory noncoding RNAs that are
more than 200 nucleotides in length and have no protein encoding potential.'®"'® Many reports have revealed the critical
roles of IncRNAs in various diseases, including HCC."” ' IncRNA PVT1 and MIR4435-2HG were previously identified
as oncofetal IncRNAs in HCC.**** However, whether other IncRNAs could also be recognized as oncofetal events and
their potential roles in HCC need further investigation.

As the most abundant modification in RNA, N°®-methyladenosine (m®A) is another level of epitranscriptomic
regulation of gene expression.”* *® Accumulating evidence has shown that m°A methylation can occur in both coding
and noncoding transcripts, which plays important roles in modulating the fate of modified transcripts, including

2729 mSA methylation is catalyzed by m°A methyltransferases, such as METTL3,

processing, stability, translation etc.
METTL14, METTL16, and WTAP.** % Some transcripts may be the common targets of various methyltransferases. In
contrast to METTL3, METTLI16 only methylates a limited number of targets.”> m®A methylation is a reversible
modification, which can be removed by m°A demethylases, such as FTO, ALKBHS, and ALKBH3.>**° The biological
roles of m°A are largely mediated by m°A readers, such as YTHDC1, YTHDC2, YTHDF1, HNRNPA2BI etc.**¢
These m®A readers recognize m®A methylation and further bind other proteins to change the fate of m°®A-methylated
transcripts.”’ % Oncofetal m°A methylation events in HCC are still largely unknown.

In this study, using a combinational analysis of IncRNAs dysregulated in fetal livers derived from GSE225635 data
and IncRNAs dysregulated in HCC derived from The Cancer Genome Atlas (TCGA) Liver Hepatocellular Carcinoma
(LIHC) data, we identified NUTM2B-AS]1 as an oncofetal IncRNA. Furthermore, we found that m®A methylation of
NUTM2B-AS1 was also an oncofetal event. Functional investigations revealed that only m°®A-methylated NUTM2B-
AS1 promoted HCC cell proliferation and enhanced the stemness features. Mechanistic investigations revealed
that m®A-methylated NUTM2B-AS| epigenetically activated BMPRIA expression, which mediated the oncogenic role
of m®A-methylated NUTM2B-AS1 in HCC. BMPRIA belongs to the bone morphogenetic protein (BMP) receptor

family, which drives HCC stem cell self-renewal through BMP signaling.***

Materials and Methods

Human Tissue Samples

Sixty pairs of HCC tissues and matched non-cancerous liver tissues were collected from patients with HCC who
underwent surgery at the Affiliated Hospital of Youjiang Medical University for Nationalities. Fetal liver tissues were
collected from patients who underwent pregnancy termination at the Affiliated Hospital of Youjiang Medical University
for Nationalities. Adult liver tissues were collected from healthy distal liver tissues obtained from patients with liver
hemangiomas at the Affiliated Hospital of Youjiang Medical University for Nationalities. Written informed consent was
obtained from all the patients. 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.

Data Collection
The RNA-sequence data and clinical characteristics of 371 hCC patients derived from TCGA LIHC data were down-
loaded and analyzed using the online bioinformatics tools GEPIA (http://gepia.cancer-pku.cn/) and R2 Genomics

Analysis and Visualization Platform (https://hgserverl.amc.nl/cgi-bin/r2/main.cgi). The IncRNA microarray data of 3

adult livers and 3 fetal livers was downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/) with the accession number
GSE225635.%
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Cell Culture

The human immortalized liver cell line THLE-2 (cat. no. CRL-2706), and HCC cell line SNU-398 (cat. no. CRL-2233) were
obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). The human HCC cell line, Hep3B (cat. no.
SCSP-5045) and HuH-7 (cat. no. SCSP-526) cells were acquired from the Chinese Academy of Sciences Cell Bank (Shanghai,
China). THLE-2 cells were cultured using the BEGM Bullet Kit (cat. no. CC-3170; Lonza, Basel, Switzerland). SNU-398,
Hep3B, and HuH-7 cells were maintained in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA), Eagle’s Minimum Essential
Medium (Invitrogen), and Dulbecco’s modified Eagle’s medium (Invitrogen), respectively, supplemented with 10% fetal bovine
serum (Invitrogen). All cells were cultured at 37°C in an atmosphere containing 5% CO, and were routinely tested as
mycoplasma-free.

RNA Extraction, Reverse Transcription and Quantitative Polymerase Chain Reaction
(qPCR)

Total RNA was isolated from the indicated tissues and cells using the RNA isolater Total RNA Extraction Reagent (cat. no. R401,
Vazyme, Nanjing, China). Reverse transcription was performed using the HiScript III RT SuperMix for gPCR (cat. no. R323,
Vazyme). gPCR was conducted using the ChamQ Universal SYBR qPCR Master Mix (cat. no. Q711, Vazyme) and gene-specific
primers. The sequences of primers were as follows: 5’-TCAACCATCTTTCCTGTGA-3’ (sense) and 5°-TCTGAAA
AGTGTCTTGTCTGT-3’ (antisense) for NUTM2B-AS1, 5’-GGTATGAACGGGTAGATGA-3’ (sense) and 5’-GTTGAA
GCCTTGGGGATT-3’ (antisense) for METTL3, 5’-GGTCGGACAATGAGATGG-3’ (sense) and 5’-GGTGATGCTTTGAG
GGATA-3’ (antisense) for METTL16, 5’-TGCTGGCACTGCTCCTAC-3’ (sense) and 5’-AAGAGACTGGCTGTTGACT-3’
(antisense) for CD24, 5’-ATGGACAAGTTTTGGTGG-3’ (sense) and 5’-TGTGGGCAAGGTGCTATT-3’ (antisense) for
CD44, 5°-GGACTTGCGAACTCTCTTG-3’ (sense) and 5’-CCTCTTTGGTCTCCTTGAT-3’ (antisense) for CD133, 5’-AAA
CAGGAAGGGATGGAA-3’ (sense) and Please indicate where it should be pl5S’-CAGATGACGAAGAGCACAG-3’ (anti-
sense) for CTNNBI, 5’-AGGTGAATCCTTGTTTCAT-3" (sense) and 5’-TCTCAGCCTTCTCATACTTT-3’ (antisense) for
EPCAM, 5’-GCCTTTGTGCTTCTGTTCTTCG-3’ (sense) and 5’-CCCACTCATTCTGGTTGTCGTC-3’ (antisense) for
NOTCHI1, 5’-GAGATGGCTCGTCGTTGT-3’ (sense) and 5’-TCTGGAGGCTGGATTGTG-3’ (antisense) for BMPRI1A, 5°-
GTCGGAGTCAACGGATTTG-3’ (sense) and 5’-TGGGTGGAATCATATTGGAA-3’ (antisense) for GAPDH. GAPDH was

used as an endogenous control. Relative expression was calculated using the 2 " method.

Vectors Construction, Cell Transfection and Stable Cell Line Construction

NUTM2B-ASI full-length sequence was PCR-amplified using PrimeSTAR Max DNA Polymerase (cat. no. R045Q; Takara,
Shiga, Japan) and primers 5-AACTTAAGCTTGGTACCGGCCCTCCGGCTGAGCC-3* (sense) and 5’-
TTTAAACGGGCCCTCTAGAACTTTAAAAAATATTAACATTTACT-3’ (antisense). The PCR product was cloned into
the Kpn I and Xba I sites of pcDNA3.1" vector (cat. no. V79020; Invitrogen), using a NovoRec plus one-step PCR Cloning
Kit (cat. no. NR0O3; Novoprotein, Shanghai, China) to construct a NUTM2B-AS1 expression vector. m®A-modification sites
(70, 130, 568, 679, and 810) mutated NUTM2B-AS1 expression vectors were constructed using the Fast Mutagenesis System
(cat. no. FM111, TransGen, Beijing, China) and the primers 5’-TGTGGTCCACCGGAGGTCTCCCTACATTC-3’ (sense)
and 5’-ACCTCCGGTGGACCACACTCCTTCTAGC-3’ (antisense) for mutation of the 70" site, 5’-CTGGGAT
ACCGGAGGTCTCGGGTCCC-3’ (sense) and 5’-ACCTCCGGTATCCCAGCAGCCACCGG-3’ (antisense) for mutation
of the 130™ site, 5’-GTTCTGATACTAAGGTCAAGTATCAACC-3’ (sense) and 5’~ACCTTAGTATCAGAACAATCTCC
AGTG-3’ (antisense) for mutation of the 568" site, 5>~-CATATGACATTAACAGTCAAGACACTTTTC-3’ (sense) and 5°-
ACTGTTAATGTCATATGAGCCCCTGTG-3" (antisense) for mutation of the 679" site, 5°-AAATGTTA
TATTTGGGTCTGTTATCTAAT-3’ (sense) and 5°-ACCCAAATATAACATTTAACTGTACATC-3’ (antisense) for mutation
of the 810™ site. The NUTM2B-AS|1 expression vector and m®A-modification site-mutated NUTM2B-AS1 expression
vectors were transfected into SNU-398 and Hep3B cells using GP-transfect-Mate (cat. no. G04009, GenePharma,
Shanghai, China). Transfected cells were treated with 800 pg/ml of G418 (cat. no. ant-gn-1, InvivoGen, San Diego, CA,
USA) for four weeks to select wild-type or m°A methylation sites mutated NUTM2B-AS]1 stably overexpressed HCC cells.
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Two pairs of cDNA oligonucleotides targeting NUTM2B-AS1 were synthesized and subcloned into the shRNA Ilentivirus-
expressing vector LV-3 (cat. no. C06003; GenePharma), which was used to generate shRNA lentiviruses targeting NUTM2B-
AS1. A scrambled non-targeting shRNA lentivirus was used as the negative control (NC). The sequences of shRNA
oligonucleotides were as follows: 5’-GATCCGGACAAGTATCAACCATCTTTTTCAAGAGAAAAGATGGTTGATA
CTTGTCCTTTTTTG-3’ (sense) and 5’-AATTCAAAAAAGGACAAGTATCAACCATCTTTTCTCTTGAAAAAGATG
GTTGATACTTGTCCG-3’ (antisense) for shRNA-NUTM2B-AS1-1, 5’-GATCCGGCCACATCTAAGAAATCTTTTT
CAAGAGAAAAGATTTCTTAGATGTGGCCTTTTTTG-3" (sense) and 5°’-AATTCAAAAAAGGCCACATCTAAGAAA
TCTTTTCTCTTGAAAAAGATTTCTTAGATGTGGCCG-3* (antisense) for shRNA-NUTM2B-AS1-2, 5’-GATCCG
TTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAACTTTTTTG-3" (sense) and 5°-AATTC
AAAAAAGTTCTCCGAACGTGTCACGTTCTCTTGAAACGTGACACGTTCGGAGAACG-3’ (antisense) for shRNA-
NC. HuH-7 cells were infected with shRNA lentiviruses targeting NUTM2B-AS1 and treated with 2 pg/ml puromycin (cat.
no. ant-pr-1, InvivoGen) for four weeks to select NUTM2B-AS|1 stably depleted HuH-7 cells.

METTL3 and METTL16 expression vectors were purchased from GenePharma. ON-TARGETplus Human METTL3
siRNA SMART Pool (Cat. no. L-005170-02-0010), ON-TARGETplus Human METTL16 siRNA SMART Pool (Cat. no.
L-016359-02-0010), ON-TARGETplus Human YTHDC2 siRNA SMART Pool (Cat. no. L-014220-01-0010), ON-
TARGETplus Human MLL1 siRNA SMART Pool (Cat. no. L-009914-00-0010) and ON-TARGETplus Human BMPR1A
siRNA SMART Pool (cat. no. L-004933-00-0010) were purchased from Horizon Discovery (Cambridge, UK). Cell
transfection was performed using GP-transfect-Mate (cat. no. G04009, GenePharma).

Cell Proliferation Assays

Cell Counting Kit-8 (CCK-8) and 5-ethynyl-2’-deoxyuridine (EdU) assays were conducted to evaluate cell proliferation,
as previously described.*>™* For the CCK-8 assay, 2000/well indicated cells were seeded into 96-well plates. After
culturing for the indicated time, CCK-8 reagent (cat. no. CK04; Dojindo, Shanghai, China) was added to each well to
measure the cell proliferation. The EQU assay was conducted using the Cell-Light EAU Apollo567 In Vitro Kit (cat. no.
C10310-1, RiboBio, Guangzhou, China).

Flow Cytometry

Flow cytometry was conducted on the Attune NxT Flow Cytometer with Attune NxT Software version 5.2 (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) to detect samples using PE anti-human CD24 Antibody (cat.
no. 311106, BioLegend, San Diego, CA, USA) or APC anti-human CD133 Antibody (cat. no. 397906, BioLegend).
The data was analyzed by FlowJo version 10.8.0.

Spheroids Formation Assay
A total of 1000 cells were plated in each well of 6-well ultra-low attachment culture dishes with 2 ml culture medium and
incubated for 10 days. The spheroids were photographed and counted using an inverted microscope.

Limiting Dilution Assay

SNU-398 cells were dissociated into single cells, serially diluted to the indicated doses, and mixed with matrigel at a ratio
of 1:1. Then, the mixtures were injected into the flanks of 6-week old nude mice. After four weeks, the number of tumors
was counted. This study was carried out following the specific animal treatment guidelines and was approved by the
Affiliated Hospital of Youjiang Medical University for Nationalities Institutional Review Board.

RNA Immunoprecipitation (RIP) and Methylated RNA Immunoprecipitation (MeRIP)
Assays

The binding of RNA to proteins was detected using the RIP assay, which was conducted in SNU-398 cells using an EZ-
Magna RIP Kit (cat. no. 17-701, Millipore, Billerica, MA, USA) and antibodies against YTHDC?2 (cat. no. ab220160,
Abcam, Cambridge, MA, USA) or MLL1 (cat. no. 34907; Cell Signaling Technology, Danvers, MA). Enriched

2396 e Journal of Hepatocellular Carcinoma 2024:1 1

Dove!


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

Dove Li et al

NUTM2B-AS1 was measured using qPCR, as described above. The m®A methylation level of NUTM2B-AS1 in HCC
tissues and cells was measured using a MeRIP assay with a Magna MeRIP m°A Kit (cat. no. 17-10499, Millipore).
Enriched m®A-methylated NUTM2B-AS1 was measured by qPCR, as described above.

Chromatin Isolation by RNA Purification (ChIRP) Assay

The binding of RNA to chromatin DNA was detected using the ChIRP assay, which was conducted in SNU-398 cells
using the EZ-Magna ChIRP RNA Interactome Kit (cat. no. 17-10495, Millipore) and NUTM2B-AS1 antisense probes.
The sequences of NUTM2B-AS1 antisense probes were as follows: 1, 5’-cgcggaaaccatagagatca-3’; 2, 5°-gaggc
agtgaggtaatggag-3’; 3, 5’-agaactagaggtattccccg-3’; 4, 5’-tcttgcttcatggagecatg-3’; 5, 5’-atggttttgcettttatcctg-3’; 6, 5’-caccag
taaagcttctcttc-3’; 7, 5’-agatggttgatacttgtcet-3°; 8, 5’-tgttaatgtcatatgageee-3°. Enriched DNA was measured by qPCR using
primers 5’-TGTGGGGCTGGCTTGTGG-3’ (sense) and 5’-CCCGAAGAGTTCGCGGAG-3’ (antisense) for BMPRIA
promoter and 5’-GGCTACTAGCGGTTTTACGG-3’ (sense) and 5’-CGAACAGGAGGAGCAGAGA-3’ (antisense) for
GAPDH promoter.

Chromatin Immunoprecipitation (ChlIP) Assay

Histone modification levels in the indicated HCC cells were detected using the ChIP assay, which was conducted using
an EZ-Magna ChIP A/G Kit (cat. no. 17-10086, Millipore) and antibodies against H3K9me2 (cat. no. ab1220; Abcam) or
H3K4me3 (cat. no. ab8580, Abcam). Binding of proteins to chromatin DNA was also detected using the ChIP assay,
which was conducted in HCC cells using the EZ-Magna ChIP A/G Kit (cat. no. 17-10086, Millipore) and antibodies
against YTHDC2 (cat. no. ab220160; Abcam) or MLL1 (cat. no. 34907; Cell Signaling Technology). The enriched
BMPR 14 promoter region was measured by qPCR using the primers 5’-TGTGGGGCTGGCTTGTGG-3’ (sense) and 5’-
CCCGAAGAGTTCGCGGAG-3’ (antisense).

Assay for Transposase Accessible Chromatin (ATAC)

Chromatin accessibility at BMPRIA promoter region in the HCC cells was detected using the ATAC assay, which was
conducted using the Hyperactive ATAC-Seq Library Prep Kit for Illumina (cat. no. TD711, Vazyme). The enriched
BMPR 14 promoter region was measured by qPCR using the primers 5’-TGTGGGGCTGGCTTGTGG-3’ (sense) and 5’-
CCCGAAGAGTTCGCGGAG-3’ (antisense).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6.0 Software. For the comparison of two groups, Student’s
t-test was performed. For the comparison of more than two groups, one-way ANOVA followed by Dunnett’s multiple
comparisons test was performed. Mann-Whitney test, Wilcoxon matched-pairs signed rank test, log-rank test, Student’s
t-test, one-way ANOVA followed by Dunnett’s multiple comparisons test, and Spearman correlation analysis were also
indicated in the figure legends. P < 0.05 was considered significant for all statistical analyses.

Results
NUTM2B-ASI is an Oncofetal IncRNA in HCC

To investigate whether NUTM2B-AS1 is an oncofetal IncRNA in HCC, we collected four fetal and four adult liver
tissues. The results revealed that NUTM2B-AS1 was significantly upregulated in fetal liver tissues compared to adult
liver tissues (Figure 1A). The Cancer Genome Atlas (TCGA) Liver Hepatocellular Carcinoma (LIHC) data revealed that
NUTM2B-AS1 was significantly upregulated in HCC tissues compared to noncancerous liver tissues (Figure 1B).
Analysis of TCGA-LIHC data further revealed that NUTM2B-AS1 was highly expressed in HCC tissues with poor
differentiation (Figure 1C), high a-fetoprotein (AFP) (Figure 1D), and large tumor size (Figure 1E). Analyses of TCGA-
LIHC data using the online bioinformatics tool GEPIA (http://gepia.cancer-pku.cn/) showed that high NUTM2B-AS1
expression was associated with poor overall survival (Figure 1F). To confirm the expression pattern of NUTM2B-AS1 in

HCC, we collected 60 pairs of HCC and matched noncancerous liver tissues. NUTM2B-AS1 was also highly expressed
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Figure | The oncofetal expression feature of NUTM2B-AS| in HCC. (A) NUTM2B-AS| expression in four fetal liver tissues and four adult liver tissues was measured by
qPCR. (B) NUTM2B-AS| expression in 50 normal liver tissues and 371 hCC tissues, according to TCGA LIHC data. (C) NUTM2B-AS| expression in 232 hCC tissues with
histologic grade 1-2 and 134 hCC tissues with histologic grade 3—4, according to TCGA LIHC data. (D) NUTM2B-AS| expression in 147 hCC tissues with AFP value < 20
and 131 hCC tissues with AFP value > 20, according to TCGA LIHC data. (E) NUTM2B-AS| expression in 181 hCC tissues with pathologic T| and 187 hCC tissues with
pathologic T2-4, according to TCGA LIHC data. For A-E, P values were calculated by Mann-Whitney test. (F) The correlation between NUTM2B-ASI expression and
overall survival of HCC patients, according to TCGA LIHC data. (G) NUTM2B-AS| expression in 60 pairs of HCC tissues and matched noncancerous liver tissues was
measured by qPCR. P < 0.0001 by Wilcoxon matched-pairs signed rank test. (H) NUTM2B-AS| expression in immortalized liver cell line THLE-2 and HCC cell lines SNU-
398, Hep3B and HuH-7 was measured by qPCR. Results are shown as mean + standard deviation (SD) of 3 independent experiments. **P < 0.001, ****P < 0.0001 by one-
way ANOVA followed by Dunnett’s multiple comparisons test.

in HCC tissues compared to noncancerous liver tissues (Figure 1G). High NUTM2B-AS1 expression positively
correlated with high AFP, poor differentiation, and advanced TNM stage (Supplementary Table 1). Furthermore,
NUTM2B-AS1 was highly expressed in the HCC cell lines SNU-398, Hep3B, and HuH-7 compared to that in the
immortalized noncancerous liver cell line THLE-2 (Figure 1H). These expression features suggested that NUTM2B-AS1
is an oncofetal IncRNA in HCC.
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METTL3 and METTLI6-Induced m®A Methylation of NUTM2B-AS| Shows Oncofetal

Feature
Two online bioinformatics tools RMBase 2.0 (https:/rna.sysu.edu.cn/rmbase/m6Amod.php) and SRAMP (http://www.

cuilab.cn/sramp), predicted NUTM2B-AS1 as an m®A modified transcript, with 70, 130, 568, 679, and 810 sites on
NUTM2B-ASI as predicted m°A sites. To investigate whether NUTM2B-AS1 was modified by m®A methylation, we
performed MeRIP assays in the immortalized noncancerous liver cell line THLE-2 and HCC cell lines SNU-398, Hep3B,
and HuH-7. The results revealed that NUTM2B-AS1 was m®A methylated in all cells, and that the m®A methylation level
of NUTM2B-AS1 was higher in HCC cells than in immortalized noncancerous liver cell lines (Figure 2A). We randomly
selected 20 pairs of HCC tissues and matched noncancerous liver tissues and performed MeRIP assays to
detect m®A methylation levels of NUTM2B-AS1 in these tissues. The results revealed that the m°A methylation level
of NUTM2B-AS1 was higher in HCC tissues than in non-cancerous liver tissues (Figure 2B). MeRIP assays in fetal and
adult liver tissues showed that the m°A methylation level of NUTM2B-AS1 was higher in fetal liver tissues than in adult
liver tissues (Figure 2C). These results suggest that the m°A methylation level of NUTM2B-AS1 exhibits oncofetal
features. To confirm the m°A methylation sites on NUTM2B-AS1, we mutated the predicted 70, 130, 568, 679, and 810
sites on NUTM2B-AS1. MeRIP assays showed that only the mutation at 130 or 679 sites decreased the m°A methylation
level of NUTM2B-AS]1, and the concurrent mutation of 130 and 679 sites abolished m°®A methylation of NUTM2B-AS1
(Figure 2D). These results showed that 130 and 679 sites were critical m®A methylation sites in NUTM2B-ASI,
respectively. To identify the methyltransferases responsible for m°A methylation of NUTM2B-AS1, we analyzed the
expression of methyltransferases METTL3, METTL14, METTL16, WTAP, and KIAA1429 in HCC and fetal liver
tissues. TCGA-LIHC data revealed that METTL3 and METTL16 were significantly upregulated in HCC tissues
compared with non-cancerous liver tissues (Figure 2E and F). Only METTL3 and METTL16 were also upregulated in
fetal liver tissues compared to those in adult liver tissues (Figure 2G). MeRIP assays showed that ectopic expression of
METTL3 or METTLI16 increased the m®A methylation level of NUTM2B-AS1 (Figure 2H), whereas the depletion of
METTL3 or METTL16 reduced the m°A methylation level of NUTM2B-AS1 (Figure 2I). These data suggest that
METTL3- and METTL16-induced m°A methylation of NUTM2B-AS1 showed oncofetal features.

m®A Methylation Upregulates NUTM2B-AS| via Increasing NUTM2B-AS| Transcript
Stability

Next, we investigated the effects of m°A methylation on NUTM2B-AS| expression. Consistent with the change in
the m®A methylation level of NUTM2B-ASI, ectopic expression of METTL3 or METTL16 also upregulated the
expression of NUTM2B-AS1 (Figure 3A), whereas depletion of METTL3 or METTL16 reduced the expression of
NUTM2B-AS1 (Figure 3B). m°A methylation has been frequently reported to modulate transcript stability.***” We
treated METTL3 or METTL16 overexpressed or silenced SNU-398 cells with a-amanitin to block new RNA
generation and then detected the degradation of NUTM2B-AS1. The results revealed that Ectopic expression of
METTL3 or METTL16 increased NUTM2B-ASI transcript stability (Figure 3C), whereas the depletion of METTL3
or METTL16 reduced NUTM2B-AS]1 transcript stability (Figure 3D). The m°A methylation level of NUTM2B-AS1
was positively correlated with its expression level in 20 randomly selected HCC tissues (Figure 3E). TCGA-LIHC data
further showed that both METTL3 and METTLI16 positively correlated with NUTM2B-AS1 expression in HCC
tissues (Figure 3F and G). These data support the positive regulatory role of m®A methylation on NUTM2B-AS1
expression.

NUTM2B-AS| Promotes HCC cellular Proliferation in an m°A-Dependent Manner

Given that both the expression and m°A methylation levels of NUTM2B-AS1 show oncofetal features, we studied the potential
biological effects of NUTM2B-AS1 on HCC. We stably overexpressed wild-type (WT) or m®A methylation site-mutated
NUTM2B-AS1 in SNU-398 cells with similar overexpression efficiency (Figure 4A). CCK-8 assay revealed that ectopic
expression of WT, but not mutated NUTM2B-ASI1, promoted SNU-398 cellular proliferation (Figure 4B). Stable over-
expression of WT or m°A methylation site-mutated NUTM2B-AS1 in Hep3B cells with similar overexpression efficiencies
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Figure 2 METTL3 and METTLI6 induced m®A methylation of NUTM2B-AS| shows oncofetal feature in HCC. (A) m®A methylation level of NUTM2B-AS| in immortalized
liver cell line THLE-2 and HCC cell lines SNU-398, Hep3B and HuH-7 was measured by MeRIP assays. Results are shown as mean * SD of 3 independent experiments. **P <
0.01, P < 0.001 by one-way ANOVA followed by Dunnett’s multiple comparisons test. # P < 0.05 by Student’s t-test. (B) m®A methylation level of NUTM2B-AS| in 20
pairs of HCC tissues and matched noncancerous liver tissues was measured by MeRIP assays. P < 0.0001 by Wilcoxon matched-pairs signed rank test. (C) m®A methylation
level of NUTM2B-ASI in four fetal liver tissues and four adult liver tissues was measured by MeRIP assays. P = 0.0286 by Mann-Whitney test. (D) m®A methylation level of
wild-type (WT) or mutated NUTM2B-AS| was measured by MeRIP assays. (E) METTL3 expression in 50 normal liver tissues and 371 hCC tissues, according to TCGA
LIHC data. P < 0.0001 by Mann-Whitney test. (F) METTLI6 expression in 50 normal liver tissues and 371 hCC tissues, according to TCGA LIHC data. P < 0.0001 by Mann-
Whitney test. (G) METTL3 and METTLI6 expression in four fetal liver tissues and four adult liver tissues was measured by qPCR. (H) m®A methylation level of NUTM2B-
AS| in SNU-398 cells with METTL3 or METTLI6 overexpression was measured by MeRIP assays. (1) m°A methylation level of NUTM2B-AS| in SNU-398 cells with METTL3
or METTLI6 depletion was measured by MeRIP assays. For (D) and (G-lI), results are shown as mean  SD of 3 independent experiments. *P < 0.05, **P < 0.01, ns, not
significant, by Student’s t-test (D), Mann-Whitney test (G), or one-way ANOVA followed by Dunnett’s multiple comparisons test (H and I).

also showed effects similar to those in SNU-398 cells (Figure 4C and D). EdU assays further confirmed the pro-proliferative
role of WT but not mutated NUTM2B-AS1 in HCC cells (Figure 4E). Stable depletion of NUTM2B-AS1 reduced HuH-7
cellular proliferation, as evidenced by CCK-8 and EdU assays (Figure 4F—H). Overexpression of WT, but not mutated
NUTM2B-AS], rescued the reduced cell proliferation caused by NUTM2B-AS1 depletion (Supplementary Figure 1A and B).
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Figure 3 The effects of METTL3 and METTLI6-mediated m°A methylation on NUTM2B-ASI. (A) NUTM2B-AS| expression in SNU-398 cells with METTL3 or METTLI6
overexpression was measured by qPCR. (B) NUTM2B-AS| expression in SNU-398 cells with METTL3 or METTLI6 depletion was measured by qPCR. (C and D) NUTM2B-
AS| transcript stability in SNU-398 cells with METTL3 or METTL16 overexpression (C) or depletion (D) over time was measured after blocking new RNA generation with
a-amanitin (50 uM). For (A-D), results are shown as mean * SD of 3 independent experiments. *P < 0.05, **P < 0.01 by one-way ANOVA followed by Dunnett’s multiple
comparisons test. (E) The correlation between expression level and m°A methylation level of NUTM2B-AS| in 20 hCC tissues. (F and G) The correlation between
NUTM2B-AS| and METTL3 (F) or METTLI6 (G) expression level in 371 hCC tissues, according to TCGA LIHC data. For (E-G), r and P values were calculated by
Spearman correlation analysis.

NUTM2B-AS| Enhances the Stemness Features of HCC in an m®A-Dependent Manner

Oncofetal genes have been reported to correlate with stem maintenance in malignancy.®*® Therefore, we investigated the
effects of NUTM2B-AS1 on the stemness features of HCC. TCGA-LIHC data showed a positive correlation between the
expression of NUTM2B-AS1 and well-known liver cancer stem cell markers, including CD24, CD44, CD133, CTNNBI,
EPCAM, and NOTCHI1 in HCC tissues (Figure SA—F). Ectopic expression of WT, but not mutated NUTM2B-AS1, increased
the expression of stem cell markers in SNU-398 and Hep3B cells (Figure 5G and H). NUTM2B-AS1 depletion decreased the
expression of stem cell markers in HuH-7 cells (Figure 51). Flow cytometry further confirmed that ectopic expression of WT,
but not mutated NUTM2B-AS]1, increased the protein expression of stem cell markers (Supplementary Figure 2A and B), and
while NUTM2B-ASI1 depletion decreased the protein expression of stem cell markers (Supplementary Figure 2C and D).
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Figure 4 The effects of m®A-methylated NUTM2B-AS| on HCC cellular proliferation. (A) NUTM2B-AS| expression was measured by qPCR in SNU-398 cells with stable
overexpression of wild type (WT) or m®A methylation sites mutated NUTM2B-ASI. (B) Cellular proliferation of SNU-398 cells with stable overexpression of WT or
mutated NUTM2B-AS| was measured by CCK-8 assays. (C) NUTM2B-AS| expression was measured by qPCR in Hep3B cells with stable overexpression of WT
or m®A methylation sites mutated NUTM2B-ASI. (D) Cellular proliferation of Hep3B cells with stable overexpression of WT or mutated NUTM2B-AS| was measured by
CCK-8 assays. (E) Cellular proliferation of SNU-398 and Hep3B cells with stable overexpression of WT or mutated NUTM2B-AS| was measured by EdU assays. Scale bars,
100 um. (F) NUTM2B-AS| expression was measured by qPCR in HuH-7 cells with stable depletion of NUTM2B-ASI. (G) Cellular proliferation of HuH-7 cells with stable
depletion of NUTM2B-AS| was measured by CCK-8 assays. (H) Cellular proliferation of HuH-7 cells with stable depletion of NUTM2B-AS| was measured by EdU assays.
Scale bars, 100 pm. Results are shown as mean * SD of 3 independent experiments. *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001, ns, not significant, by one-way
ANOVA followed by Dunnett’s multiple comparisons test.

Sphere formation assays revealed that ectopic expression of WT, but not mutated NUTM2B-AS|1, promoted the formation of
tumor spheroids (Figure 5J), whereas depletion of NUTM2B-AS1 decreased the number of tumor spheroids (Figure 5K).
Limiting dilution assays showed that SNU-398 cells with ectopic expression of WT, but not mutated NUTM2B-AS],
exhibited a significantly increased tumor-driving capacity in nude mice (Supplementary Figure 2E). These data suggested
that NUTM2B-AS1 enhances the stemness of HCC cells.
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Figure 5 The effects of m®A-methylated NUTM2B-AS| on stemness features of HCC. (A-F) The correlation between NUTM2B-AS| and CD24 (A), CD44 (B), CDI33
(C), CTNNBI (D), EPCAM (E), or NOTCHI (F) expression level in 371 hCC tissues, according to TCGA LIHC data. r and P values were calculated by Spearman
correlation analysis. (G and H) Liver cancer stem cell markers CD24, CD44, CD133, CTNNBI, EPCAM, and NOTCH | expression was measured by qPCR in SNU-398 (G)
or Hep3B (H) cells with stable overexpression of WT or mutated NUTM2B-ASI. () Liver cancer stem cell markers CD24, CD44, CD133, CTNNBI, EPCAM, and
NOTCH| expression was measured by qPCR in HuH-7 cells with stable depletion of NUTM2B-AS|. (J) The spheroids form ability of SNU-398 and Hep3B cells with stable
overexpression of WT or mutated NUTM2B-ASI. (K) The spheroids form ability of HuH-7 cells with stable depletion of NUTM2B-ASI. For (G-K), results are shown 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.

NUTM2B-AS| Upregulates BMPRIA Expression in an m®A-Dependent Manner

BMPR1A was identified as one of the most significantly correlated genes with NUTM2B-AS1 in HCC samples, analyzed by the
online bioinformatics tool R2 Genomics Analysis and Visualization Platform (https://hgserverl.amc.nl/cgi-bin/r2/main.cgi),
based on TCGA-LIHC data (Figure 6A). Consistent with the expression pattern of NUTM2B-AS1, BMPRIA was also
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Figure 6 m°A-methylated NUTM2B-AS| upregulated BMPRIA expression. (A) The correlation between BMPRIA and NUTM2B-AS| expression level in 371 hCC tissues,
according to TCGA LIHC data. r and P values were calculated by Spearman correlation analysis. (B) BMPRIA expression in 50 normal liver tissues and 371 hCC tissues,
according to TCGA LIHC data. P < 0.0001 by Mann-Whitney test. (C) BMPRIA expression in four fetal liver tissues and four adult liver tissues was measured by qPCR. P =
0.0286 by Mann-Whitney test. (D and E) BMPRIA expression was measured by qPCR in SNU-398 (D) or Hep3B (E) cells with overexpression of WT or mutated
NUTM2B-ASI. (F) BMPRIA expression was measured by qPCR in HuH-7 cells with depletion of NUTM2B-ASI. For (D-F), results are shown as mean * SD of 3
independent experiments. **P < 0.01, ¥**P < 0.001, ns, not significant, by one-way ANOVA followed by Dunnett’s multiple comparisons test. (G) The correlation between
BMPR I A expression level and m®A methylation level of NUTM2B-AS| in 20 hCC tissues. r and P values were calculated by Spearman correlation analysis. (H) GSEA of BMP
receptor signaling in NUTM2B-AS| high expression group versus NUTM2B-AS| low expression group, according to TCGA LIHC data. NES, normalized enrichment score.

significantly upregulated in HCC tissues compared to noncancerous liver tissues (Figure 6B). Moreover, BMPRIA was
significantly upregulated in fetal liver tissues compared to adult liver tissues (Figure 6C). Ectopic expression of WT, but not
mutated NUTM2B-AS1, upregulated BMRP1A expression in both SNU-398 and Hep3B cells (Figure 6D and E). Depletion of
NUTM2B-AS1 reduced BMRP1A expression (Figure 6F). These data suggest that NUTM2B-AS1 enhances BMPRI1A
expression in an m°A-dependent manner. The expression of BMPRIA was significantly positively correlated with
the m°A methylation level of NUTM2B-AS1 in 20 randomly selected HCC tissue samples (Figure 6G). Gene set enrichment
analysis (GSEA) of TCGA-LIHC data showed that Bone Morphogenetic Protein (BMP) receptor signaling was significantly

enriched in the NUTM2B-AS1 high expression group (Figure 6H), which further supported the positive regulation of BMPR1A
by NUTM2B-ASI.

m®A-Methylated NUTM2B-AS| Upregulates H3K4me3 Modification and Augments

Chromatin Accessibility at BMPRIA Promoter via Recruiting YTHDC2 and MLLI

To investigate the mechanisms underlying the regulation of BMPRIA by m°A-methylated NUTM2B-AS1, we first
performed ChIRP assays, which revealed that NUTM2B-AS1 specifically binds to BMPRIA promoter (Figure 7A).
Overexpression of WT or mutated NUTM2B-AS1 promoted enrichment of the BMPRIA promoter by NUTM2B-AS1
probes (Figure 7B), suggesting that both WT and mutated NUTM2B-AS1 bound to BMPRIA promoter. m®A-methylated
transcripts have been reported to modulate histone modifications, including H3K9me?2 and H3K4me3.***° Therefore, we
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Figure 7 m®A-methylated NUTM2B-AS| increased H3K4me3 modification and chromatin accessibility at BMPRIA promoter region. (A) ChIRP assays were performed to
detect the binding of NUTM2B-AS| to BMPRIA promoter region in SNU-398 cells. GAPDH promoter served as negative control. (B) ChIRP assays were performed to
detect the binding of NUTM2B-AS| to BMPRIA promoter region in SNU-398 cells with overexpression of WT or mutated NUTM2B-AS|. (C) ChlIP assays were performed
to detect H3K9me2 and H3K4me3 modification at BMPRIA promoter region in SNU-398 cells with overexpression of WT or mutated NUTM2B-AS|. (D) ChIP assays were
performed to detect H3K9me2 and H3K4me3 modification at BMPRIA promoter region in HuH-7 cells with depletion of NUTM2B-AS|. (E) ATAC assays were performed
to detect chromatin accessibility at BMPRIA promoter region in SNU-398 cells with overexpression of WT or mutated NUTM2B-AS|. (F) ATAC assays were performed to
detect chromatin accessibility at BMPRIA promoter region in HuH-7 cells with depletion of NUTM2B-ASI. (G) ChIP assays were performed to detect H3K4me3
modification at BMPRIA promoter region in SNU-398 cells with overexpression of METTL3 or METTLI6. (H) ATAC assays were performed to detect chromatin
accessibility at BMPRIA promoter region in SNU-398 cells with overexpression of METTL3 or METTLI6. (I) ChIP assays were performed to detect H3K4me3 modification
at BMPRIA promoter region in SNU-398 cells with depletion of METTL3 or METTLI6. (J) ATAC assays were performed to detect chromatin accessibility at BMPRIA
promoter region in SNU-398 cells with depletion of METTL3 or METTLI6. Results are shown 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.

further investigated whether NUTM2B-AS1 influences histone modification at BMPRIA promoter region. ChIP assays
showed that ectopic expression of WT, but not mutated NUTM2B-AS1, upregulated H3K4me3 modification at BMPRIA
promoter region (Figure 7C). Neither WT nor mutated NUTM2B-AS1 affected H3K9me2 modifications in BMPRIA
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promoter region (Figure 7C). NUTM2B-AS1 depletion reduced H3K4me3 modifications in BMPRIA promoter region
(Figure 7D). ATAC assays revealed that ectopic expression of WT, but not mutated NUTM2B-AS1, augmented
chromatin accessibility at BMPRIA promoter region (Figure 7E). NUTM2B-AS1 depletion reduced chromatin accessi-
bility in BMPRIA promoter region (Figure 7F). Overexpression of METTL3 or METTL16, which
induced m®A methylation of NUTM2B-AS1, upregulated H3K4me3 modification and augmented chromatin accessibility
in BMPR 1A promoter region (Figure 7G and H). Depletion of METTL3 or METTL16 reduced H3K4me3 modification
and chromatin accessibility in BMPRIA promoter region (Figure 71 and J).

m®A-methylated super-enhancer RNAs have been reported to be recognized by m®A reader YTHDC2, which further
bound and recruited H3K4 methyltransferase MLL1 to upregulate H3K4me3 modification and augment chromatin
accessibility.”® Therefore, we further investigated whether m®A-methylated NUTM2B-AS1 modulate BMPRIA in
such a manner. RIP assays revealed that NUTM2B-AS1 bound to YTHDC2 and MLLI, which was enhanced by
overexpression of METTL3 or METTL16 (Figure 8A). The depletion of METTL3 or METTL16 reduced the binding
of NUTM2B-AS1 to YTHDC2 and MLLI1 (Figure 8B). ChIP assays revealed that ectopic expression of WT, but not
mutated NUTM2B-AS1, promoted the binding of YTHDC2 and MLL1 to BMPRIA promoter region (Figure 8C).
Depletion of NUTM2B-ASI1 decreased the binding of YTHDC2 and MLL1 to BMPRI1A promoter region (Figure 8D).
These data suggested that m®A-methylated NUTM2B-AS1 binds and recruits YTHDC2 and MLL1 to BMPRIA promoter
region. To investigate whether the regulation of BMPR1A by NUTM2B-AS1 was dependent on YTHDC2 and MLLI1,
we silenced YTHDC2 or MLL1 expression in NUTM2B-AS1 stably overexpressed SNU-398 cells and found that the
depletion of YTHDC2 or MLLI1 abolished the upregulation of BMPR1A by NUTM2B-AS1 (Figure 8E and F). TCGA-
LIHC data showed a significant positive correlation between BMPR1A, YTHDC2, and MLL1 expression (Figure 8G and
H), supporting the role of YTHDC2 and MLLI in BMPRIA modulation. Collectively, these data suggest
that m®A-methylated NUTM2B-AS1 upregulates H3K4me3 modification and augments chromatin accessibility at
BMPRIA promoter by recruiting YTHDC2 and MLLI.

Depletion of BMPRIA Reverses the Pro-Tumorigenic Roles of NUTM2B-AS| in HCC
To explore whether the pro-tumorigenic role of NUTM2B-AS1 is dependent on the positive regulation of BMPR1A, we
stably depleted BMPRIA in NUTM2B-AS1 overexpressed SNU-398 cells (Figure 9A). CCK-8 assays revealed that
BMPRI1A depletion abolished the pro-proliferative effects of NUTM2B-AS1 (Figure 9B). EdU assays further confirmed
that BMPR1A depletion largely abolished the pro-proliferative role of NUTM2B-AS1 (Figure 9C). Sphere formation
assays revealed that BMPR1A depletion largely abolished the role of NUTM2B-ASI in increasing the number of tumor
spheroids (Figure 9D). These data suggest that the role of NUTM2B-AS1 in promoting HCC cell proliferation and
enhancing stemness is BMPR1A dependent.

Discussion

Fetal liver development and HCC carcinogenesis share many similar molecule features.’' These oncofetal molecules are
highly expressed in fetal liver and HCC, and silenced in adult normal liver tissues.”> Some of these oncofetal molecules
could be reliable biomarkers for HCC diagnosis and therapy, such as AFP and GPC3.”* NUTM2B-AS|1 was previously
reported to be highly expressed and associated with poor prognosis in HCC.>> However, we further identified NUTM2B-
ASI as an oncofetal IncRNA, which was increased in fetal liver and HCC tissues compared with adult noncancerous liver
tissues. High expression of NUTM2B-AS1 was correlated with poor differentiation, high AFP, advanced stage, and poor
prognosis. In addition to the expression level of NUTM2B-AS1, the m°A methylation level of NUTM2B-AS1 was also
found to present oncofetal characteristic. Our findings suggest that m®A-methylated NUTM2B-AS]1 is a novel oncofetal
event. m®A-methylated NUTM2B-AS]1 in peripheral blood might represent another biomarker for early screening of
HCC, which needs further investigations.

Our finding revealed that the m°A methylation of NUTM2B-AS1 was induced by m°A methyltransferases METTL3 and
METTLI16. The expression of METTL3 and METTL16 also showed oncofetal characteristic. METTL3 has been reported to
play oncogenic roles in HCC by modulating various targets.”*>* NUTM2B-AS1 was identified as another target of
METTL3. METTLI16 is located in both the nucleus and cytosol.”>>® Nuclear METTL16 was reported to mainly function
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Figure 8 m®A-methylated NUTM2B-AS| bound and recruited YTHDC2 and MLLI to BMPRIA promoter region to activate BMPRIA expression. (A) RIP assays were performed
to detect the binding of NUTM2B-AS| to YTHDC2 and MLLI in SNU-398 cells with overexpression of METTL3 or METTLI6. (B) RIP assays were performed to detect the binding
of NUTM2B-AS| to YTHDC2 and MLLI in SNU-398 cells with depletion of METTL3 or METTLI6. (C) ChIP assays were performed to detect the binding of YTHDC2 and MLL| to
BMPRIA promoter region in SNU-398 cells with overexpression of WTor mutated NUTM2B-ASI. (D) ChlIP assays were performed to detect the binding of YTHDC2 and MLLI to
BMPR A promoter region in SNU-398 cells with depletion of NUTM2B-ASI. (E) BMPRIA expression was measured by qPCR in SNU-398 cells with concurrent overexpression of
NUTM2B-AS| and depletion of YTHDC2. (F) BMPRIA expression was measured by qPCR in SNU-398 cells with concurrent overexpression of NUTM2B-AS| and depletion of
MLLI. (G and H) The correlation between BMPRIA and YTHDC2 (G) or MLLI (H) expression level in 37| hCC tissues, according to TCGA LIHC data. r and P values were
calculated by Spearman correlation analysis. For (A-F), results are shown as mean * SD of 3 independent experiments. *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001, ns, not
significant, by one-way ANOVA followed by Dunnett’s multiple comparisons test (A-D) or Student’s t-test (E and F).

as an m®A writer, and while cytosolic METTL16 was reported to promote translation in an m®A-independent manner.”® We
observed that METTLI16 functions as an m®A writer to install m°’A on NUTM2B-AS1. Many previous reports have shown
that m°A methylation modulates transcript stability.’”>® Consistent with this, m°A methylation increased NUTM2B-AS1
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Figure 9 The oncogenic roles of NUTM2B-ASI in HCC were dependent on BMPRIA. (A) NUTM2B-AS| and BMPRIA expression was measured by qPCR in SNU-398
cells with concurrent overexpression of NUTM2B-AS| and depletion of BMPRIA. (B) Cellular proliferation of SNU-398 cells with concurrent overexpression of NUTM2B-
ASI and depletion of BMPRIA was measured by CCK-8 assays. (C) Cellular proliferation of SNU-398 cells with concurrent overexpression of NUTM2B-AS| and depletion
of BMPRIA was measured by EdU assays. Scale bars, 100 pm. (D) The spheroids form ability of SNU-398 cells with concurrent overexpression of NUTM2B-AS| and
depletion of BMPRIA. Results are shown as mean * SD of 3 independent experiments. **P < 0.01, ***P < 0.001, ***P < 0.0001, ns, not significant, by one-way ANOVA
followed by Dunnett’s multiple comparisons test.

transcript stability, leading to upregulation of NUTM2B-ASI1. Our findings suggest that METTL3/METTL16-induced
m®A methylation of NUTM2B-AS1 increased NUTM2B-AS1 expression. METTL3, METTL16, m®A methylation level
of NUTM2B-ASI, and expression level of NUTM2B-ASI all represent oncofetal molecular events.

Intriguingly, functional assays showed that only m®A-methylated NUTM2B-AS1 promoted HCC cell proliferation and
enhanced HCC cellular stemness features, which was consistent with the oncofetal characteristic of the m®A methylation level
of NUTM2B-AS1. Thus, our findings suggested that m°A-methylated NUTM2B-AS is a functional oncofetal event in HCC.

Mechanistic investigations identified BMPR1A as a downstream target of NUTM2B-AS1. BMPRIA is a bone
morphogenetic protein (BMP) receptor that delivers and activates BMP signaling.40 Previous studies have found
that BMP signaling plays an important role in stem cell differentiation and self-renewal.*'** In this study, our
findings confirmed that BMPRIA was a critical mediator of the oncogenic roles of m®A-methylated NUTM2B-
AS1 in HCC. We observed that the m°®A reader YTHDC2 recognized and interacted with m®A-methylated
NUTM2B-AS1, which also bound to the BMPRIA promoter region. Therefore, m®A-methylated NUTM2B-AS1
recruited YTHDC2 to BMPRIA promoter region. YTHDC?2 further bound and recruited H3K4 methyltransferase
MLLI1 to BMPRIA promoter region. Thus, m®A-methylated NUTM2B-AS1 increased H3K4me3 modification and
chromatin accessibility at BMPRIA promoter region. In our previous studies, we have found that m®A-methylated
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transcripts regulating H3K9me2 at the promoters of target genes.’”°® The current study provides novel evidence
for the role of m®A methylation in epigenetic modulation of gene transcription.

Conclusion

In conclusion, this study revealed that METTL3- and METTLI6-induced m°A methylation of NUTM2B-AS1 was
a novel oncofetal molecular event in HCC. m°A-methylated NUTM2B-AS1 promotes HCC cell proliferation and
enhances HCC cellular stemness by upregulating BMPRIA. m®A-methylated NUTM2B-AS1 binds and recruits
YTHDC2 and MLL1 to BMPRIA promoter region to increase H3K4me3 modification and chromatin accessibility at
BMPRIA promoter region, leading to transcriptional activation of BMPRIA. m°A methylation of NUTM2B-ASI
represents a novel therapeutic target for HCC.
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