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Abstract

Background: The functional ramifications of internal N7-methylguanosine (m7G)modification onRNAs have recently come to light, yet
its regulatory influence on long noncoding RNAs (lncRNAs) during the inflammatory-carcinogenesis transformation process in hepatitis
B virus (HBV)-mediated hepatocellular carcinoma (HCC) remains largely unexplored. Methods: Clinical surgical samples encom-
passing HBV-related HCC, comprising both HCC tissue (tumor group, HBV+) and corresponding adjacent liver tissue (paracancerous
group, HBV+), were collected for analysis. Additional adjacent normal liver tissues (normal group, HBV-) were acquired from patients
with hepatic hemangioma, serving as controls. Employing MeRIP-seq, differential m7G levels of lncRNAs across these groups were
compared to identify a subset of lncRNAs exhibiting continuous and dynamic changes in m7G modification. Subsequently, in vitro
validation was conducted. Results: A total of 856 lncRNAs exhibited alterations in m7G modification when compared to paracancerous
tissue and normal tissue. Similarly, 1775 lncRNAs displayed changes in m7G modification when comparing HCC tissue to paracancer-
ous tissue. For intergroup comparison, orthogonal analysis revealed that 6 lncRNAs consistently demonstrated hyper-m7G modification.
In vitro validation confirmed that among these 6 lncRNAs, TEKT4P2 and DNM1P41 exhibited m7G modification-dependent expres-
sion. Conclusions: This study provides a comprehensive analysis of lncRNAm7Gmodification during the inflammatory-carcinogenesis
transformation process in HBV-mediated HCC. The findings highlight the potential for multiple lncRNAs to undergo m7G modification
changes, with TEKT4P2 and DNM1P41 identified as promising molecular targets within this intricate regulatory landscape.
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1. Introduction
Primary hepatic carcinoma, one of the prevalent neo-

plasms in humans, currently ranks as the third leading
cause of cancer-related mortality [1]. The majority of pri-
mary hepatic carcinomas comprise hepatocellular carci-
noma (HCC) [2]. HCC development can be instigated by
a multitude of factors, including dietary aspects, metabolic
conditions, microbial infections, and environmental expo-
sures, among others [3]. Despite advancements in clini-
cal practice, early diagnosis and intervention of HCC re-
main formidable challenges. Moreover, the limited curabil-
ity and high recurrence rates associated with HCC remain
unresolved issues [4].

Hepatitis B virus (HBV) is a major etiological fac-
tor in the development of HCC [5] and has emerged as a
prominent cause, particularly in developing countries, with
a notable prevalence in the Asian region [6]. Prolonged

HBV infection leads to liver damage, triggering sequen-
tial progression from chronic hepatitis B to liver fibrosis
and ultimately culminating in HCC [7]. Typically, the clin-
ical course of chronic HBV infection follows a character-
istic trajectory encompassing inflammation, liver cirrhosis,
and subsequent formation of HCC, which may span sev-
eral years at each stage [8]. However, it is noteworthy that
HBV infection can lead directly to HCC without the pres-
ence of liver cirrhosis [9]. Regardless of the tissue phe-
notype, the occurrence and development of HBV-mediated
HCC involve a diverse array of molecular imbalances char-
acterized by genetic and epigenetic alterations, including
point mutations, chromosomal aberrations, and epigenetic
modifications, which are considered pivotal pathways in
this context [10].

With the advancement of sequencing technologies,
long noncoding RNAs (lncRNAs) have gradually gained
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recognition and been proven to be closely associated with
the occurrence and development of HCC [11,12]. Addi-
tionally, lncRNAs have been shown to play an important
role in HBV-related HCC by interacting with HBV [13,14].
Concurrently, internal modifications of RNA, especially
methylation, have attracted considerable attention in recent
years [15]. The common mRNA 5′ end modification N7-
methylguanosine (m7G) is also an internal modification of
noncoding RNA and has a crucial impact on RNA process-
ing, cellular localization, and functional activities, regulat-
ing the stability and expression levels of RNA. This has sig-
nificant importance on RNA expression and its regulatory
role in tumors [16]. However, reports investigating the in-
fluence of internal m7G modification on lncRNA expres-
sion and function are currently limited. In this study, our
objective was to use clinical tissues and m7G-sequencing
technology to elucidate the dynamic alterations occurring
in lncRNA m7G modification throughout the continuum
fromHBV infection to HBV-related HCC. Additionally, we
aimed to identify lncRNAs that undergo dynamic changes
facilitated by m7G modification, encompassing compre-
hensive profiling from the inflammatory processes to the
initiation of hepatocarcinogenesis.

2. Methods
2.1 Clinical Sample and Ethics Application

Clinical specimens were acquired from 6 patients who
underwent hepatic resection at the First Affiliated Hospital
ofWeifangMedical University. The cohort comprised 3 pa-
tients with HBV-negative hepatic hemangioma (HHE) and
3 patients with HBV-related HCC (positive HBsAg, serum
HBV DNA >500 IU/mL). All enrolled patients signed in-
formed consent forms, and ethical clearance for this study
was obtained from the institutional ethics committee. Strict
exclusion criteria were applied prior to patient enrollment,
as follows: (1) history of malignancy or concurrent multi-
ple tumors; (2) substantiated evidence of alcohol abuse or
a background of nonalcoholic steatohepatitis (NASH); (3)
intrahepatic malignancies other than HCC; and (4) previ-
ous administration of chemotherapy or local transcatheter
arterial chemoembolization (TACE) treatment before sur-
gical intervention. Ultimately, three patients with HBV-
related HCC were included in this investigation, with their
respective tumor tissues and adjacent liver tissues classi-
fied as the HBV-positive tumor group and the HBV-positive
liver group (paracancerous group), respectively. Addition-
ally, three patients with HBV-negative hepatic hemangioma
were included, and adjacent normal liver tissues were used
as the normal group (Supplementary Table 1). Thus, a
total of 9 specimens obtained from 6 patients were catego-
rized into 3 groups for comparison (Fig. 1). To investigate
the association between HBV and the m7G modification of
lncRNAs, comparative analysis was conducted specifically
focusing on the paracancerous group and the normal group.
Simultaneously, comparison was made between the tumor

group and the paracancerous group to assess the plausi-
ble correlation between tumorigenesis and anomalous m7G
modification of lncRNAs.

2.2 Cell Culture and Transfection
Cell culture was conducted using complete medium

comprising DMEM (SH30022.01B, HyClone, Logan,
UT, USA) supplemented with 10% fetal bovine serum
(S711-001S, Lonsera, Ciudad de la Costa, Carnelones,
Uruguay). Normal liver L02 cells and HBV-related hep-
atoma Hep3B2.1-7 cells were sourced from Duolaimi
Biotechnology (Wuhan, Hubei, China) and Pricella Cell
Bank (Procell Life Science&Technology Co., Ltd. Wuhan,
Hubei, China), respectively. The normal hepatocyte cell
line WRL68 and HBV-related hepatoma HepG2.2.15 cells
were purchased from Fenghui Biotechnology (Changsha,
Hunan, China). All cell lines were validated by STR
profiling and tested negative for mycoplasma. Cells
were all cultured in a humidified incubator at 37 °C and
5% CO2. pcDNA3.1 plasmids expressing METTL1 and
WDR4 and their small interfering RNAs (siRNAs) were
synthesized by Duolaimi Biotechnology (Wuhan, Hubei,
China). The pCH-9/3091 plasmid, which contains an HBV
1.1× genome controlled by the CMV-IE promoter [17], was
utilized for HBV transfection. Transfection was carried
out using Lipofectamine 2000 (11668019, Thermo Fisher,
Waltham, MA, USA) following the manufacturer’s instruc-
tions.

2.3 Enzyme Linked Immunosorbent Assay (ELISA)
After transfecting L02 cells and WRL68 cells with

HBV for 72 hours, the cell culture supernatant was collected
for analysis. The presence of hepatitis B e antigen (HBeAg)
and hepatitis B surface antigen (HBsAg) was determined
using diagnostic ELISA kits (202301012 and 202212402,
KHB, Shanghai, China) in accordance with the manufac-
turer’s instructions. To detect HBsAg, 75 µL of the cell cul-
ture supernatant sample was added to eachwell of a reaction
plate and incubated at 37 °C for 60 minutes. Subsequently,
50 µL of enzyme conjugate was added to the positive and
negative control wells. The plate was gently shaken for 10
seconds and then incubated at 37 °C for 30 minutes. Fol-
lowing a wash step with wash buffer, a chromogenic sub-
strate was added, and the plate was incubated at 37 °C for
30 minutes. The cut-off value (COV) for HBsAg detection
was determined as the average optical density (OD) of the
negative control plus 0.1. For HBeAg detection, 50 µL of
the cell culture supernatant sample was added to each well
of the reaction plate and incubated at 37 °C for 30 minutes.
After washing, a chromogenic substrate was added, and the
plate was incubated at 37 °C for 15minutes. Finally, optical
density (OD) values were measured at 450 nm. The COV
for HBeAg was calculated as either 0.05 (if OD <0.05) ×
2.1, or the measured OD (if OD ≥0.05) × 2.1. Samples
with OD values greater than the COV were considered pos-
itive for HBeAg and HBsAg.
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Fig. 1. Flow chart for inclusion and analysis of clinical tissues. HBV, Hepatitis B virus; HHE, hepatic hemangioma; HCC,
hepatocellular carcinoma; lncRNAs, long noncoding RNAs; RT-PCR, reverse transcription-PCR; MeRIP-RT-qPCR, methylated RNA
immunoprecipitation-reverse transcription-PCR.

2.4 Quantitative Reverse Transcription-PCR (qRT‒PCR)

RNA extraction was carried out using RNARapid Ex-
traction Kit (220011, Fastagen, Shanghai, China) follow-
ing established protocols. The concentration of total RNA
was determined using a NanoDrop2000 instrument (N50,
Implen, LA, USA), and samples with an A260/A280 ra-
tio ≥1.8 were deemed suitable for downstream analyses.
Reverse transcription (RT) was performed using ReverTra
Ace qPCR RT Kit (FSQ-101, Toyobo-Shanghai, Shanghai,
China) at 37 °C for 15 minutes. Subsequently, quantitative
PCR was conducted using the Prism® 7900HT instrument
(ABI, Carlsbad, CA, USA) with SYBR® Premix (QPK-
212, Toyobo-Shanghai, Shanghai, China), specific primers
(Supplementary Table 2), and ddH2O. β-Actin was se-
lected as the internal reference, and quantitative compar-
isons were obtained using the 2−∆∆Ct calculation method.

2.5 MeRIP-Seq

Total RNA underwent decapping using an RNA de-
capping enzyme (M0608S, New England Biolabs, Ipswich,
MA, USA) and was subsequently immunoprecipitated us-
ingGenSeq®Low InputWhole RNALibrary PrepKit (GS-

ET-004, GenSeq, Shanghai, China) following the manu-
facturer’s instructions. In brief, RNA was randomly frag-
mented to approximately 200 nt using the RNA fragmen-
tation reagents provided in the kit; the m7G antibody was
coupled to Protein A/G beads by rotating at room temper-
ature for 1 hour. The RNA fragments were then incubated
with bead-linked antibodies and rotated at 4 °C for 4 hours.
After the incubation period, the RNA/antibody complexes
underwent washing, and the captured RNAwas eluted from
the complexes and purified. The libraries were validated
using an Agilent 2100 Bioanalyzer (2100, Agilent, Santa
Clara, CA, USA) before being sequenced using the No-
vaSeq platform (Illumina 6000, Illumina-China, Shanghai,
China). The m7G-Seq service was provided by CloudSeq
Inc. (Shanghai, China).

Post sequencing, MACS software (v1.4.2, Baylor
College of Medicine, Houston, TX, USA) [18] was em-
ployed to identify methylation sites (peaks) on RNA. Sub-
sequently, diffReps software (v1.55.6, Shen Lab at Mount
Sinai, NY, USA) was used to identify and normalize dif-
ferentially methylated sites based on peak calling with a
fold change (FC) >2 (or <0.05) and p < 0.00001 [19].
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Genes of interest were visualized using Integrative Ge-
nomics Viewer (IGV) software (v2.4.10, Broad Institute,
Berkeley, CA, USA) [20]. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were performed separately on associated protein-
coding genes with differentially m7G methylated peaks de-
rived from lncRNA transcripts. Additionally, sequence mo-
tifs associated with m7G were identified within each group
[21]. Orthogonal analysis of hyper- or hypo-m7G between
HBV+ vs. HBV- and paracancerous vs. tumor samples was
conducted to identify potential m7G-related lncRNAs.

2.6 MeRIP-RT‒qPCR
Cells were separately transfected with the HBV-

1.1 plasmid and overexpressed/knockdown METTL1 and
WDR4, followed by total RNA extraction and m7G im-
munoprecipitation as described above. After RNA im-
munoprecipitation, differential peaks related to m7G were
identified as potential modification regions for each re-
spective gene. Subsequently, we utilized different primers
(Supplementary Table 2) in quantitative RT‒PCR to com-
pare differential expression of peak-associated fragments
between groups, confirming changes in m7G levels.

2.7 Statistical Analyses
Data from three or more independent experiments are

presented as the mean ± standard deviation (SD). Statis-
tical analysis was performed using Student’s t test, and a p
value of<0.05 was considered statistically significant. The
data were processed and presented using GraphPad Prism
software (v9.3, GraphPad Software, San Diego, CA, USA).

3. Results
3.1 Overview of m7G Methylation in the Included Samples

The 9 clinical samples obtained from 6 patients were
categorized into three groups, as described in Fig. 1. Raw
m7G sequencing data were subsequently uploaded to the
Gene Expression Omnibus (GEO) database (GSE237003).
After summarizing the peaks in each group and conduct-
ing intersection analysis, we found that only 97 peaks were
shared among all tissues (Fig. 2A). However, correspond-
ing to these peaks, there were 3797 lncRNAs that exhibited
the potential for m7G modification across all three groups
(Fig. 2B). This indicates the potential presence of multi-
ple peaks available for m7G modifications across different
lncRNAs. Furthermore, a consistent overall chromosomal
origin of the peaks and lncRNAs was observed (Fig. 2C,D),
with lncRNAs primarily being derived from exon sense
overlapping regions and intergenic gene regions in all tis-
sues (Fig. 2E). Based on the peak sequences, motif anal-
ysis unveiled partially coherent clusters of motifs among
the groups. This points toward potential shared enrichment
of m7G modification sequences across the different groups
(Fig. 2F).

3.2 The Distribution Pattern of Differentially Methylated
lncRNAs

To investigate variations in m7G methylation among
different lncRNA samples, comparative analysis of internal
m7G modifications was initially conducted. Compared to
the normal group, 856 lncRNAs underwent m7G modifi-
cation in the paracancerous group, with 76.1% exhibiting
hypermethylation (hyper-m7G) and only 23.9% displaying
hypomethylation (hypo-m7G) (Fig. 3A). The majority of
these m7G-modified lncRNAs originated from exon sense
overlapping regions and intergenic regions (Fig. 3B). We
observed the same pattern in comparison between the tu-
mor group and the paracancerous group (Fig. 3C,D). This
suggests that during progression from HBV infection to
HCC, lncRNAs primarily undergo hyper-m7G. Moreover,
the chromosomal origin distribution of the differentially
m7G-modified lncRNAs was generally consistent with that
of the lncRNAs with m7G-related peaks in different tis-
sues (Fig. 3E,F). Interestingly, shorter lncRNAs exhibited
a higher frequency of internal m7G modification changes
across all groups, regardless of hyper- or hypo-m7Gmethy-
lation (Fig. 3G,H). This suggests a greater propensity for
m7G methylations to occur within shorter lncRNAs.

3.3 Functional Analysis of Genes Associated with
Differentially m7G-Modified lncRNAs

We subsequently conducted functional analysis based
on the relationship between m7G methylated peaks and the
associated functional genes involved via GO and KEGG
analyses. When comparing with the normal group, we
observed distinct occurrences of hyper-m7G in 689 peaks
sourced from different genes in the paracancerous tissue
group, whereas 211 peaks displayed hypo-m7G (Fig. 4A).
GO and KEGG analyses were then performed using the as-
sociated genes of these aberrant peaks. The results revealed
that the genes associated with hyper-m7G peaks were en-
riched in multiple pathways (Fig. 4B–E, Supplementary
Fig. 1A–D). Notably, the analysis suggested a potential
correlation between the enriched genes and regulation of the
Notch pathway (Fig. 4C,E, Supplementary Fig. 1A,D).
Multiple pathways were also enriched among the genes as-
sociated with hypo-m7G peaks. However, cross-analysis of
GO and KEGG did not reveal significant functional path-
way convergence (Fig. 4F–I, Supplementary Fig. 1E–H).
In subsequent analysis, we compared the HCC group to the
paracancerous group. Relative to the paracancerous tissue,
the HCC tissue displayed 1086 hyper-m7G peaks and 799
hypo-m7G peaks (Fig. 5A). GO and KEGG analyses re-
vealed that genes associated with both hyper-m7G peaks
(Fig. 5B–E, Supplementary Fig. 2A–D) and hypo-m7G
peaks were enriched in multiple pathways (Fig. 5F–I, Sup-
plementary Fig. 2E–H), including those associated with
cancer regulation (Fig. 5E, Supplementary Fig. 2D,H).
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Fig. 2. The N7-methylguanosine (m7G) modification landscape of lncRNAs within clinical samples. Venn diagrams present (A)
detected m7G peaks and (B) matched lncRNAs in different tissues. The distribution of (C) m7G peaks and (D) matched lncRNAs in
chromosomal origins. (E) Pie charts depict categorized sources of the detected lncRNAs across various clinical specimens. (F) The top
5 enriched motifs enriched in m7G peaks identified from different clinical tissues.
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Fig. 3. Differential analysis of m7G modifications of lncRNAs across clinical tissues. (A) The distribution and (B) categorization of
lncRNAs exhibiting m7G hypermethylation (hyper-m7G) and hypomethylation (hypo-m7G) compared between the paracancerous group
and the normal group. (C) The distribution and (D) classification of lncRNAs with alternative m7G modifications compared between the
tumor group and paracancerous group. (E) Chromosomal origins of lncRNAs with hyper-m7G and hypo-m7G compared between the
paracancerous group and the normal group. (F) Chromosomal origins of lncRNAs with aberrant m7G modification compared between
HCC tissue and paracancerous tissue. The length summary of lncRNAs with aberrant m7G modification (G) compared between the
paracancerous group and normal group, as well as (H) between HCC tissue and paracancerous tissue; N, normal; P, paracancerous; T,
tumor.
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Fig. 4. Functional analysis of associated functional genes of differentially methylated lncRNAs in paracancerous tissue compared
to normal liver tissue. (A) The volcano plot displays the peaks of lncRNAs undergoing m7Gmethylation changes. For genes associated
with hyper-m7G peaks, the top 10 terms of GO analysis according to (B) enriched gene count and (C) differential significance, as well as
the top 10 KEGG pathways regarding (D) enriched gene count and (E) differential significance, are summarized. For genes associated
with hypo-m7G peaks, the top 10 GO analysis terms based on (F) enriched gene count and (G) lowest p value, as well as the top 10 KEGG
pathways regarding (H) enriched gene count and (I) lowest p value, are summarized. GO, Gene Ontology; KEGG, Kyoto Encyclopedia
of Genes and Genomes.
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Fig. 5. Functional analysis of associated genes of differentially methylated lncRNAs in HCC tissue compared to paracancerous
tissue. (A) The volcano plot presents the peaks of lncRNAs with alternative m7G modification. For hyper-m7G-associated genes,
the top 10 enriched GO analysis terms are summarized based on (B) the number of enriched genes and (C) the extent of differential
expression. Similarly, the top 10 enriched KEGG pathways are summarized based on (D) the number of enriched genes and (E) the
extent of differential expression. For hypo-m7G-associated genes, the top 10 enriched terms of GO analysis are summarized according
to (F) the enriched gene count and (G) the differential significance. Similarly, the top 10 enriched KEGG pathways are summarized
regarding (H) the enriched gene count and (I) the lowest p value.
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3.4 Identification of m7G-Associated lncRNAs as Dynamic
Markers

To identify lncRNAs with dynamic m7G modifica-
tions from HBV infection to hepatocarcinogenesis, we con-
ducted comprehensive screening based on the extent of
m7G alterations across different tissues using a FC thresh-
old of >100 or <0.01. It was observed that 470 peaks dis-
played hyper-m7G and 13 peaks showed hypo-m7G modi-
fications in paracancerous tissue compared to normal liver
tissue (Fig. 6A); 352 peaks exhibited FC >100 and 338
peaks had FC<0.01 in comparison between the HCC group
and the paracancerous group (Fig. 6B). We then matched
these peaks with their corresponding lncRNAs and discov-
ered similar proportional changes, and the top 10 FCs of
m7G modifications in different group comparisons are pre-
sented in Supplementary Tables 3,4. Further intersec-
tion analysis revealed that under these screening criteria,
6 lncRNAs (RP11-640N11.2, TEKT4P2, PARP1P1-201,
DPP6-210, RP11-989E6.11, DNM1P41) consistently ex-
hibited significant hyper-m7G across intergroup compar-
isons (Fig. 6C,D). Moreover, we demonstrated the presence
of these 6 lncRNAs by visualizing the peakswith significant
m7G alterations (Fig. 6E). Therefore, these 6 lncRNAsmay
serve as potential, dynamically evolving molecular markers
during the process from HBV infection to tumorigenesis.

3.5 Validation of the m7G Modification of the Screened
lncRNAs

To further substantiate the identified 6 m7G-related
lncRNAswith dynamic alterations, we transfected the HBV
1.1 plasmid into normal liver L02 cells and WRL68 cells
(Supplementary Fig. 3A,B) and subsequently evaluated
expression levels of the 6 selected lncRNAs. The results
showed significant upregulation exclusively in TEKT4P2
and DNM1P41, but the remaining 4 lncRNAs exhibited
no significant changes in expression (Fig. 7A,B). More-
over, HBV transfection led to an increase in m7G lev-
els in both TEKT4P2 and DNM1P41 (Fig. 7C,D). We
then investigated alteration of the m7G methyltransferases
METTL1 and WDR4 after HBV transfection. The find-
ings revealed significant upregulation of METTL1 and
WDR4 in response to HBV in both L02 and WRL68 cells
(Fig. 7E,F). Therefore, we hypothesize that expression lev-
els of TEKT4P2 and DNM1P41 are regulated by HBV-
mediated m7G modifications. To test our hypothesis, we
overexpressed METTL1 and WDR4 in L02 and WRL68
cells (Supplementary Fig. 3C,D) and observed significant
upregulation of TEKT4P2 andDNM1P41 expression levels
(Fig. 8A,B). In addition, we overexpressed METTL1 and
WDR4 in HBV-related hepatoma cells (Supplementary
Fig. 3E,F), Hep3B2.1-7 and HepG2.2.15 cells and found
upregulation of TEKT4P2 and DNM1P41 (Fig. 8C,D). To
ascertain the association between this upregulation and
m7Gmodification, we overexpressedMETTL1 andWDR4
in the aforementioned cells and assessed changes in m7G

modifications of TEKT4P2 and DNM1P41. The results in-
dicated that the m7G levels of TEKT4P2 and DNM1P41
were indeed influenced by regulation of METTL1 and
WDR4, thereby affecting their own expression levels
(Fig. 8E–H). Finally, to confirm the significant regulatory
roles of HBV and m7G methyltransferases on TEKT4P2
and DNM1P41, we initially examined differences in m7G
modifications of TEKT4P2 and DNM1P41 among differ-
ent cell lines. The results showed that the m7G levels
of TEKT4P2 and DNM1P41 were significantly higher in
hepatoma cells than in normal hepatocytes (Fig. 9A,B).
We thus transfected HBV 1.1 into L02 and WRL68 cells
while simultaneously knocking down m7G methyltrans-
ferases (METTL1 orWDR4) (Supplementary Fig. 3G,H).
The results demonstrated that both HBV and m7G methyl-
transferases have remarkable impacts on TEKT4P2 and
DNM1P41 m7G modification (Fig. 9C–F).

4. Discussion
To date, more than 150 distinct RNA modifica-

tions have been identified, with the most prevalent being
N6-methyladenosine (m6A), 5-methylcytosine (m5C), N1-
methyladenosine (m1A), 3-methylcytidine (m3C), and N7-
methylguanosine (m7G) [22]. The m7G modification, re-
ferring to methylation at the seventh nitrogen position on
RNA guanylate, is commonly observed in mRNA, rRNA,
tRNA, and miRNA [23–25]. Similar to other epigenetic
modifications, m7G modification is dynamically regulated
by RNA methyltransferases and proteins involved in m7G
recognition. In the context of cancer regulation, the fo-
cus of research has predominantly been on m7G-modified
tRNA and miRNA [26,27], with limited studies exploring
the impact of m7G modification on long noncoding RNA
(lncRNA) functionality. Additionally, there is currently
no documented research on the influence of HBV on m7G
modification or the dynamic changes in m7G modification
during progression of HBV-related HCC.

Our findings reveal that the majority of localized
peaks exhibit tissue specificity but that a significant por-
tion of matched lncRNAs are shared across diverse tissues.
This highlights the prevalence of m7G-modified lncRNAs
that are common between tissues, though there may be
variations in the modified sites within each tissue. More-
over, we observed a consistent distribution of peaks and
matched lncRNAs on chromosomes, and the proportions of
the identified lncRNA sources were similar across differ-
ent tissues. This suggests that m7G modification sites are
widely distributed and closely associated with lncRNAs.
Notably, we also discovered enrichment of shared motifs
in different tissues, indicating the presence of conserved
m7G modification sites or intricate relationships between
m7G-related lncRNAs that may play a role throughout pro-
gression from HBV infection to HCC. Based on intergroup
differential analysis, hyper-m7G predominates during pro-
gression from HBV infection to HCC occurrence. This
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Fig. 6. Selection of lncRNAs with dynamically changing m7G modification. Heatmaps summarizing m7G alterations of peaks (FC
>100 or FC<0.01) in the comparison (A) between the paracancerous tissue and the normal tissue and (B) between the HCC tissue and the
paracancerous tissue. (C) Venn diagram illustrating the intersection of lncRNAs with significant m7G changes (FC >100 or FC <0.01)
across different intergroup comparisons. (D) Heatmap showing the occurrence of m7G alterations across the 6 screened lncRNAs across
different intergroup comparisons. (E) Visualization of the peak regions with m7G alterations in comparison between the paracancerous
tissue and normal tissue (upper 6 panels) and between the HCC tissue and paracancerous tissue (lower 6 panels). MeRIP and Input were
overlaid in the same track. N, normal; P, paracancerous; T, tumor; FC, fold change.
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Fig. 7. Preliminary validation of identified m7G-related lncRNAs. qRT-PCR was performed to assess expression of the 6 screened
potential m7G-related lncRNAs in (A) L02 cells and (B) WRL68 cells following transfection with the HBV 1.1 plasmid. Using (C) L02
cells and (D) WRL68 cells, MeRIP-PCR was carried out to examine changes in m7G levels of TEKT4P2 and DNM1P41 after HBV
transfection. Levels of the m7G methyltransferases METTL1 and WDR4 were assessed by qRT-PCR in (E) L02 cells and (F) WRL68
cells following HBV transfection. The mean and SD from three independent experiments are depicted. **p < 0.01, ***p < 0.001.

observation suggests that HBV may be involved in induc-
tion of hyper-m7G modification, which is subsequently en-
hanced during the process of tumorigenesis. Consequently,
the overall m7G levels of relevant lncRNAs consistently in-
creased, emphasizing the crucial role of m7G modification
in the HBV-mediated inflammation-to-cancer transforma-
tion process.

Our meticulous screening process led to identification
of 6 novel lncRNAs that exhibited dynamic and sustained
increases inm7G levels throughout the aforementioned pro-
cess. Unexpectedly, among the six screened lncRNAs, only
two (TEKT4P2 and DNM1P41) were found to be regulated
by HBV in terms of their expression. Despite rigorous en-
forcement of stringent exclusion criteria, the primary limi-
tation of this study is the small sample size. This limitation
potentially influences the obtained results to some extent,

necessitating validation of screened lncRNAs in expansive
clinical cohorts. Additionally, as m7G acts as an epigenetic
modification, it may not dynamically influence expression
of all lncRNAs, and these effects may also be counter-
acted by other influencing factors. Thus, we identified only
TEKT4P2 and DNM1P41 as being positively regulated by
HBV. Subsequent in vitro experimentation confirmed that
TEKT4P2 and DNM1P41 are upregulated through inter-
nal m7G methylation mediated by the methyltransferase
METTL1 and the associated factor WDR4. Upregulation
ofMETTL1 has been found to promote progression of HCC
[28], and further studies have revealed its ability to promote
hepatocarcinogenesis by modifying m7G levels of tRNAs
[29]. WDR4, as a key component of the m7G methyltrans-
ferase, is also upregulated in HCC tissues and contributes
to sorafenib and lenvatinib resistance [30,31]. While the
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Fig. 8. The expression pattern of m7G modification-dependent dynamic lncRNAs. Expression of TEKT4P2 and DNM1P41 was
assessed by qRT‒PCR in normal hepatocytes (A) L02 cells and (B)WRL68 cells and hepatoma (C) Hep3B2.1-7 cells and (D) HepG2.2.15
cells after transfection of METTL1 and WDR4. MeRIP-PCR was carried out to detect m7G alteration of TEKT4P2 and DNM1P41 in
(E) L02 cells, (F) WRL68 cells, (G) Hep3B2.1-7 cells, and (H) HepG2.2.15 cells following overexpression of METTL1 and WDR4.
***p < 0.001.
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Fig. 9. The impact of HBV and methyltransferase on m7G modification of dynamic lncRNAs. m7G levels of (A) TEKT4P2 and
(B) DNM1P41 in hepatocytes and hepatoma cells were determined by MeRIP-PCR. MeRIP-PCR was performed to detect changes in
m7G modification of TEKT4P2 and DNM1P41 after HBV transfection and METTL1 knockdown in (C) WRL68 cells and (D) L02 cells.
Alteration of m7G levels of TEKT4P2 and DNM1P41 was assessed by MeRIP-PCR following transfection of HBV and knockdown of
WDR4 in (E) WRL68 cells and (F) L02 cells. *p < 0.05, **p < 0.01, ***p < 0.001.

regulatory mechanisms of METTL1 and WDR4 by HBV
have yet to be elucidated, our study provides evidence of
HBV-mediated upregulation of METTL1 and WDR4 ex-
pression. This finding aligns with a report of increased ex-
pression of METTL1 and WDR4 in HBV-infected tissues,
which is the only study investigating m7G modification in
chronic HBV infection [32]. In that study, the investiga-
tors clarified the relationship betweenm7G-related genes in

HBV-infected liver tissues and the immune microenviron-
ment as well as disease progression. They found significant
upregulation of METTL1 and WDR4 in HBV-infected tis-
sue. Furthermore, these m7G-related genes not only regu-
late the immune microenvironment to control hepatitis pro-
gression but also serve as potential molecular markers in
this context. Hence, we propose that HBV infection up-
regulates expression of methyltransferases to regulate the
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m7Gmodification of lncRNAs. During the HCC stage, fur-
ther upregulation of METTL1 and WDR4 occurs, leading
to increases in the internal m7G levels of specific lncR-
NAs. Consequently, synchronized upregulation in m7G
levels and expression of TEKT4P2 and DNM1P41 renders
them potential critical molecular markers for HBV-induced
inflammation-to-cancer transformation, potentially partici-
pating in HBV-induced HCC formation and progression.

It is noteworthy that when summarizing intergroup
differences inm7Gmodifications of lncRNAs, we observed
a decreasing number of differentially modified lncRNAs
with increasing lncRNA length. In other words, shorter
lncRNAs appeared to be more susceptible to internal m7G
modification. This may be because shorter lncRNAs have
fewer potential binding sites for interactions with other in-
tracellular molecules, thereby amplifying the impact of a
single m7Gmodification peak on the overall stability or ex-
pression regulation of the RNA. On the other hand, longer
lncRNAs may have reduced influence from such epige-
netic modifications due to the prevalence of other regula-
tory mechanisms. Moreover, through utilization of GO and
KEGG analyses on lncRNA transcript origins or associated
genes, we observed enrichment of the Notch pathway, po-
tentially indicating an association between HBV-mediated
m7G modifications in lncRNAs and the Notch pathway.
Previous studies have demonstrated the relevance of the
Notch pathway in HBV replication activation, a process in-
tricately linked to HCC progression [33,34]. Therefore, our
findings suggest a potential connection between HBV reg-
ulation of the Notch pathway and internal m7G modifica-
tion of key genes, providing a new theoretical framework
for understanding HBV replication and its contribution to
HCC formation.

Previous studies have investigated the association be-
tween m7G-related lncRNA expression and prognosis in
HCC [35,36]. Additionally, research has explored the
expression profiles of m7G-related lncRNAs potentially
linked to immune responses and their prognostic impli-
cations in HCC [37,38]. However, there is currently a
lack of work specifically examining m7G-related lncRNAs
in HBV-associated HCC. Furthermore, the continuous dy-
namic changes in m7G-related lncRNAs throughout dif-
ferent stages of disease progression remain poorly under-
stood. In our study, we thoroughly characterized and sum-
marized the m7Gmethylation patterns within lncRNAs fol-
lowing HBV infection and hepatocarcinogenesis. We also
made the novel discovery that HBV may regulate the m7G
methylation patterns of lncRNAs through upregulation of
METTL1 andWDR4. Through this regulatory mechanism,
TEKT4P2 and DNM1P41 may serve as promising molecu-
lar markers for HBV-related inflammation-to-cancer trans-
formation. For noncoding RNAs, internal m7G modifica-
tion may affect their expression and function. In tRNA,
internal hyper-m7G may increase stability [26], thereby
increasing expression of m7G-related tRNAs [39]. In

miRNA, internal hype-rm7G may facilitate dicer activity
and maturation, thereby increasing expression [25]. How-
ever, there are currently no reports on the molecular mech-
anisms underlying the impact of internal m7Gmodification
on the expression and function of lncRNAs. Our current
study demonstrates that the 2 screened lncRNAs exhibit
hyper-m7G and sustained upregulation during the HBV-
mediated inflammation-to-cancer transition. Thus, we in-
fer that m7G modification of TEKT4P2 and DNM1P41
plays an important role in HBV progression and ultimately
induces HCC occurrence. Although the biological func-
tions and specific molecular mechanisms of TEKT4P2 and
DNM1P41 are not yet clear, our research provides valuable
avenues for further exploration and investigation in our fu-
ture studies.

5. Conclusions
In summary, our study compiled the methylome pro-

files of internal m7G modification of lncRNAs following
HBV infection and the occurrence of HCC. Our results
demonstrate a continuous variation in m7G levels in the
process of HBV infection leading to hepatocarcinogene-
sis, potentially associated with HBV-mediated regulation
of the m7G methyltransferases METTL1 and WDR4. Fur-
thermore, we identified TEKT4P2 and DNM1P41 as po-
tential molecular markers for HBV-induced inflammation-
to-cancer transformation in HCC. These findings provide a
novel theoretical basis for future research in this field.
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