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Hepatocellular carcinoma (HCC) is a common malignant tumor with high mortality. Our previous study has confirmed
that XPD acts as an anti-oncogene and is downregulated in HCC. The mechanism of XPD downregulation in HCC is unclear.
In this work, we obtained the datasets related to HCC patients from GSE76427, LIRI-JP, and TCGA-LIHC cohorts. Among
15 m°C regulators (NSUN2, NSUN3, NSUN4, NSUN5, NSUN6, NSUN7, DNMT1, TRDMT1, DNMT3A, DNMT3B and
NOP2, TET1, TET2, and TET3, ALYREF), 14 m°C regulators were upregulated in tumor tissues of HCC patients, except
for TET2. HCC patients were divided into Cluster A and B with different m°C methylation patterns. Cluster B was enriched
in metabolism-related signaling pathways, and Cluster A was prominently associated with the cell cycle signaling pathway.
Moreover, XPD was positively correlated with NOP2. Cluster B exhibited upregulation of XPD and had an obvious survival
advantage with respect to Cluster A. Additionally, NOP2 and XPD were downregulated in HCC tumors and cells. In vitro
assays revealed that NOP2 overexpression enhanced XPD expression by elevating the m°C methylation of XPD, which
contributed to inhibit proliferation, migration, and invasion of HCC cells. In conclusion, this work demonstrated that XPD
mRNA stability was elevated by NOP2-mediated m*C methylation modification and then inhibited the malignant progres-
sion of HCC, suggesting that XPD may be a potential target for HCC treatment.
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Liver cancer is a common cancer in the world, which is
more prevalent in men [1]. About 90% of patients belong
to hepatocellular carcinoma (HCC) [2]. Due to a deficiency
of early symptoms and effective biomarkers, most patients
are usually diagnosed in the late stage of the disease [3,
4]. Although the treatment of HCC has made significant
progress with the development of medical technology and
new drugs, about 70% of patients still have tumor recurrence
and metastasis within five years after surgery [5]. Therefore,
the goal and challenge of scientific research remain to study
the pathogenesis of HCC and provide novel targets for its
treatment.

Xeroderma pigmentosum gene D (XPD) is an important
DNA repair gene, its gene product is the core component
of mammalian basic transcription factor II H (TFIIH). It is
widely involved in eukaryotic transcription initiation and
the DNA nucleotide excision repair process [6]. XPD gene
polymorphisms are risk factors for various cancers, including
HCC [7-9]. Our previous study has found decreased expres-
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sion of XPD in HCC tissues and cells. XPD overexpression
represses malignant phenotypes of HCC cells and reduces
the tumor formation of HCC [10]. Nevertheless, the under-
lying mechanism of the downregulation of XPD in HCC is
still unclear.

RNA modification is dynamic, reversible, and widespread
in different biological processes [11]. The mRNA cysteine is
methylated when it undergoes a type of RNA modification
called 5-methylcytosine (m°C). It is mainly distributed in
the CG enrichment region and depends on methyltransfer-
ases (writers), demethylases (erasers), and binding proteins
(readers) [12]. m°C methylation modification has a variety
of biological functions, such as regulating mRNA trans-
port, RNA stability, translation, and mitochondrial activity
[12, 13]. It regulates various tumors’ occurrence, develop-
ment, invasion, and metastasis. For instance, higher expres-
sion of m*C methylation-related genes NSUN3 and NSUN4
are observed in tumor tissues, and related to clinicopatho-
logical characteristics and survival rate of lung cancer [14].
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The expression of m°C methyltransferase NSUN?2 is higher
in bladder urothelial carcinoma than in normal tissues, thus
promoting cancer development by enhancing the stability of
oncogene HDGF [15]. Thus, we want to investigate whether
XPD can participate in the progression of HCC through m°C
methylation modification.

This study integrated the genomic data from HCC samples
and examined the m°C modification patterns. Among the 15
m°C regulators, NOP2 was positively correlated with XPD. In
vitro assays demonstrated that NOP2 enhanced the stability
of XPD and elevated the expression of XPD, thereby inhib-
iting malignant phenotypes of HCC cells.

Materials and methods

Data collection. The Cancer Genome Atlas (TCGA)
provided the clinical data for liver hepatocellular carcinoma
(LIHC), somatic mutation, copy number variation (CNV),
and raw fragment per kilobase (FPKM) values. FPKM value
was further converted into a transcript of one thousand base
millions (TPM) value. The gene expression dataset and clinical
trait data (the Liver Cancer-RIKEN JP) were collected from
the ICGC database (https://dcc.icgc.org/). The GSE76427
dataset was downloaded from Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/gds/). Batch
effects from non-biological technical biases were corrected
using the “ComBat” algorithm of the sva package [16].

Unsupervised clustering of m°C regulators. Based on
the merged datasets from GSE76427, LIRI-JP, and TCGA-
LIHC cohorts, 15 m°C regulators were obtained, including
11 writers (NSUN2, NSUN3, NSUN4, NSUN5, NSUNG,
NSUN7, DNMT1, TRDMTI1, DNMT3A, DNMT3B, and
NOP2), 3 readers (TET1, TET2, and TET3), 1 eraser
(ALYREF). The expression of 15 m°C regulators was used to
identify distinct m°C alteration patterns using unsupervised
clustering analysis and to categorize patients. The consensus
clustering algorithm was implemented by applying the
ConsensuClusterPlus package to examine clusters and their
stability [17].

Gene set variation analysis (GSVA) and functional
annotation. “GSVA” R packages were utilized to examine the
differences in biological processes in different m°C modifi-
cation patterns. The “c2. cp. kegg. v6.2. symbols” genome
was obtained from the MsigDB database. It was considered
statistically significant when the adjusted p-value <0.05.
The “ClusterProfiler” R package was applied to annotate the
m°C-related genes under the threshold of error detection rate
(FDR) <0.05.

Single sample gene set enrichment analysis (ssGSEA) of
TME cell infiltration. ssGSEA algorithm was implemented
to determine the enrichment fraction and relative abundance
of cell infiltration in the tumor microenvironment (TME) of
HCC. The gene sets related to invasive immune cells in TME
were obtained from Charoentong, which stored information
about various human immune cells [18, 19].

Participants. With the Ethics Committee of the Second
Affiliated Hospital of Nanchang University’s approval (No.
Review [2022] No. 20), 19 HCC patients (the mean + SD of
age was 66.21+7.79) including 10 males and 9 females were
enrolled in this study. There were 2 patients with stage I, 7
patients with stage I, 8 patients with stage III, and 2 patients
with stage IV. Among them, 19 cases of tumor tissues and 17
cases of adjacent normal tissues were extracted from these
HCC patients. Two cases of adjacent normal tissues were
excluded. All participants provided informed consent. HCC
tumor tissues were examined by surgical pathology. Before
surgery, these patients had no other concomitant diseases
and received no treatment, including chemotherapy or
radiotherapy.

Cell culture and transfection. Human normal hepato-
cytes (LO2 cells) and HCC cell lines (HepG2, SMMC-7721,
and Hep3B) were purchased from the Shanghai Institute of
Biochemistry and Cell Biology (China). Cells were cultured
in DMEM (Gibco, Grand Island, NY, USA) at 37°C and 5%
CO,. It contained 10% fetal bovine serum (FBS; Gibco) and
1% penicillin/streptomycin.

Cell transfection. The vector pcDNA3.1 containing
NOP2 (NOP2-OE) was constructed to induce NOP2
overexpression (Genepharm, Guangzhou, China). An
empty vector (Vect) served as a control. SMMC-7721 cells
were seeded into a 24-well plate at a density of 5x10*cells/
plate. After 24 h of incubation, cells were transfected with
0.8 ug NOP2-OE or Vect applying 2 pl Lipofectamine 2000
Reagent (Thermo Fisher Scientific, Waltham, MA, USA).
Cells were further cultured for 48 h and then collected for
further analysis.

Quantitative real-time PCR (qRT-PCR). Total RNA was
extracted from tissues and cells using the guidelines provided
in the RNA isolation kit (Toyobo, Tokyo, Japan). Reverse
transcription was carried out to synthesize cDNA using
RevertAid RT Kit (Thermo Fisher Scientific). Then, an ampli-
fication reaction was carried out utilizing TB Green® Premix
Ex Taq™ (Takara, Dalian, China) on the 7500 Real-time PCR
system (Applied Biosystems, Foster City, CA, USA). The
reaction mixture contained 10 ul TB Green Premix Ex Tagq,
0.4 ul ROX Reference Dye II, 0.4 pl forward primer, 0.4 pl
reverse primer, 2 ul DNA template, and 6.8 pl sterile water. The
reaction mixture was incubated at 95°C for 2 min, followed
by 40 cycles at 95°C for 30 s, 57°C for 30 s and 72°C for
30 s. The primer sequences (5-3’) of NOP2 and {-actin were
displayed as follows: NOP2: forward-AAGGGTGCCGAGA-
CAGAACT and reverse-GAGCACGACTAGACAGCCTC;
XPD: forward-TCTGCCTCTGCCCTATGAT and reverse-
CGATTCCCTCGGACACTTT; B-actin (loading control):
forward-CTCGCCTTTGCCGATCC and reverse-TTCTC-
CATGTCGTCCCAGTT. The data were analyzed by the
2742t method.

Methylated RNA immunoprecipitation (Me-RIP).
Me-RIP was carried out to examine the m°C methylation of
XPD as a previous study described [20]. Briefly, SMMC-7721
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cells were treated with RIP lysis buffer (Merck Millipore,
Monmouth Junction, NJ, USA). Protein A/G magnetic
beads were pre-treated with anti-m°C (#ab10805, Abcam,
Cambridge, MA, USA) or anti-IgG (#2729, Cell Signaling
Technology, Danvers, MA, USA) for 2 h. Cells were incubated
with antibody-beads complex with rotation at 4°C. Subse-
quently, RNA was eluted from the beads and used to examine
the enrichment of XPD by qRT-PCR.

Western blotting. Cells and tissues were treated with
RIPA lysis buffer (Medchem Express), and total proteins
were isolated from the cell and tissue lysate. The concentra-
tion of proteins was examined using BCA Protein Assay Kit
(Beyotime, Shanghai, China). The proteins were separated by
10% SDS-PAGE gel electrophoresis and then transferred onto
PVDF membranes. After blocking with 5% skimmed milk,
the membranes were incubated with primary antibodies,
anti-XPD (1:1000, #ab150362; Abcam), anti-NOP2 (1:1000,
#ab271075; Abcam), anti-p-actin (1:2500, #ab8227; Abcam)
at 4°C overnight, and then stained with secondary antibody
(1:10000, #ab6721; Abcam) at room temperature for 1 h. The
bands were developed with BeyoECL Moon Kit (Beyotime)
and then analyzed by Image]J software.

MTT assay. SMMC-7721 cells (10,000) at the logarithmic
phase were seeded into a 96-well plate and incubated at
37°C for 48 h. Cells were stained with 10 ul MTT reagent
(Beyotime) at 37°C for 1 h, and then incubated with 100 pl
Formazan for 3 h. Finally, Microplate Reader (Thermo Fisher
Scientific) was applied to examine the absorbance value at
570 nm of each sample.

Colony formation assay. SMMC-7721 cell suspension at
logarithmic phase was added into a 6-well plate (700 cells/
well) and cultured at 37°C for 2 weeks. The medium was
changed every 3 days and the cell status was observed. Cell
colonies were fixed with 4% paraformaldehyde for 30 min
and stained with 1 ml 0.4% crystal violet for 20 min. Finally,
the colony number was counted.

Wound healing. SMMC-7721 cells (1x10°) were seeded
into a 6-well plate and cultured until 90% of confluence. The
cells were scratched using a sterilized toothpick and washed
with PBS to remove the scratched cells. Cells were further
cultured in FBS-free DMEM for 0 and 24 h. The scratch
wound was observed under an optical microscope and
analyzed by Image] software.

Transwell assay. 24-well Transwell chambers (Corning
Incorporation, Corning, NY, USA) coated with Matrigel
(BD Biosciences, Franklin Lakes, NJ, USA) were used for
Transwell assays. SMMC-7721 cells (4x10*) were seeded into
the upper chamber, DMEM and 10% FBS were added into the
lower chamber. After 48 h of invasion, the invading cells on
the lower surface of the chamber were subjected to fixation
and staining with 0.4% crystal violet. Cell invasion images
were captured from five random fields and then quantified
using Image] software.

Statistical analysis. Each assay was conducted three
times. The data were analyzed using IBM SPSS 22.0 statistical

software (Armonk, NY, USA). Data were presented as mean
+ standard deviation. The statistical difference was examined
using the one-way ANOVA method and the two-tailed
Students t-test. Kaplan Meier plotter was used to analyze the
prognosis survival curve. Spearman analysis was used for
correlation analysis. A p-value less than 0.05 was considered
a significant difference.

Results

The landscape of genetic variation of m°C regulators
in HCC. The mutation incidence of 15 m°C regulators was
examined, including 11 writers, 1 eraser, and 3 readers, in
HCC patients from the TCGA-LIHC cohort to identify the
m°C methylation modification in HCC. A total of 48 individ-
uals had m°C regulator mutations, with an incidence of
13.19%. TET2 had the highest mutation frequency, followed
by that of TET1. No mutation was observed in NSUNS5,
NSUNGS6, and DNMT3B (Figure 1A). Further analysis of the
CNV frequency of m°C regulators showed that most m°C
regulators were enriched in copy number amplification.
DNMT, NOP2, NSUN4, and TET2 exhibited an obvious
frequency of CNV deletion (Figure 1B). Figure 1C revealed
the CNV location of 15 m°C regulators on chromosomes.
Compared with normal tissues, all m°C regulators were
upregulated in tumor tissues of HCC patients, except for
TET2 (Figure 1D).

Biological characteristics of two clusters with different
m°C methylation modification. Based on the GSE76427,
LIRI-JP, and TCGA-LIHC cohorts, the consensus clustering
algorithm (k=2) was used to produce two clusters with
distinct m°C methylation modifications, referred to as
Cluster A and Cluster B (Supplementary Figures S1A, S1B).
Furthermore, the risk/favorable factors of m°C regula-
tors are shown in Figure 2A. Except for NSNUS, all other
m°C regulators were the risk factors for HCC. NSNU6 was
negatively correlated with NSNU4 and NSNU5. NOP2 was
negatively correlated with ALYREF and NSUNG6. Prognostic
analysis for the two clusters uncovered that Cluster B had
an obvious survival advantage with respect to Cluster A
(Figure 2B). The evaluation of the expression of 15 m°C
regulators in two clusters revealed that with the exception
of NOP2 and NSUNGS, all m*C regulators were substantially
expressed in Cluster A. Interestingly, the expression of NOP2
and NSUNG6 was increased in Cluster B (Figure 2C). GSVA
enrichment analysis was carried out to test the biological
behaviors between two clusters with distinct m°C modifica-
tion patterns. Cluster B was enriched in metabolism-related
signaling pathways, such as retinol metabolism, fatty acid
metabolism, tryptophan metabolism, and phenylalanine
metabolism. Cluster A was prominently associated with the
cell cycle signaling pathway (Figure 2D). Additionally, TME
cell infiltration analysis demonstrated that the activated CD4
T cells and type 2 T helper cells were abundant in Cluster A.
Cluster B was enriched in eosinophils, monocytes, plasmacy-
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Figure 1. The landscape of genetic and expression variation of m°C regulators in HCC. A) The mutation incidence of 15 m°C regulators (11 writers,
1 eraser, and 3 readers) in HCC patients from the TCGA-LIHC cohort. B) The CNV variation frequency of m°C regulators. C) The location of CNV
alteration of m°C regulators on 23 chromosomes. D) The expression of m*C regulators between normal tissues and HCC tissues. *p<0.05, ***p<0.001;

ns, not significant

toid dendritic cells, type 1 T helper cells, and type 17 T helper
cells (Figure 2E).

The connection between NOP2/XPD expression and
overall survival of HCC patients. The Spearman analysis of
the correlations between the m°C regulators and XPD in two
clusters revealed that XPD had a positive correlation with
NOP2 and a negative correlation with the other m°C regula-
tors (Figure 3A). Prognostic analysis for NOP2 and XPD
expression revealed that compared with HCC patients with
low expression of NOP2 and XPD, those with high expres-
sion of NOP2 and XPD usually indicated a better prognosis
(Figures 3B, 3C). Interestingly, Cluster B had a higher expres-
sion of XPD than Cluster A (Figure 3D).

NOP2 and XPD were downregulated in HCC tissues
and cells. The expression difference of NOP2 between 17
non-tumor and 19 HCC tumor tissues was quantified by
qRT-PCR. Compared to non-tumor tissues, tumor tissues
have significantly lower NOP2 and XPD mRNA expres-
sion (Figures 4A, 4C). NOP2 and XPD were discovered to
be downregulated in tumor tissues using western blotting
(Figures 4B, 4D). The same reduction of NOP2 and XPD
mRNA and protein expression was also found in HCC
cells (HepG2, SMMC-7721, and Hep3B) with respect to
LO2 cells, as confirmed by qRT-PCR and western blotting
(Figures 4E-4H). Thus, NOP2 and XPD may be closely
associated with HCC development.
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Figure 2. Biological characteristics of two clusters with different m°C methylation modification. A) The interaction among 15 m°C regulators in HCC.
B) Kaplan-Meier curves analyzed the overall survival of HCC patients in Cluster A and B. C) Heatmap revealing the expression of m°C regulators in
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NOP2 overexpression inhibited malignant phenotypes
of HCC cells. NOP2 was overexpressed in SMMC-7721
cells to better understand how NOP2 affects the prolif-
eration, migration, and invasion of HCC. Transfection of
NOP2-OE effectively enhanced the expression of NOP2
protein (Figure 5A). This upregulation was accompanied by
an increase in XPD mRNA and protein (Figures 5B, 5C). The
cell proliferation ability of SMMC-7721 cells was examined
by conducting MTT and colony formation assays. It was
observed that the proliferation ability was notably reduced in
NOP2-OE-expressing SMMC-7721 cells compared to Vect-
transfected SMMC-7721 cells (Figures 5D, 5E). Applying
wound healing and Transwell assays, reduction of migration
and invasion was observed in SMMC-7721 cells following
transfection of NOP2-OE (Figures 5F, 5G). MeRIP was used
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to determine how NOP2 affected the m°C methylation of
XPD, and the results showed that NOP2 overexpression in
SMMC-7721 cells significantly increased the m°C methyla-
tion of XPD (Figure 5H). All of these findings demonstrated
that NOP2 overexpression caused SMMC-7721 cells to
proliferate, migrate, and invade at a lower rate.

Discussion

In recent years, many studies have shown that the m°C
methylation modification is involved in regulating various
tumors’ occurrence, development, invasion, and metastasis.
Here, the mutation and CNV variation of 15 m°C regula-
tors were observed in HCC patients. All m°C regulators were
upregulated in tumor tissues of HCC patients, except for
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Figure 3. The connection between NOP2/XPD expression and overall survival of HCC patients. A) Correlations between 15 m°C regulators and XPD in
two clusters were evaluated by Spearman analysis. B, C) Kaplan-Meier curves analyzed the connection between NOP2/XPD expression and the overall
survival of HCC patients in two clusters. D) The expression of XPD in Cluster A and B.
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Figure 4. NOP2 and XPD were downregulated in HCC tumors and cells. qRT-PCR (A, C) and western blotting (B, D) examined NOP2 and XPD expres-
sion in tumor and non-tumor tissues of HCC patients. qRT-PCR (E, G) and western blotting (F, H) assessed NOP2 and XPD expression in LO2, HepG2,

SMMC-7721, and Hep3B cells. *p<0.05, **p<0.01 non-tumor or LO2 group

TET2. Based on the expression of 15 m°C regulators, HCC
patients were divided into two clusters with different m*C
methylation patterns. Cluster B exhibited upregulation of
NOP2 and NSUNG6, and had an obvious survival advantage
with respect to Cluster A. XPD was positively correlated with
NOP2. Additionally, NOP2 and XPD were downregulated in
HCC tumors and cells. NOP2 overexpression enhanced m*C
methylation of XPD to inhibit proliferation, migration, and
invasion of HCC cells.

As one of the common epigenetic modifications in cancer,
m°C methylation regulates transcriptional activity [21]. The
m°C methylation is closely related to the occurrence, clinical
diagnosis, prognosis, and treatment of various cancers. For
instance, most m*C modifications of miRNAs are observed in
glioblastoma multiforme, and miRNA-181a-5p methylation
modification is related to the poor prognosis of glioblastoma
multiforme patients [22]. Based on 11 m°C regulators, lung
cancer samples are split into two m°C methylation modifica-

tion modes, each of which has a different level of immune
cell infiltration in the TME [23]. Zhang et al. have carried
out methylated RNA immunoprecipitation sequencing and
found that the mRNA m°C peak is widely distributed in
tumor tissues of HCC patients as compared with adjacent
tissues [23]. In HCC tumor tissues, both the frequency of
circRNA and IncRNA m°C methylation and the number of
m°C methylation genes are elevated [24, 25]. Here, HCC
samples were divided into two clusters with different m*C
methylation patterns. Cluster B exhibited a better prognosis
with respect to Cluster A. The activated CD4 T cells and type
2 T helper cells were abundant in Cluster A. Cluster B was
enriched in eosinophils, monocytes, plasmacytoid dendritic
cells, type 1 T helper cells, and type 17 T helper cells. Thus,
m°C methylation may regulate immune cell infiltration to
affect TME in HCC.

NOP2 belongs to the NSUN gene family, which also
includes six genes, NSUN2-7. The proteins encoded by
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Figure 5. NOP2 overexpression enhanced m°C methylation of XPD to inhibit malignant phenotypes of HCC cells. SMMC-7721 cells were transfected
with NOP2-OE or Vector. A) Western blotting examined NOP2 expression in SMMC-7721 cells. qRT-PCR (B) and western blotting (C) detected XPD
expression in SMMC-7721 cells. MTT assay (D) and clone formation assay (E) assessed the proliferation of SMMC-7721 cells. Wound healing assay (F)
and Transwell assay (G) evaluated the migration and invasion of SMMC-7721 cells. H) Me-RIP assessed the m°C methylation levels of XPD. **p<0.01

Vect group

these genes all have RNA methyltransferase activity and
catalyze the formation of 5-methylcytosine modification
from different kinds of RNA [12]. Additionally, the change of
XPD polymorphism will directly affect the change of TFIIH
complex activity, thereby causing abnormal DNA repair
and transcription defects [26]. Thus, XPD polymorphisms
play a vital role in tumorigenesis and development [27].
For instance, GIn/Gln variants of XPD increase smokers’
lung cancer risk. Lys/Gln and Gln/Gln variants of XPD are
strongly linked to lung cancer carcinogenesis in people with
a family history of cancer [9]. A meta-analysis has confirmed
that the polymorphisms of the XPD rs13181 G allele and
rs1799793 T allele enhance the risk of HCC in the Chinese
population [7]. Zhang et al. have found that XPD expression
is decreased in HCC tumor tissues. XPD/miR-29a-3p axis
negatively regulates COL4A1 expression to inhibit the malig-
nant progression of HCC [28]. In the present work, we found
that HCC patients with high expression of NOP2 had a better
prognosis than HCC patients with low expression of NOP2.
Moreover. the survival curve of patients with high and low

expression of XPD after 4 years had overlapping parts, which
cannot effectively distinguish the survival rate of patients.
This may be due to the small sample size of patients who have
survived for more than 4 years, resulting in the short survival
time of patients with high expression of XPD at 50% survival
rate. In addition, XPD may have a good distinction in the
early stage of HCC. With the aggravation of tumor progres-
sion, the impact of XPD on the survival of HCC patients was
no longer as effective as early differentiation of the survival
rate of patients. Furthermore, the antitumor effect of XPD
in HCC was confirmed. It was found that NOP2 and XPD
were downregulated in HCC tumors and cells. NOP2 overex-
pression enhanced XPD expression to reduce proliferation,
migration, and invasion of HCC cells. NOP2 may enhance the
stability of XPD by promoting the m°C methylation of XPD.

In summary, this work demonstrated that XPD mRNA
stability was regulated by NOP2-mediated m°C methylated
modification, and then inhibited malignant progression of
HCC, suggesting that XPD may be a potential target for HCC
treatment.
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Supplementary Figure S1. Two clusters of HCC patients with different m5C methylated modification. A) Two clusters with different m5C methylated
modification were divided by consensus clustering algorithm (k=2) based on GSE76427, LIRI-JP and TCGA-LIHC cohort. B) Cumulative distribution
function (CDF) curves with different “k” values.
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