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ABSTRACT
Background: 5-methylcytosine (m5C) methylation is the crucial posttranscriptional modification of RNA. NSUN4, a methyl-
transferase for m5C methylation, contributes to lung tumorigenesis. Here, we determined the precise action of NSUN4 on the 
development of non-small cell lung cancer (NSCLC).
Methods: NSUN4 and CDC20 mRNA expression was detected by quantitative PCR. Western blot and immunohistochemistry 
were used for the analysis of protein expression. Cell growth, apoptosis, invasiveness, migratory ability, and stemness potential 
were evaluated by colony formation, flow cytometry, transwell, and sphere formation assays. The influence of NSUN4 in CDC20 
mRNA was analyzed using RNA immunoprecipitation (RIP) assay and Actinomycin D (Act D) treatment. Subcutaneous xeno-
graft studies were performed to analyze the function in vivo.
Results: In human NSCLC tumors and cell lines, NSUN4 and CDC20 levels were upregulated. NSUN4 inhibition diminished 
NSCLC cell growth, stemness, invasiveness, and migratory ability in vitro, while NSUN4 increase had opposite effects. A pos-
itive expression association between CDC20 and NSUN4 was observed in NSCLC samples. Mechanistically, NSUN4 enhanced 
the stability of CDC20 mRNA through m5C modification. CDC20 depletion significantly counteracted NSUN4-driven cell phe-
notype alterations in vitro. Additionally, inhibition of NSUN4 impeded the growth of A549 NSCLC subcutaneous xenografts 
in vivo.
Conclusion: Our findings identify the pro-tumorigenic property of the NSUN4/CDC20 cascade in NSCLC. Targeting the novel 
cascade may be a promising way for combating this deadly disease.

1   |   Introduction

Accounting for approximately 85% of all lung cancer cases, 
non-small cell lung cancer (NSCLC) is a heterogeneous 
group of malignancies, which encompasses squamous cell 
carcinoma, adenocarcinoma, and large cell carcinoma [1]. It 

poses a significant threat globally due to its high prevalence 
and associated morbidity and mortality rates. The prognosis 
for NSCLC remains dismal, with a 5-year survival rate often 
falling below 20%, largely owing to late-stage diagnosis and 
aggressive tumor characteristics. The etiology of NSCLC is 
multifactorial, including smoking, lifestyle, environmental, 
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and genetic factors, which complicate early diagnosis and pro-
long the initiation of effective treatment [2, 3]. Current thera-
peutic strategies for NSCLC include surgery, immunotherapy, 
chemoradiotherapy, and targeted therapies; however, despite 
these advancements, the overall prognosis remains chal-
lenging [4, 5]. The development of NSCLC involves various 
molecular pathways, and the complexity of these regulatory 
mechanisms underscores the need for a deeper understand-
ing of NSCLC pathogenesis [6–8]. This understanding will not 
only aid in the identification of potential therapeutic targets 
but also facilitate the development of more effective and per-
sonalized treatment strategies.

5-methylcytosine (m5C) methylation, the posttranscriptional 
modification of RNA, is vital for gene expression, protein 
synthesis, and cellular processes, thereby participating in 
human diseases [9, 10]. NSUN4, a member of the NSUN fam-
ily of RNA cytosine-C(5)-methyltransferases, is responsible 
for catalyzing the methylation of cytosine residues in RNA 
[11]. In recent years, NSUN4 has garnered significant atten-
tion due to its potential role in modulating cellular functions 
and tumorigenesis. As an example, NSUN4 has an association 
with the overall outcomes of clear cell renal cell carcinoma 
patients [12]. Aberrant expression of NSUN4 is linked to he-
patocellular carcinoma development and patient prognosis 
[13, 14]. Specifically, studies have begun to unravel the com-
plex interplay between NSUN4 and oncogenic pathways. For 
instance, NSUN4-mediated changes in RNA m5C modifica-
tion affect the ALYREF/CDC20 interaction to activate the 
oncogenic PI3K/AKT pathway in glioma [15]. In the context 
of lung cancer, NSUN4 expression is enhanced in primary 
tumors and related to patient survival [16]. Dysregulation of 
NSUN4 is also associated with the infiltration of neutrophils 
and tumor immune microenvironment in lung carcinoma 
[16]. Furthermore, NSUN4-induced circERI2 m5C methyla-
tion contributes to lung tumorigenesis by controlling energy 
metabolism by targeting and stabilizing DDB1 [17]. Despite 
the emerging insights into NSUN4's contributions to lung tu-
morigenesis, the underlying mechanisms in this context are 
still largely unknown.

In this report, we further determined the precise action of 
NSUN4 on NSCLC development using cultured NSCLC cells 
in vitro and generated NSCLC subcutaneous xenografts in vivo. 
Further, we attempted to uncover a novel determinant under-
lying the action of NSUN4 depending on its m5C regulation 
mechanism.

2   |   Materials and Methods

2.1   |   Bioinformatics

The expression profiling of NSUN4 in human NSCLC was re-
trieved from the online databases TIMER (https://​cistr​ome.​
shiny​apps.​io/​timer/​​) and UALCAN (https://​ualcan.​path.​
uab.​edu/​analy​sis.​html). We utilized the linkedomics web-
site (https://​www.​linke​domics.​org/​login.​php) to observe the 
NSUN4-associating genes that were dysregulated in NSCLC 
following NSUN4 upregulation. The linkedomics website was 
also used for the analysis of the expression correlation of CDC20 

with NSUN4 in NSCLC. The upregulation of the CDC20 tran-
script in NSCLC was also revealed by the UALCAN online tool.

2.2   |   Human Clinical Specimens

During surgical procedures, we acquired pulmonary tissue 
samples from 53 sufferers diagnosed with NSCLC. These clini-
cal specimens, encompassing both primary NSCLC tumors and 
their neighboring noncancerous lung samples, originated from 
the same individuals at Shanxi Province Cancer Hospital, Shanxi 
Hospital Affiliated to Cancer Hospital, Chinese Academy of 
Medical Sciences, Cancer Hospital Affiliated to Shanxi Medical 
University. Once collected, we placed these human specimens 
in liquid nitrogen for storage. Patient consent was obtained be-
fore specimen collection. The research involving human sub-
jects received approval from the Research Ethics Committee of 
Shanxi Province Cancer Hospital, Shanxi Hospital Affiliated to 
Cancer Hospital, Chinese Academy of Medical Sciences, Cancer 
Hospital Affiliated to Shanxi Medical University.

2.3   |   Cell Lines and Culture Method

A549 (human lung adenocarcinoma [LUAD] cell line, #IM-
H113, Immocell, Xiamen, China), SK-MES-1 (human lung 
squamous cell carcinoma [LUSC] cell line, #CL-0213, Procell, 
Wuhan, China), H460 (human large cell lung cancer cell line, 
#IM-H228, Immocell), H1299 (#IM-H242, Immocell), H2170 
(human LUSC cell line, #CL-0394, Procell), and BEAS-2B (non-
tumor bronchial epithelial cell line, #IM-H128, Immocell) cells 
were used in the present work. For cell cultivation, we procured 
DMEM (for A549 and BEAS-2B), RPMI-1640 (for H460, H1299, 
and H2170), and MEM (for SK-MES-1) from Cell Application 
(San Diego, CA, USA), both of which were enriched with 1% 
Streptomycin/Penicillin (Invitrogen, Wesel, Germany) and 10% 
FBS (Nichirei Bioscience, Tokyo, Japan). We routinely main-
tained these cell lines in a humidified 5% CO2 atmosphere in-
cubator (Thermo Fisher Scientific, Uppsala, Sweden) at 37°C.

2.4   |   Constructs and Transfection 
and Transduction of Cell Lines

For in  vitro depletion or overexpression studies, we obtained 
pLV3-U6-NSUN4 (human)-shRNA1-CopGFP-Puro (sh-
NSUN4#1), pLV3-U6-NSUN4 (human)-shRNA2-CopGFP-Puro 
(sh-NSUN4#2), pLV3-U6-CDC20 (human)-shRNA-CopGFP-
Puro (sh-CDC20), the corresponding shRNA control (sh-ctrl), 
pLV3-CMV-NSUN4 (human)-EF1a-CopGFP-Puro (NSUN4 ex-
pression construct), pLV3-CMV-ALYREF (human)-3 × FLAG-
CopGFP-Puro (OE-ALYREF), and matched nontarget control 
plasmid (vector) from Miaoling Biology (Wuhan, China). Under 
the application of Lipofectamine 3000, in accordance with the 
producer's protocols (Thermo Fisher Scientific), we introduced 
shRNA, plasmid, or plasmid+shRNA into SK-MES-1 and A549 
NSCLC cells. After changing the medium, cells were incubated 
for 24–72 h.

Based on the sh-NSUN4#2 or sh-ctrl construct, sh-NSUN4#2 
lentivirus particles and sh-ctrl virus controls were generated by 
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Genomeditech (Shanghai, China). To produce in vivo xenograft 
models, each virus strain was used to transduce A549 cells in 
media encompassing polybrene (5 μg/mL, Beyotime, Shanghai, 
China). Following a 24-h period, the cells underwent puromycin 
selection at a concentration of 2 μg/mL (Beyotime) for 2 weeks.

2.5   |   Analysis of NSUN4 and CDC20 mRNA 
Expression

Using the RNA purification kit and accompanying sugges-
tions (Norgen Biotek Corporation, Thorold, ON, Canada), we 
prepared RNA from collected human specimens (~20 mg) or 
cultivated SK-MES-1 and A549 cells. For reverse transcription 
(RT), 200 ng of RNA was diluted and used. The RT reactions for 
NSUN4 and CDC20 were conducted with GoScript RT System 
(Promega, Charbonnières, France), followed by quantitative 
PCR using Thunderbird SYBR qPCR Mix as described by the 
supplier (Toyobo, Tokyo, Japan) with synthetic primer sets spe-
cific for NSUN4 (5′-CGCAATCTTGCTGCCAATGA-3′-forward 
and 5′-TCCTGCCATCCCATGAGGTA-3′-reverse) or CDC20 (5′
-ATTCACCCAGCATCAAGGGG-3′-forward and 5′-AGCACAC
ATTCCAGATGCGA-3′-reverse). Gene expression was normal-
ized to β-actin (5′-CTTCGCGGGCGACGAT-3′-forward and 5′-
CCACATAGGAATCCTTCTGACC-3′-reverse), and fold-change 
(2−ΔΔCt method) in NSUN4 and CDC20 expression between con-
ditions was determined.

2.6   |   Subcutaneous Xenograft Studies 
and Immunohistochemistry

In accordance with the guidelines approved by Shanxi Province 
Cancer Hospital, Shanxi Hospital Affiliated to Cancer Hospital, 
Chinese Academy of Medical Sciences, Cancer Hospital Affiliated 
to Shanxi Medical University Animal Care and Use Committee, 
we utilized BALB/c nude mice (age: 5–6 weeks, gender: female, 
n = 12), which were purchased from Vital River Laboratory 
(Beijing, China), for our animal studies. For the xenograft mod-
eling, we subcutaneously injected 5 × 106 A549 cells, which had 
been transduced with either sh-ctrl or sh-NSUN4#2 lentivirus 
particles, into the left flank of nude mice. Tumor growth moni-
toring began 1-week postinjection by the measurement of tumor 
volume (longest diameter × [shortest diameter]2 × 1/2) weekly 
using a caliper. Following a period of 5 weeks, after the mice 
were euthanized, we collected the xenografts for subsequent 
weight assessment and expression detection. Sections (4–5 μm) 
of paraffin-embedded subcutaneous xenograft were subjected 
to immunohistochemistry under a standard method reported by 
Lee et al. [18], using rabbit anti-CD133 monoclonal (#ab222782, 
1–1000, Abcam, Cambridge, UK), rabbit anti-NSUN4 polyclonal 
(#PA5-140975, 1–150, Invitrogen), rabbit anti-CDC20 polyclonal 
(#10252-1-AP, 1–300, Proteintech, Wuhan, China), rabbit anti-
SOX2 polyclonal (#PA1-094, 1–300, Invitrogen), or rabbit anti-
KLF4 polyclonal (#11880-1-AP, 1–300, Proteintech).

2.7   |   Western Blot

We harvested protein extracts from collected tissue specimens 
(~50 mg) or cultivated cells (1 × 107) and conducted immunoblot 

analysis as described previously [18] with rabbit anti-NSUN4 
polyclonal (#29786-1-AP, 1–4000, Proteintech), rabbit anti-
CDC20 polyclonal (#10252-1-AP, 1–8000, Proteintech), rabbit 
anti-SOX2 polyclonal (#11064-1-AP, 1–600, Proteintech), rab-
bit anti-CD133 monoclonal (#ab222782, 1–2000, Abcam), rab-
bit anti-KLF4 polyclonal (#11880-1-AP, 1–6000, Proteintech), 
or mouse anti-β-actin monoclonal (#66009-1-Ig, 1–50 000, 
Proteintech). The EZ-ECL Kit was used for signal visualization 
as recommended by the vendor (Biological Industries, Beit-
Haemek, Israel). For intensity analysis, we applied the ImageJ 
software (NIH, Bethesda, MD, USA).

2.8   |   Cell Colony Formation

In six-well culture plates, we seeded SK-MES-1 and A549 cells 
at the density of ~300 cells per well, 24 h following the suitable 
transfection. After seeding, the colonies were allowed to prolif-
erate for 10–14 days. After crystal violet (0.5%) staining, we uti-
lized the ImageJ software to quantify the number of colonies 
formed, with each colony consisting of more than 50 cells.

2.9   |   Assessment of Cell Apoptosis by Flow 
Cytometry

We performed FACS analysis on the Calibur flow cytometer 
with CellQuest software (BD Biosciences, Cowley, UK). At 
72-h posttransfection, we stained SK-MES-1 and A549 cells 
with FITC-labeled Annexin V and propidium iodide using the 
commercially available Assay Kit and manufactory recommen-
dations (Vazyme Biotech, Nanjing, China). Within 1 h, stained 
cells were tested for the evaluation of apoptotic cells.

2.10   |   Evaluation of Cell Invasiveness 
and Migratory Ability by Transwell Assay

For conducting invasiveness assays, we utilized Matrigel inva-
sion chambers from BD Biosciences. For the assessment of cell 
migratory ability, we employed 24-Transwell migration cham-
bers with 8 μm pore inserts (BD Biosciences). After being re-
suspended in nonserum media, SK-MES-1 and A549 cells at 24 h 
following the suitable transfection were plated in each upper 
chamber (1 × 105 for invasiveness and 4 × 104 for migration). 
Subsequently, the lower chamber was added with the medium 
containing 10% FBS. Following a 24-h incubation period, the in-
vading or migratory cells were evaluated by ImageJ across five 
randomly chosen fields after staining with 0.5% crystal violet.

2.11   |   Cell Sphere Formation Assay

We employed the 96-well Clear Round Bottom Ultra Low 
Attachment plate (Corning, Shanghai, China) to evaluate the 
sphere formation potential of SK-MES-1 and A549 cells, 24 h 
following the indicated transfection. Transfected SK-MES-1 
and A549 cells, which had been serum-deprived, were seeded 
into individual wells. After the incubation for 1 week at 37°C, 
we scored the diameter of formed spheres by ImageJ through 
microscopic examination.
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2.12   |   RNA Immunoprecipitation (RIP) Assay

RIP assays were performed with the BeyoRIP RIP Assay Kit from 
Beyotime and rabbit anti-NSUN4 polyclonal (#A14983, ABclonal, 
Wuhan, China), mouse anti-m5C monoclonal (#C15200081, 
Diagenode, Liège, Belgium), rabbit anti-ALYREF polyclonal 
(#16690-1-AP, Proteintech), or rabbit anti-IgG polyclonal (#30000-
0-AP, Proteintech). We prepared total extractions of SK-MES-1 
and A549 cells transfected with or without sh-ctrl, sh-NSUN4#2, 
vector, or NSUN4 expression construct. Meantime, the complex of 
the indicated antibody and Protein A/G Agarose was generated. 
The mixture of cell extractions and antibody–bead complex was 
prepared and incubated for 4–6 h at 4°C. After that, the precipi-
tates were subjected to RNA extraction for the determination of 
the CDC20 mRNA enrichment level using quantitative PCR.

2.13   |   Actinomycin D (Act D) Treatment for CDC20 
mRNA Stability Detection

SK-MES-1 and A549 cells, after transfection with sh-ctrl, sh-
NSUN4#2, vector, or NSUN4 expression construct, were sub-
jected to the treatment of Act D (50 μg/mL, Beyotime). Following 
exposure durations of 0, 2, 4, and 8 h, the abundance of the re-
maining CDC20 mRNA was quantified by quantitative PCR.

2.14   |   Statistics

We expressed all data as mean ± SD. For statistical significance, 
we used a Mann–Whitney U-test, Student's t-test (two-tailed, 
unpaired), or ANOVA (either one-way or two-way), with P val-
ues < 0.05 considered significant. For the analysis of expression 
association, we utilized Pearson's correlation coefficients.

3   |   Results

3.1   |   High Expression of NSUN4 Is Observed in 
Human NSCLC, and Its Inhibition Diminishes Cell 
Growth, Stemness, Invasiveness, and Migratory 
Ability In Vitro

The analysis of NSUN4 expression profiling using the online da-
tabases TIMER suggested that compared with normal controls, 
NSUN4 transcript was highly expressed not only in LUAD but 
also in LUSC (Figure 1A). In parallel, NSUN4 mRNA levels in 
111 normal samples, 515 LUAD, and 503 LUSC were retrieved 
from TCGA on the online UALCAN project, revealing the en-
hanced expression of NSUN4 mRNA in NSCLC (Figure  1B). 
Additionally, using the UALCAN web, we observed that 
NSUN4 expression did not significantly (p = 0.16) associate 
with the prognosis of patients with LUAD, yet it was signifi-
cantly (p = 0.028) correlated with the overall survival of LUSC 
patients (Figure  S1). The RNA levels were subsequently mea-
sured in 53 pairs of primary NSCLC tumors and their neighbor-
ing noncancerous lung tissues. As demonstrated by quantitative 
PCR, NSUN4 mRNA levels were significantly upregulated 
in NSCLC tumors compared with the corresponding con-
trols (Figure 1C). Protein extractions were also prepared from 
four pairs of NSCLC tumors and matched noncancerous lung 

samples, followed by immunoblot analysis. From this analysis, 
we observed the strongly increased expression of NSUN4 pro-
tein in human NSCLC tumors (Figure 1D). The NSUN4 protein 
expression was also examined in NSCLC cell lines A549 and SK-
MES-1 and compared to that in nontumor BEAS-2B cells. Using 
immunoblot analysis, we found that NSCLC cells exhibited in-
creased expression of NSUN4 protein compared with BEAS-2B 
cells (Figure 1E). Moreover, A549 and SK-MES-1 cells displayed 
higher levels of NSUN4 (Figure 1E). Thus, we used A549 and 
SK-MES-1 NSCLC cells in this study.

Next, we prepared NSUN4-silenced A549 and SK-MES-1 
NSCLC cells using two different shRNAs targeting NSUN4 
(sh-NSUN4#1 or sh-NSUN4#2) to evaluate the precise ac-
tivity of NSUN4 in NSCLC development. The significant de-
pletion of NSUN4 was achieved in the two NSCLC cell lines 
by sh-NSUN4#1 or sh-NSUN4#2, which was verified by 
immunoblotting (Figure  2A). The deficiency of NSUN4 re-
duced the number of generated colonies (Figure 2B) and had 
promoting impact on cell apoptosis (Figure  2C). Moreover, 
NSUN4-depleted A549 and SK-MES-1 cells exhibited retarded 
migratory and invasive potential (Figure  2D,E). Of note, 
the depletion of NSUN4 had suppressive effects on NSCLC 
cell stemness, which was evidenced by the reduced diame-
ter of formed spheres (Figure 2F). Immunoblot analysis also 
showed the expression downregulation of stemness-related 
proteins SOX2, CD133, and KLF4 in NSUN4-depleted A549 
and SK-MES-1 cells (Figure  2G,H), supporting the suppres-
sion of NSUN4 depletion on stemness. Thus, we conclude that 
upregulated NSUN4 plays a critical role in accelerating cell 
malignant phenotypes in NSCLC.

3.2   |   Positive Expression Association Between 
CDC20 and NSUN4 in NSCLC

Since the depletion of NSUN4 affects NSCLC cell behaviors, we 
hypothesized that these effects are mediated by its regulatory 
targets that were dysregulated in NSCLC following NSUN4 up-
regulation. As shown in Figure 3A, volcano plot revealed the pro-
filing of NSUN4-associating genes in LUAD and LUSC from the 
online data of the linkedomics website. Based on these data, the 
heat map presented the positively correlated genes with NSUN4 
in LUAD and LUSC (Figure 3B). By combining these positively 
correlated genes (with Pearson's correlation coefficient > 0.3) with 
the top 250 significantly upregulated genes in LUAD and LUSC 
on the UALCAN website, only CDC20 was found (Figure  3C). 
Studies have highlighted the oncogenic property of CDC20 in var-
ious human malignancies [19]. Of interest, the linkedomics data-
base revealed the positive expression correlation of CDC20 with 
NSUN4 in LUAD and LUSC (Figure  3D). Using the UALCAN 
online tool, we observed the upregulation of CDC20 transcript in 
LUAD and LUSC tumors compared with their nontumor coun-
terparts (Figure 3E). High expression of CDC20 mRNA was also 
confirmed in clinical NSCLC tumors compared with the matched 
nontumor samples (Figure 3F). Furthermore, in clinical NSCLC 
tumors, CDC20 mRNA expression was positively associated with 
NSUN4 transcript levels (Figure 3G). In addition, through west-
ern blot analysis, we verified that CDC20 protein levels were in-
creased in clinical NSCLC tumors and cancer cell lines (A549 and 
SK-MES-1) (Figure 3H,I).
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3.3   |   NSUN4 Enhances the Stability of CDC20 mRNA 
Through ALYREF-Dependent m5C Modification

As an m5C regulator, NSUN4 has been reported to contribute to 
RNA m5C methylation and thus participates in tumor biology 
[15, 17]. Having established the positive expression association of 
CDC20 with NSUN4, we set to examine whether NSUN4 can in-
fluence CDC20 mRNA m5C modification. First, we evaluated the 
impact of NSUN4 on CDC20 expression in A549 and SK-MES-1 
cells. In contrast, sh-NSUN4#2-mediated NSUN4 knockdown 

resulted in decreased CDC20 expression at both mRNA and pro-
tein, while the introduction of the NSUN4 expression constructs 
elevated the mRNA and protein levels of CDC20 in the two NSCLC 
cell lines (Figure 4A–D), supporting their positive expression as-
sociation. We then examined the binding relationship between 
NSUN4 and CDC20 mRNA using RIP experiments. Employing 
the specific anti-NSUN4 antibody, we confirmed their interaction 
in NSCLC cells because CDC20 mRNA was strongly enriched in 
NSUN4-associating precipitates compared with isotype IgG com-
plexes (Figure 4E). Thirdly, we analyzed the influence of NSUN4 

FIGURE 1    |    High expression of NSUN4 in human NSCLC. (A and B) TIMER and UALCAN-TCGA databases suggested that NSUN4 transcript 
was highly expressed in lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC). (C) NSUN4 mRNA levels by quantitative PCR 
in primary NSCLC tumors (n = 53) and their neighboring noncancerous lung tissues (n = 53). (D) NSUN4 protein expression by immunoblotting in 
primary NSCLC tumors (n = 4) and their neighboring noncancerous lung tissues (n = 4). (E) NSUN4 protein expression in A549, H460, H1299, H2170, 
and SK-MES-1 NSCLC cells and nontumor BEAS-2B cells (n = 3). **p < 0.01, ***p < 0.001.
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on the m5C methylation of CDC20 mRNA. Using an anti-m5C 
antibody in RIP assays, the m5C modification of CDC20 mRNA 
was observed in A549 and SK-MES-1 cells, and the depletion of 
NSUN4 significantly repressed this transcript m5C methyla-
tion compared with the sh-ctrl control (Figure 4F). On the other 
hand, increased NSUN4 expression by the NSUN4 expression 
construct remarkably promoted CDC20 mRNA m5C methylation 
(Figure 4G). Finally, we monitored the effect of NSUN4 on CDC20 
mRNA stabilization by Act D treatment. In the presence of Act D 
to prevent transcription, NSUN4 depletion significantly shortened 

the half-life of CDC20 mRNA, while increased NSUN4 expres-
sion enhanced its half-life in A549 and SK-MES-1 NSCLC cells 
(Figure 4H–K). ALYREF, a key m5C reader, recognizes and binds 
to the mRNA m5C sites to stabilize mRNA and thus has been im-
plicated in NSCLC progression [20]. Using RIP experiments with 
an antibody to ALYREF, we found that NSUN4 depletion led to a 
strong reduction in the enrichment levels of CDC20 mRNA in the 
ALYREF-associating precipitates (Figure 4L,M), suggesting that 
NSUN4 mediates the m5C modification of CDC20 mRNA in an 
ALYREF-dependent manner. In support of this notion, we showed 

FIGURE 2    |    NSUN4 inhibition affects cell growth, apoptosis, stemness, invasiveness, and migratory ability in vitro. (A–H) Various experiments 
were conducted using different treatment methods and cell types (A549 and SK-MES-1 NSCLC cells), with three groups: Sh-ctrl, sh-NSUN4#1, or 
sh-NSUN4#2. (A) Evaluation of NSUN4 protein expression by immunoblotting in cells transfected as indicated. (B) Assessment of the number of 
formed colonies with cells transfected as indicated. (C) Determination of cell apoptotic ratio with cells transfected as indicated by flow cytometry. 
(D and E) Examination of cell migratory rate and invasiveness with transfected cells. Scale bars: 100 μm. (F) Measurement of sphere formation with 
transfected NSCLC cells. Scale bars: 100 μm. (G and H) Expression of SOX2, CD133, and KLF4 proteins using immunoblot analysis in transfected 
A549 and SK-MES-1 NSCLC cells. n = 3 in (A–G). *p < 0.05, **p < 0.01, ***p < 0.001.



7 of 13

that ALYREF increase could attenuate NSUN4 depletion-caused 
CDC20 reduction in A549 and SK-MES-1 cells (Figure  4N,O). 
Taken together, these results suggest that NSUN4 can mediate the 
m5C modification of CDC20 mRNA in an ALYREF-dependent 
manner to promote the stability and expression of this transcript.

3.4   |   CDC20 Depletion Counteracts NSUN4-Driven 
Cell Phenotype Alterations In Vitro

Previous studies have highlighted the oncogenic activ-
ity of CDC20 in NSCLC by affecting cancer cell growth and 

apoptosis [21, 22]. Based on our findings and previous re-
ports, we hypothesized that NSUN4 regulates NSCLC cell 
phenotypes via CDC20. To test this hypothesis, we gener-
ated NSUN4-increased or CDC20-depleted cells and reduced 
CDC20 expression in NSUN4-increased A549 and SK-MES-1 
NSCLC cells. The depletion of CDC20 was achieved by sh-
CDC20 introduction (Figure  5A). Increased expression of 
NSUN4 by the expression construct led to a significant aug-
mentation in CDC20 protein expression, which was partially 
abrogated by sh-CDC20 (Figure 5A). Functional analyses re-
vealed that NSUN4 increased accelerated cell colony forma-
tion (Figure 5B), impeded cell apoptosis (Figure 5C), enhanced 

FIGURE 3    |    CDC20 expression is positively associated with NSUN4 in NSCLC. (A) Volcano plot revealed the profiling of NSUN4-associating 
genes in LUAD and LUSC (the linkedomics website). (B) Heat map presented the positively correlated genes with NSUN4 in LUAD and LUSC (the 
linkedomics website). (C) Venn diagram showing CDC20 that was positively correlated with NSUN4 in NSCLC (the linkedomics website) and one of 
the top 250 significantly upregulated genes in LUAD and LUSC (UALCAN website). (D) The linkedomics database revealed the positive expression 
correlation of CDC20 with NSUN4 in LUAD and LUSC. (E) The UALCAN online tool showed the high expression of CDC20 transcript in LUAD 
and LUSC. (F) CDC20 mRNA expression by quantitative PCR in primary NSCLC tumors (n = 53) and their neighboring noncancerous lung tissues 
(n = 53). (G) Expression correlation analysis of CDC20 with NSUN4 in clinical NSCLC tumors (n = 53). (H) CDC20 protein levels in primary NSCLC 
tumors (n = 4) and their neighboring noncancerous lung tissues (n = 4). (I) CDC20 protein expression in A549 and SK-MES-1 NSCLC cells and non-
tumor BEAS-2B cells (n = 3). **p < 0.01, ***p < 0.001.
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FIGURE 4    |    NSUN4 mediates m5C modification of CDC20 mRNA to stabilize this transcript. (A–D) CDC20 mRNA levels by quantitative PCR 
(A and B) and its protein expression by western blot (C and D) in A549 and SK-MES-1 NSCLC cells transfected with sh-ctrl, sh-NSUN4#2, vector, or 
NSUN4 expression construct. (E) RIP experiments with lysates of A549 and SK-MES-1 NSCLC cells using anti-IgG or anti-NSUN4 antibody, followed 
by assessment of CDC2 mRNA enrichment abundance by quantitative PCR. (F and G) m5C RIP experiments with total extractions of sh-ctrl- or sh-
NSUN4#2-transfected A549 and SK-MES-1 cells using anti-m5C antibody, followed by quantitative PCR for evaluation of CDC2 mRNA enrichment 
levels. (H–K) A549 and SK-MES-1 cells transfected with sh-ctrl, sh-NSUN4#2, vector, or NSUN4 expression construct were exposed to Act D for the 
indicated time points and checked for the remaining level of CDC20 mRNA. (L and M) RIP experiments with lysates of sh-ctrl- or sh-NSUN4#2-
transfected cells using an antibody against ALYREF or IgG, followed by assessment of CDC2 mRNA enrichment abundance. (N and O) CDC20 
mRNA and protein expression in cells transfected as indicated. n = 3 in (A–O). *p < 0.05, **p < 0.01, ***p < 0.001.
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migratory and invasive abilities (Figure 5D,E), promoted cell 
stemness (Figure  5F), as well as upregulated SOX2, CD133, 
and KLF4 levels (Figure 5G,H) in A549 and SK-MES-1 cells. 
Conversely, the deficiency of CDC20 led to a strong inhibition 
in cell colony formation (Figure 5B), a striking promotion in 
cell apoptosis (Figure 5C), and a distinct repression in cell mo-
tility, invasiveness, and stemness (Figure 5D–H). Furthermore, 
the NSUN4 + sh-CDC20-transfected cells and control cells 
were of comparable cell colony formation (Figure  5B), apop-
tosis (Figure  5C), cell motility, invasiveness, and stemness 

(Figure  5D–H). These results demonstrate our hypothesis 
that the observed effects of NSUN4 are due to its regulation 
in CDC20.

3.5   |   Inhibition of NSUN4 Impedes the Growth 
of A549 NSCLC Subcutaneous Xenografts In Vivo

Finally, we elucidated whether NSUN4 influences NSCLC 
development not only in cultured NSCLC cells but also in 

FIGURE 5    |    NSUN4 affects NSCLC cell malignant phenotypes through CDC20. (A–H) A549 and SK-MES-1 NSCLC cells were subjected to intro-
duction with vector + sh-ctrl, NSUN4 expression construct + sh-ctrl, vector + sh-CDC20, or NSUN4 + sh-CDC20. (A) CDC20 protein expression by 
immunoblotting in cells transfected as indicated. (B) The number of formed colonies by colony formation assay with cells transfected as indicated. 
(C) Cell apoptotic ratio by flow cytometry with cells transfected as indicated. (D and E) Cell migratory rate and invasiveness by transwell assay with 
transfected cells. Scale bars: 100 μm. (F) Measurement of sphere formation with transfected NSCLC cells. (G and H) Expression of SOX2, CD133, 
and KLF4 proteins by immunoblot analysis in transfected A549 and SK-MES-1 NSCLC cells. n = 3 in (A–G). *p < 0.05, **p < 0.01, ***p < 0.001, ns: 
non-significant.
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FIGURE 6    |    NSUN4 depletion hinders the growth of A549 subcutaneous xenografts. (A–E) A549 subcutaneous xenografts were generated by 
implanting sh-ctrl or sh-NSUN4#2 lentivirus-infected A549 cells. After 30 days, xenografts were harvested. n = 5 for each group. (A) Growth curves 
of A549 subcutaneous xenografts (n = 3). (B) Representative pictures of A549 subcutaneous xenografts. (C) Tumor average weight was calculated 
(n = 3). (D) Expression of NSUN4, CDC20, SOX2, CD133, and KLF4 proteins by immunoblot analysis in A549 subcutaneous xenografts (n = 3). (E) 
Expression of NSUN4, CDC20, SOX2, CD133, and KLF4 proteins by immunohistochemistry in sections of subcutaneous xenografts. **p < 0.01, 
***p < 0.001.
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NSCLC subcutaneous xenografts. We established A549 NSCLC 
subcutaneous xenografts in nude mice and determined the im-
pact of NSUN4 depletion on tumor growth. The silencing of 
NSUN4 significantly hindered the growth of A549 subcutane-
ous xenografts (Figure 6A–C). Western blot and immunohis-
tochemistry analyses revealed reduced expression of NSUN4, 
CDC20, SOX2, CD133, and KLF4 proteins in sh-NSUN4#2 
A549 xenografts compared with sh-ctrl controls (Figure 6D,E). 
Taken together, these data indicate the inhibitory effect 
of NSUN4 depletion on the growth of A549 subcutaneous 
xenografts.

4   |   Discussion

NSCLC represents a significant clinical challenge due to its 
high incidence and poor prognosis [1]. Identifying the mech-
anisms that drive NSCLC development is crucial for devis-
ing efficient therapies, yet the complexity and heterogeneity 
of NSCLC biology pose substantial obstacles. Here, we have 
found that upregulated NSUN4 plays a critical role in accel-
erating cell malignant phenotypes in NSCLC. Furthermore, 
we highlight the implication of the NSUN4/CDC20 axis, a 
novel mechanism that has not been previously reported, in 
the context of NSCLC. This finding is significant as CDC20 is 
a known oncogenic factor that plays a pivotal role in cell cycle 
regulation and is implicated in carcinogenesis [19]. Thus, the 
NSUN4/CDC20 cascade emerges as a promising target for 
combating this challenging disease.

As a methyltransferase known for its role in the modifica-
tion of RNA, specifically through m5C methylation, NSUN4 
is emerging as a significant player in tumor biology and is 
related to the risk of breast cancer, prostate cancer, and an-
aplastic thyroid cancer [23–25]. NSUN4 expression also has 
relevance to the prognosis and diagnosis of papillary thyroid 
carcinoma [26]. The functional studies have revealed diverse 
roles of NSUN4 in regulating gene expression and cellular 
processes, with particular emphasis on its potential oncogenic 
functions. Research has indicated that NSUN4 has been im-
plicated in the progression of various malignancies, such as 
hepatocellular carcinoma and glioma [13, 15]. Furthermore, 
NSUN4 is reported to function as a potential prognostic 
marker in LUAD and LUSC [16, 27]. NSUN4 is also able to 
affect immune checkpoint expression, neutrophil infiltration, 
and tumor immune microenvironment in NSCLC [16, 27]. By 
mediating m5C methylation of circERI3, NSUN4 has been 
shown to exert a pro-tumorigenic function in lung cancer by 
regulating mitochondrial energy metabolism [17]. Our data il-
luminate the upregulation of NSUN4 in NSCLC tumors and 
cell lines, correlating with aggressive tumor characteristics. 
Through loss-of-function studies, we demonstrate the crucial 
role of NSUN4 in fostering NSCLC cell growth, stemness, in-
vasiveness, and migratory potential and suppressing apopto-
sis in vitro. Inhibition of NSUN4 also impedes the growth of 
A549 NSCLC subcutaneous xenografts in vivo. These findings 
underscore the relevance of NSUN4 as a potential player in 
NSCLC progression and aggressiveness. Inhibiting NSUN4 
may open avenues for innovative treatments in NSCLC 
management.

CDC20, a cell division cycle protein, plays an essential role in 
multiple biological processes, particularly in cell cycle regula-
tion and mitotic progression [28]. Its dysregulation has been 
implicated in various malignancies, where elevated CDC20 
expression is often positively associated with enhanced tumor 
aggressiveness and poor prognosis [19, 29]. For example, 
CDC20 contributes to glioblastoma development depending 
on its regulation of cancer cell proliferation [30]. CDC20 is 
present at high expression in hepatocellular carcinoma, and its 
knockdown retards cancer cell cycle progression, growth, and 
invasion by enhancing their radiosensitivity [31]. Inhibiting 
CDC20 is capable of enhancing the efficacy of anti-PD1-based 
immunotherapy in prostate cancer [32]. In lung cancer, specif-
ically, CDC20 has garnered attention for its contributions to 
cell proliferation, mitosis, and metastatic potential [21, 22, 33], 
positioning it as a potential target for therapeutic intervention. 
Our current study reveals intriguing insights into the regula-
tion of CDC20 by NSUN4 in NSCLC. A positive association 
between CDC20 and NSUN4 expression is observed in NSCLC 
tumors. ALYREF functions as a key m5C reader in stabilizing 
mRNA by binding to the m5C sites and has been implicated 
in NSCLC progression [20]. Mechanistically, NSUN4 enhances 
the stability of CDC20 mRNA through ALYREF-dependent 
m5C modification, effectively upregulating CDC20 protein 
levels. This finding is novel and provides a mechanism under-
lying CDC20 overexpression in NSCLC. Importantly, our data 
show that depletion of CDC20 counteracts NSUN4-driven cel-
lular phenotype alterations, suggesting that CDC20 is a down-
stream effector of NSUN4 in promoting NSCLC malignant 
phenotypes. Thus, the NSUN4/CDC20 axis may be critical 
for maintaining the malignant characteristics of NSCLC cells. 
Despite establishing that NSUN4 mediates m5C modifica-
tion of CDC20 mRNA, the specific m5C modification sites on 
CDC20 mRNA remain unclear, which is a big limitation in our 
study. Exploring the m5C modification sites of CDC20 would 
be better and more valuable for our understanding of the epi-
genetic regulation of CDC20 in NSCLC. Related research will 
be warranted in future studies.

Despite the intriguing observation that NSUN4 influences CDC20 
expression in  vivo, direct evidence linking the NSUN4/CDC20 
cascade in NSCLC remains unclear within an in  vivo NSCLC 
xenograft model and warrants further investigation. Second, 
our research utilized only two NSCLC cell lines, which may not 
fully represent the heterogeneity of NSCLC tumors. Future stud-
ies should incorporate a broader range of cell lines and primary 
patient-derived cancer cells to comprehensively evaluate the role 
of the NSUN4/CDC20 axis across different NSCLC subtypes. With 
these results, we envision that the sh-NSUN4 and sh-CDC20 are 
starting points for the development of molecularly targeted thera-
pies against NSCLC. Future research directions should focus on 
exploring the potential of targeting this cascade in combination 
therapies, and assessing the efficacy and safety of sh-NSUN4 or 
sh-CDC20 in various animal experimental models.

In conclusion, we report, for the first time, the pro-tumorigenic 
property of the NSUN4/CDC20 cascade in NSCLC. Targeting 
the novel cascade using pharmacological inhibitors or genetic 
manipulation techniques represents a promising way for com-
bating this deadly disease.
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