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Highlights of the Study

o NM23-H1 was downregulated in lung cancer cells.

regulating NM23-H1.

o Levels of NSUNG6 are low in lung cancer and may play a role in promoting cancer.
o Over-expression of NSUNG6 inhibits lung cancer cell proliferation, migration, and EMT by

« NSUNG regulated NM23-H1 expression by modifying its mRNA 3’-UTR through m5C.

Keywords
Lung cancer - NSun family member 6 - NM23-H1 -
5-Methylcytosine - Epithelial-mesenchymal transition

Abstract

Purpose: The expression and regulatory mechanism of
NSUNG6 in lung cancer are still unclear. Our study explored
whether NSUN6 mediates progression of lung cancer by
affecting NM23-H1 expression in an m5C-dependent
manner. Methods: gRT-PCR, CCK-8, colony formation,
transwell, and Western blot analysis were employed to
probe the impact of NSUN6 on lung cancer cell proliferation,
migration, and epithelial-mesenchymal transition (EMT).
RMVar database was utilized to forecast the downstream
genes of NSUN6. The mode of interaction between NSUN6
and NM23-H1 was determined by dot blot, luciferase assay,
m5C RIP, and cell function assays. The effect of NSUN6
expression on tumor growth was verified in vivo. Results:
Expression of NSUN6 was reduced in lung cancer cells, and

over-expression of NSUNG restricted the proliferation of lung
cancer cells, migration, and EMT. NSUN6 regulated NM23-H1
expression by modifying the 3’-UTR of NM23-H1 mRNA
through m5C and inhibited lung cancer cell proliferation,
migration, and EMT. In vivo experiments also showed that
over-expression of NSUN6 inhibited the occurrence of lung
cancer. Conclusion: NSUN6 regulates NM23-H1 expression
in an m5C-dependent manner to affect EMT in lung cancer.
Thus, NSUN6 may be considered as a potential therapeutic

target for lung cancer. © 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Lung cancer is the most prevalent neoplasm in the
world [1]. In China, it accounts for 37% of the global
incidence and has a mortality rate of about 40% [2]. It is
insidious and usually has no obvious manifestations in
the early stage, resulting in most patients being diagnosed
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at an advanced stage [3, 4]. It is managed by a combi-
nation of chemotherapy, radiotherapy, and surgery [5].
Although treatment has greatly improved, drug resis-
tance, tumor plasticity, and heterogeneity have led to
challenging treatment problems, and the overall 5-year
survival rate remains less than 20% [6, 7].

RNA post-transcriptional modification regulates cell
biological behavior by adding a chemical group to the
nucleotide strand of RNA, generally termed the epi-
transcriptome [8, 9]. It is well known that epigenetic
alterations may lead to a variety of diseases, including
cancer [10]. Modification of cytosine by methylation
(5-methylcytosine [m5C]) is a major epigenetic RNA
modification, and increasing evidence shows that it is
associated with development of many cancers [11, 12].
NSun family member 6 (NSUNG6) is an RNA m5C
transferase, which can stabilize mRNA by binding to
particular sites in the 3’-UTR and is thought to par-
ticipate in the regulation of cancer progression [13].
NSUNG6 inhibits the development of pancreatic cancer by
regulating cell proliferation [14], but its expression in
lung cancer and its regulatory function are still unclear.

Non-metastatic protein 23 H1 (NM23-H1), a house-
keeping enzyme, was originally thought to be a tumor
suppressor gene [15, 16]. The downregulation and het-
erogeneous deficiency of this gene are associated with the
high metastasis and poor prognosis of lung cancer [17,
18], but the mechanism remains unclear. Previous studies
have found that NM23-H1 mutation is usually accom-
panied by changes in tumor metastasis-related genes [19].
In addition, the RMVar database shows that the 3'-UTR
of NM23-H1 includes m5C modification sites, suggesting
that NSUN6 may mediate the progression of lung cancer
by affecting the expression of NM23-H1 in an m5C-
dependent manner.

We investigated the function of NSUNG6 in regulating
lung cancer progression both in vitro and in vivo. We
explored the effect of the interaction between NSUN6 and
NM23-H1 on the progression of lung cancer. Our
findings suggest that NSUN6 mediates the expression of
NM23-H1 by m5C modification, which affects the
epithelial-mesenchymal transition (EMT) observed in
lung cancer.

Materials and Methods

Cell Culture and Transfection

Human bronchial epithelial cells (BEAS-2B) and lung cancer
cell lines (A549, PC9, H1299, H1975) were obtained from
Shanghai Cell Resource Center. The cells were cultured in DMEM
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complete medium supplemented with 10% fetal bovine serum at
37°Cin 5% CO,. Experiments were performed using cells that were
cultured to the logarithmic growth phase. H1299 cells (1 x 10°)
were spread into a 6-well plate, and transfected, when about 80%
confluent, with NSUN6 over-expression plasmid (pc-NSUNG6),
NM23-H1 knockdown plasmid (sh-NM23-H1-wild type [WT],
sh-NM23-H1-mutant [MUT]), or their NC controls (Sigma-Al-
drich, USA) using Lipofectamine 2000 transfection reagent as
described by the manufacturer (Thermo Fisher Scientific, USA).
The stably transfected cell line was prepared with puromycin (2 pg/
mL) and hygromycin B (500 ug/mL) for 2-3 days for selection,
according to the manufacturer’s instructions.

Quantitative Real-Time PCR

Total RNA was extracted using the standard TRIzol method,
and yields/purity were measured using the Nanodrop 2000
(Thermo Fisher Scientific, USA). Total RNA was reverse tran-
scribed into cDNA using PrimeScript™ Reverse Transcription
Master Mix (code No. RR036A; Takara) and subsequently used for
PCR amplification of NSUN6 and NM23-H1 (and GAPDH as
internal control) using an ABI StepOne Plus System (Applied
Biosystems, NJ, USA). There were 40 cycles of 95°C for 5 min,
95°C for 20 s, and 59°C for 15 s. Relative expression was calculated
using the 2722t method. The primer sequences used for am-
plification were NSUNG6 sense, 5'-ATC TGC GTC CGT TTC
ACC-3/, and antisense, 5'-GCT TCC ACC ACA CCT CAT C-3';
NM23-H1 sense, 5'-GCA GCC GGA GTT CAA ACC TA-3, and
antisense, 5'-TGC ACA CCA GGC TGA CTT AG-3'; GAPDH
sense, 5'-TAT GAT GAT ATC AAG AGG GTA GT-3', and
antisense, 5'-TGT ATC CAA ACT CAT TGT CAT AC-3'.

CCK-8 Proliferation Assay

Single-cell suspensions of H1299 cells grown to logarithmic
phase before harvesting were seeded into 96-well plates at 2 x 10*
mL per well. CCK-8 reagent (Dojindo, Shanghai, China) was
added at 0, 24, 48, and 72 h. The absorbance value (at 450 nm) was
detected on a microplate reader (BIOTEK, VT, USA).

Clone Formation Assay

H1299 cells (1 x 10° cells/well) were seeded into 6-well plates,
and the culture medium was replaced every 48 h and discarded
after 10-14 days of culture. Cells were then fixed with 4% para-
formaldehyde for 30 min after washing in PBS. The cells were then
stained with 4% crystal violet for 15 min, and the number of cell
clones was counted under a microscope (Zeiss Axio Vert.Al, Jena,
Germany).

Transwell Assay

At 24 h after transfection, H1299 cells were harvested by
trypsinization and spread at a density of 1.5 x 10° into transwell
chambers with a pore size of 0.8 pm inside 24-well plates.
Chambers were washed once with PBS after 24 h of plating.
They were then fixed with methanol for 20 min and stained
with crystal violet for 20 min. Cells in the upper chamber were
removed by using a cotton swab; migrated cells were photo-
graphed under an inverted microscope and then counted in
three randomly selected fields per well. The experiment was
repeated three times.
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Western Blot

RIPA lysis buffer (PC101, EpiZyme, Shanghai, China) contains
protease inhibitors and protease phosphorylation inhibitors to
extract total cell lysates. Supernatants were collected after cen-
trifugation. Total protein was detected by BCA protein quantifi-
cation. Protein samples (20 pg) were separated by 10% SDS-PAGE
protein electrophoresis (120 V for 60 min) and then transferred
onto the membrane. The membrane was blocked with 5% nonfat
milk at 25°C for 2 h, Then, primary antibodies against NSUN6
(Abcam, ab307430, 1:1,000), NM23-H1 (Abcam, ab92327, I:
1,000), E-cadherin (Abcam, ab76055, 1:1,000), N-cadherin (Ab-
cam, ab245117, 1:1,000), vimentin (Abcam, ab92547, 1:1,000), and
GAPDH (Abcam, ab245355, 1:5,000) were added, and membranes
were incubated overnight. The secondary antibody was then
added, and cells were incubated at 25°C for 2 h. Protein expression
was detected using chemiluminescence ECL reagent visualization.
Image ProPlus software was utilized to quantify the relative ex-
pression of target proteins, GAPDH as an internal control.

Dot Blot Assay

After RNA extraction, diluted RNA (100 ng/uL) was added to
the Hybond-N+ membranes (GE HealthCare, USA). RNA on the
spot membrane was then cross-linked with ultraviolet light, and
blocked and incubated with m5C antibody (Abcam, ab186830).
Subsequently, HRP-coupled anti-rabbit IgG secondary antibody
was added, and the dot blot was observed using the ECL Western
blot (WB) detection kit (Thermo Fisher Scientific).

Dual-Luciferase Reporter Assay

We used the RMVar database (https://rmvar.renlab.org/) to
predict the downstream targets of NSUN6. The 3'-UTR sequence
of NSUNG6-predicted target gene NM23-H1 was downloaded. The
NM23-H1 binding region was inserted into the pMIR reporter
luciferase vector and named pMIR-NM23-H1-WT. The binding
site of NM23-H1 in the 3'-UTR was mutated and cloned into the
plasmid pMIR-NM23-H1-MUT. H1299 cells were passaged into a
24-well plate with 80% confluence. pc-NSUNG6, pc-NC, and lu-
ciferase plasmid pMIR-NM23-H1-WT/MUT were transfected
into H1299 cells using Lipofectamine 2000. After 48 h of culture,
luciferase activity was measured by the dual luciferase reporter
system.

m5C RNA Immunoprecipitation

The Magna RNA Immunoprecipitation (RIP) Kit (Millipore,
MA, USA) combined with quantitative real-time PCR (qRT-PCR)
method was utilized to verify the binding of NSUN6 to NM23-H1.
H1299 cells were lysed using RIP lysates. Then, agarose beads
containing NM23-H1 or HDGF (as positive control), and GAPDH
or ACTIN (as negative control) were incubated with the cell lysates
at 4°C for 6 h. Beads were treated with proteinase K buffer to
remove proteins. Then, immunoprecipitated RNA was obtained
using TRIzol reagent, and the enrichment of NM23-H1 was de-
tected by qRT-PCR.

Subcutaneous Xenograft Nude Mice Model

Four-week-old male BALB/c nude mice from the Experimental
Animal Center, Cancer Hospital, Chinese Academy of Medical
Sciences, were adaptively housed for 7 days before use. Transfected
H1299 cell monolayers in the logarithmic growth phase were
washed with 1xPBS and resuspended in DMEM medium; cell
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concentration was adjusted to 5 x 107 cells/mL. The skin of left
forelimb costal abdomen of mice was sterilized, and cell sus-
pension (0.1 mL) was injected subcutaneously to establish the
xenograft models. The nude mice were randomly divided into two
groups: pc-NC group and pc-NSUNG6 group. Six mice were in-
oculated in each group. Tumor volume (0.5x length x width?) was
measured every 7 days with calipers after inoculation and observed
continuously. After 4 weeks, the mice were anesthetized and
sacrificed, and the tumor was removed for further analysis, in-
cluding weight measurement.

Immunohistochemistry

After the tumors were removed from the nude mice, they
were fixed with 4% formaldehyde for 24 h, and the tumor tissue
was sectioned into 4 um slices, fixed again for 30 min, rinsed
with running water for 1 h, and put into an automatic dehy-
drator to gradually remove water. Paraffin sections were de-
paraffinized with xylene, hydrated with gradient ethanol, rinsed
with distilled water and PBS, and blocked with peroxidase for
10 min. Then, primary antibody (Abcam; Ki-67, ab16667, 1:200;
NSUNS®6, ab214227, 1:200; NM23-H1, ab92327, 1:200) and
secondary antibody (1:400) were added successively, and DAB
color solution was dropped. After dropping hematoxylin nuclei
for counterstaining and dehydration with gradient ethanol, the
slides were covered with coverslips and allowed to stand at 25°C,
and the sections were photographed under a microscope after
drying.

Statistical Analysis

SPSS software (v 22.0) was utilized for data analysis. The data
are presented as mean + standard deviation; ¢ test was utilized for
comparison between two groups. Analysis of variance was utilized
for comparison among multiple groups, and LSD ¢ test was utilized
for further pairwise comparison. p < 0.05 indicates a statistically
significant difference.

Results

Expression of NSUN6 Is Decreased in Lung Cancer

We used the Cancer Genome Atlas (TCGA) dataset
analysis (https://genome-cancer.ucsc.edu/), qRT-PCR,
and WB to explore NSUNG6 expression in lung cancer
tissues and cells. The TCGA dataset assay showed that
expression of NSUN6 was decreased in lung cancer
(Fig. 1a). WB and qRT-PCR assays indicated that NSUN6
expression was markedly reduced in lung cancer cells in
comparison with BEAS-2B cells (Fig. 1b, c). As the ex-
pression of NSUN6 was lowest in H1299 cells, this cell
line was selected for subsequent experiments.

Ectopic Over-Expression of NSUNG6 Results in Reduced

Lung Cancer Cell Proliferation, Migration, and EMT

To explore the relationship between NSUNG6 and the
cytological behavior of lung cancer cells, we con-
structed NSUNG6 overexpressing vectors. QRT-PCR and
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WB analysis indicated that NSUN6 expression was
upregulated after over-expression of NSUNG6, con-
firming the successful construction of the vector
(Fig. 2a, b). Over-expression of NSUN6 markedly re-
duced the proliferation and migration of lung cancer
cells as detected by CCK-8, colony formation, and
transwell assay (Fig. 2c—e). As EMT is associated with
tumor metastasis, we subsequently tested the expres-
sion levels of EMT-related proteins. As anticipated,
expression of E-cad was significantly augmented when
NSUNG6 was overexpressed, while N-cad and vimentin
were both reduced (Fig. 2f).

Over-Expression of NSUNG6 Inhibits Lung Cancer Cell

Proliferation, Migration, and EMT by Regulating

NM?23-H1

NM23-H1 is related to tumor invasiveness and
prognosis of lung cancer patients [18]. The qRT-PCR
analysis demonstrated that NM23-H1 expression was
decreased in lung cancer cells compared to BEAS-2B cells
(Fig. 3a). To investigate whether NSUNG6 influences lung
cancer progression by regulating NM23-H1 expression,
rescue experiments were conducted. qRT-PCR and WB
analysis showed that expression of NM23-H1 was
markedly elevated after over-expression of NSUN6 and
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reduced significantly after knockdown of NM23-H1
(Fig. 3b, ¢). CCK-8, colony formation, and transwell
analysis showed that knockdown of NM23-H1 led to the
partial blocking of the restriction effect of NSUNG6 over-
expression on lung cancer cell proliferation and migra-
tion (Fig. 3d-f). WB results also showed that knockdown
of expression of NM23-H1 partially reversed the regu-
latory effect of over-expression of NSUN6 on EMT-
related proteins (Fig. 3g).

NSUNG6 Regulates Expression of NM23-H1 by Modifying

Its mRNA 3'-UTR through m5C

To further clarify the mechanism by which NSUN6
regulates NM23-H1, dot blot assay, RMVar database,
luciferase assay, and RIP assays were performed to ex-
plore the binding of NSUN6 and NM23-HI1. Dot blot
assay showed that over-expression of NSUN6 and sh-
NM23-H1-MUT decreased the m5C level, but there was
no difference in m5C levels between sh-NM23-HI1-WT
and pc-NC groups (Fig. 4a). The RMVar database
showed that the 3'-UTR of NM23-H1 contained an
m5C modification site, and the plasmid was designed
based on the 3’-UTR mutation site of NM23-Hl1
(Fig. 4b). Luciferase assay showed that NM23-H1-WT
reporter gene luciferase activity in pc-NSUN6 group
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was markedly lower than that in the pc-NC group
(Fig. 4c). The m5C RIP assay showed that the pc-NC
group m5C antibody was significantly polymerized in
the 3'-UTR of NM23-H1 mRNA, whereas the pc-
NSUNG6 group had significantly reduced m5C levels
(Fig. 4d). The positive control group (HDGF) also
showed consistent results. GAPDH and ACTIN were
used as negative controls, and there was no difference
between the pc-NC and pc-NSUNG6 groups. Analysis by
CCK-8, colony formation, and transwell assays indi-
cated that the cell proliferation and migration ability of
pc-NSUN6+sh-NM23-H1-MUT group were similar
to those of the pc-NSUNG6 group, but less than those of
the pc-NSUN6+sh-NM23-H1-WT and pc-NC group

Regulation of NM23-H1 Expression by
NSUN6

(Fig. 4e-g). WB assay showed that sh-NM23-HI1-WT
partially reversed the regulatory effect of NSUNG6 over-
expression on the expression of EMT-regulated pro-
teins (E-cad, N-cad, and vimentin) (Fig. 4h).

Over-Expression of NSUN6 Inhibits Progression of

Lung Tumor in vivo

To explore the effect of NSUN6 on lung cancer in vivo,
we constructed transplanted tumor mouse models.
Compared to the control group, the tumor growth and
weight of the pc-NSUN6 group were decreased
(Fig. 5a-c). Immunohistochemistry showed that the
expression of Ki-67 in the NSUN6-overexpressed group
was markedly lower than that in the pc-NC group, while
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the expression of NM23-H1 was significantly higher
than that in the pc-NC group (Fig. 5d). WB results also
indicated that compared to the pc-NC group, E-cad
expression was increased, while the expression of
N-cad and vimentin was reduced in the NSUNG6 over-
expression group (Fig. 5e). These results demonstrated
that over-expression of NSUNG6 could restrain lung
tumorigenesis.
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d-g The effects of NM23-H1 deficiency on the proliferation,
migration, and EMT of NSUN6-overexpressed lung cancer cells
were evaluated by CCK-8, colony formation, transwell, and WB
assays. Cell experiments were repeated three times. *p < 0.05,
**p < 0.01, ***p < 0.001.

Discussion

The morbidity and mortality of lung cancer are
gradually increasing in China, threatening people’s health
and life [20]. Although significant advances have been
made in recent years, lung cancer is still a thorny issue
[21]. With the increasing incidence of lung cancer, it is
essential that we identify new markers for regulating the
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occurrence and development of lung cancer. In this study,
we found that the expression of NSUNG is decreased in
lung cancer, and that over-expression of NSUNG6 in-
creases the expression of NM23-H1 in an m5C manner to
inhibit the migration, invasion, and EMT of lung cancer,
which may provide potential targets for the treatment of
lung cancer.

Accumulating evidence suggests that m5C-related
regulators may be predictive biomarkers for a variety
of cancers [22, 23]. However, little is known about the
correlation between m5C-related genes and lung cancer.
NSUNG6 is an RNA m5C methyltransferase found to be
associated with the prognosis of prostate, pancreatic,
colorectal, and other cancers [14, 24, 25]. However, the

Fig. 4. NSUNG regulates expression of NM23-H1 by modifying its
mRNA 3'-UTR through m5C. a Dot blot was used to detect m5C
modification level. b RMVar database was used to predict the m5C
modification site of NM23-H1 3’-UTR. ¢ Detection of luciferase
activity in lung cancer cells modified with WT or MUT NM23-H1.
d Assessment of the m5C modification of NM23-H1 mRNA by
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relationship between NSUN6 and lung cancer progres-
sion has remained unclear. Our findings indicate that
NSUN6 was downregulated in lung cancer, and over-
expression of NSUNG6 inhibits the proliferation and
migration of lung cancer cells. Yang et al. [14] reported
that NSUNG6 restrains the progression of pancreatic
cancer by mediating cell proliferation. EMT is known to
play a crucial role in cancer progression, with cancer cells
acquiring more invasive characteristics [26]. Many
studies have confirmed that EMT plays a key role in the
initiation and completion of each step of the metastasis of
epithelial tumors (such as breast cancer, pancreatic
cancer, lung cancer, colorectal cancer, etc.) (reviewed in
[27]). The present study shows that over-expression of

m5C-RIP qPCR in lung cells. e-h The effects of NM23-MUT or
NM23-H1-WT on the proliferation, migration, and EMT of
NSUNG6-overexpressed lung cancer cells were detected by CCK-8,
colony formation, transwell, and WB assays. Cell experiments were
repeated three times. EMT, epithelial-mesenchymal transition;
*p < 0.05, **p < 0.01, ***p < 0.001.
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NSUNG6 elevates the expression of E-cad and decreases
the expression of N-cad and vimentin. Taken together, we
suggest that over-expression of NSUNG6 could inhibit the
progression of lung cancer.

NM23-H1 transcriptional and protein levels have been
reported to be significantly reduced in various malignant
tumor cell lines and animal models, and negatively
correlated with tumor metastasis potential [28]. Tumor
cells have evolved several ways to regulate the expression
and function of NM23-H1 during tumorigenesis and
metastasis [29]. NM23-H1 can reverse hypoxia-induced
EMT and stemness of lung cancer cells by restricting the
Wnt/B-catenin signaling pathway [30]. However, the
upstream genes that regulate NM23-H1 expression in
lung cancer are not well understood [31]. Our findings
suggest that over-expression of NSUNG6 attenuates cell
proliferation, migration, and EMT of lung cancer by
regulating NM23-H1 by binding to its 3’-UTR via m5C
modification, similar to other studies which have dem-
onstrated the binding of NSUNG to target genes through
modification of m5C [32].

Conclusion

Expression of NSUNG6 is downregulated in lung cancer
cells and tissues, and restrains the proliferation, migration
of lung cells by targeting NM23-H1. NSUNG6 regulates the
expression of NM23-H1 in an m5C-dependent manner
to affect EMT in lung cancer, providing a possible mo-
lecular basis for the treatment of lung cancer.
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