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KEYWORDS Abstract Non-small cell lung cancer (NSCLC) remains a leading cause of mortality in the
Methylation; clinic. Previous studies have demonstrated that the NF-kappa-B activating protein like (NKAPL)
NF-kB; is positively correlated with prognosis in several types of cancers. However, the role of NKAPL
NKAPL; in the progression of NSCLC remains unclear. The expression and promoter methylation of
NSCLC; NKAPL were examined by real-time PCR, quantitative PCR, and methylation-specific PCR.
TRIM21 The functional impacts of NKAPL on NSCLC proliferation were explored by CCK8 assay and col-

ony formation assay. Transwell assay was conducted to investigate the role of NKAPL in NSCLC
cell migration and invasion, and the influence on metastasis was verified in vivo. Flow cytome-
try was exploited to analyze the influence on the cell cycle and apoptosis. The regulatory
mechanism of NKAPL was investigated by immunoprecipitation-mass spectrometry, western
blotting, immunofluorescence, and immunohistochemistry. NKAPL was down-regulated due
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to promoter methylation, which was associated with poor prognosis in NSCLC patients, while
the up-regulation of NKAPL suppressed NSCLC cell proliferation and metastasis both in vitro
and in vivo. Mechanistically, the NF-kB signaling pathway was inhibited because the up-regu-
lation of NKAPL increased the stability and expression of TRIM21. NKAPL suppressed NSCLC cell
proliferation and metastasis both in vitro and in vivo by increasing the stability and expression
of TRIM21 and subsequently inhibiting the NF-kB signaling pathway.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

According to the global cancer statistics report in 2023,
lung cancer has the highest mortality and morbidity." Non-
small cell lung cancer (NSCLC) accounts for more than 80%
of all lung cancers, and most NSCLC cases were diagnosed
at later stages due to delayed symptom onset and the lack
of efficient screening techniques, which results in poor
prognosis.>~* Therefore, understanding the mechanism of
NSCLC progression, invasion, and metastasis, as well as
identifying more reliable biomarkers, is critical for NSCLC.

DNA methylation is a prevalent phenomenon in epige-
netic regulation and plays a crucial role in early tumori-
genesis.” DNA methylation-based liquid biopsy, a
noninvasive technique, has significant potential in pre-
dicting the progression and outcomes of NSCLC.® In our
preliminary studies, multiple methylation markers were
identified to be associated with lung cancer prognosis and
diagnosis.”? Defining proper combinations of methylation
markers provides great chances to improve diagnostic ac-
curacy. According to the importance rank of methylation
sites obtained via artificial intelligence machine learning-
based analysis of the correlation between lung cancer
methylation and clinical characteristics (data source:
Genome Atlas Program, TCGA), NF-kappa-B-activating
protein-like (NKAPL) has been identified as a potential
marker in NSCLC because of its high specificity in dis-
tinguishing positive and negative samples.

NKAPL, a protein-encoding gene that is highly conserved
in the human genome, exhibits striking homology between
mice and humans.'® The NKAPL promoter is hyper-
methylated in liver cancer, which suppresses the expression
of NKAPL and indicates a poor prognosis."" Moreover, pre-
vious studies have suggested that NKAPL may serve as a
prognostic biomarker in triple-negative breast cancer.'” In
ovarian cancer, NKAPL promoter methylation is implicated
in increased platinum resistance.'®> However, the role of
NKAPL in NSCLC progression has not yet been determined.

In this study, the function and clinical value of NKAPL in
NSCLC were explored, which indicated that NKAPL was
down-regulated in NSCLC because of promoter methyl-
ation. Furthermore, ectopic NKAPL inhibited NSCLC cell
proliferation, invasion, and migration in vitro and in vivo.
NKAPL also enhanced the stability and expression of
tripartite motif-containing 21 (TRIM21), which conse-
quently inhibited the nuclear factor kappa B (NF-«B)
signaling pathway. These findings suggest that NKAPL is a

potential biomarker and target for NSCLC diagnosis and
treatment.

Materials and methods
Importance ranking of genes and methylation sites

The importance ranking was processed in the following four
steps: i) selecting features, ii) selecting a model, iii)
training the model, and iv) ranking importance.

Feature selection

A dataset obtained from the TCGA database was utilized,
and each sample consisted of 485,577 records of methyl-
ation sites. To screen informative features, three mea-
surements were applied to the features: i) the p-value of a
feature between positive and negative populations; ii) the
beta-value of a feature between positive and negative
populations; and iii) a negative correlation between a
feature’s methylation level and the corresponding gene
expression level. Only the features that satisfied all three
criteria were considered informative.

Model selection and model training

To find an appropriate classification model for a better
understanding of the input features, five widely used ma-
chine learning classifiers, namely logistic regression,'
support vector machines,’® random forest,'® the multi-
perceptron classifier,'” and the Gaussian process classifier'®
were selected and tested. Models were built and trained by
scikit-learn Python.'® Each model was trained and validated
using 10-fold cross-validation. As a result, the random for-
est algorithm achieved the highest classification accuracy
of 0.9027, hence, it was trained with the full dataset to
achieve better performance.

Importance ranking

Each classifier determines the contributions of each input
feature according to a different criterion. For the random
forest algorithm, the importance of a feature is measured
by the feature’s frequency of being selected as a decision
split since the classifier is more likely to select informative
features as split nodes. After the importance of each
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methylation site was obtained, the importance of each
gene was measured by summing the importance scores of
all the methylation sites on the gene.

Cell lines and tumor samples

Cell lines (A549, H1299, H358, NCI—H446, NCI—H460,
NCI—H2122, NCI-1651, CHAGO-K1, and SW1271) were pur-
chased from the American Type Culture Collection (ATCC;
Manassas, VA, USA). The cells were cultured in RPMI 1640
medium (Gibco-BRL, Germany) supplemented with 10%
fetal bovine serum (BI, Israel) and 1% penicillin—strepto-
mycin solution (Gibco-BRL). The cells were incubated in a
humid atmosphere with 5% carbon dioxide at 37 °C.

Twenty-six tumor samples and matched adjacent tissue
samples from NSCLC patients were collected at Chongqing
University Cancer Hospital. Written informed consent was
obtained from all patients, and the study was approved by
the Ethics Committee of Chongging University Cancer Hos-
pital (CZLS2022030-A).

RNA and DNA extraction and PCR analysis

Extraction of RNA and DNA, reverse transcription PCR, and
quantitative reverse transcription PCR were conducted
according to protocols outlined in a previous study.?’ The
gene expression levels were compared via the 2~ cr
method, and each experiment was conducted in triplicate.
B-actin was utilized as an internal control. All primer se-
quences are displayed in Table 1.

Methylation-specific PCR

Genomic DNA samples were extracted from cells and tis-
sues. Methylation-specific PCR was performed according to
previous instructions.® The primers utilized in this experi-
ment are listed in Table 1.

siRNAs, plasmids, and constructed stable cell lines

siRNAs targeting TRIM21 (siTRIM21: 5'-AUUUCCAGGUAUG-
CUCUGCTT-3"), NKAPL (siNKAPL: 5-UAUUAUAGGUGCUU-
CUGGCTT-3'), and negative control siRNAs (siNCs) were
synthesized by GenePharma (Shanghai, China). The full-
length NKAPL gene was inserted into the pEGFP-C1 plasmid.

Transfection was performed via the Lipofectamine 3000
reagent (Carsbad, CA, USA) according to the manufac-
turer’s protocol. A549 and H460 cells were transfected with
the NKAPL plasmid. Stably transfected cells were selected
with geneticin (G418).

Cell counting kit 8 (CCK8)

A 96-well plate was seeded with 1000 cells per well. After
0, 24, 48, 72, and 96 h, the Cell Counting Kit 8 (CCK-8,
Beyotime, Jiangsu, China) was used to measure cell
viability. Then, the absorbance was measured at 450 nm
with a microplate reader (Multislan MK3, Germany). Each
experiment was repeated three times.

Colony formation

Cells were seeded in 6-well plates at 800 cells per well and
cultured for 14 days. Surviving colonies (>50 cells/colony)
were counted after fixation and staining with 1% crystal
violet. The colony formation rate was calculated using the
following formula: colony formation rate = (colony for-
mation numbers/100) x 100%. All the experiments were
performed in triplicate.

Transwell assay

Cells stably expressing NKAPL or the vector were resus-
pended using a serum-free culture medium. 200 uL pL of
serum-free medium with cells (5 x 10* cells for A549 and
6 x 10* cells for H460) was added to the upward side of
each chamber. A total of 600 uL medium containing 20%
fetal bovine serum was put below each chamber. After in-
cubation (24 h for A549 cells and 48 h for H460 cells), the
cells were fixed and stained with 1% crystal violet. Migrated
or invasive cells were photographed under a microscope
magnification. All assays were performed three times.

Flow cytometry analysis

Cell cycle arrest and apoptosis were assayed via flow
cytometry as described previously.”’ The data were
analyzed with a CELL Quest kit (BD Biosciences). All the
experiments were performed in triplicate.

Table 1  List of PCR primers used in this study.

Primer Sequence (5'-3') Product size (bp) Annealing temperature (°C)
NKAPL-F CGCAGAGCAGATGTTCCTCTTG 200 55/60
NKAPL-R GTAGCGATATCCACTATACGAG

NKAPL-m1 ATCGTTTAGCGTTGAGGCGC 102 60
NKAPL-m2 CTCCCCGAAAAACTACGTCG

NKAPL-u1 TAATTGTTTAGTGTTGAGGTGT 106 60
NKAPL-u2 AACTCCCCAAAAAACTACATCA

TRIM21-F AGACACCCAGCAGAGCATACC 114 60
TRIM21-R CCTGTCACATCTACCTCCCAGTA

B-actin-F CTGGAACGGTGAAGGTGACA 139 60

B-actin-R AGGGACTTCCTGTAACAACGCA
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Hematoxylin-eosin staining

The paraffin sections were processed through routine
dewaxing and hydration. Nucleus staining in hematoxylin
was performed for 3 min, followed by washing in running
tap water for 5 min, submergence in 1% acid ethanol for a
few seconds to induce differentiation, and rinsing in
running tap water until the cells became blue. The cells
were then counterstained in 1% eosin for 10 min. Images
were captured under a microscope (Olympus, Japan) after
dehydration, clearing, and mounting. All the experiments
were performed in triplicate.

Animal experiments

BALB/c nude mice (4—6 weeks) were purchased from Bei-
jing Vital River Experimental Animal Technology Co., Ltd.,
Beijing, China. All animal experiments conducted in this
study were performed according to protocols approved by
the Chongqing Medical University Institutional Animal Care
and Use Committee (approval number: IACUC-CQMU-2023-
0178).

The impact of NKAPL on the progression of NSCLC was
studied by injecting A549 (n = 4) and H460 (n = 5) cells
(5 x 10°) cells transfected with the vector or NKAPL plasmid
into the left and right flanks of nude mouse subcutaneous
xenograft tumors after 4—7 days. A Vernier caliper was used
to measure the length and width of the tumors every three
days, and the tumor volume was calculated according to the
following formula: tumor volume (V) = 0.5 x length x width.”
At 18 or 25 days after injection, the mice were euthanized,
and the tumors were dissected, weighed, and embedded in
paraffin for further examination.

To establish in vivo pulmonary metastasis models, BALB/
¢ nude mice (n = 3; 4—6 weeks) were injected with A549-
Luc (1 x 10°) cells transfected with either vector or NKAPL
through the caudal vein. Metastatic lesions were monitored
weekly via bioluminescence imaging. The mice were anes-
thetized and injected intraperitoneally with 150 pg of D-
luciferin (Yeasen, Shanghai, China) per gram of body
weight. After 10 min, the bioluminescence was observed
and captured with a PerkinElmer IVIS Lumina system
(Caliper Life Sciences, Alameda, California). The fluores-
cence images were processed with Living Image Software
4.3.1.

Co-immunoprecipitation and mass spectrometric
analysis

The procedures of co-immunoprecipitation can be found in
previous instructions.’®?' The antibodies used in this study
included anti-GFP (sc-9996; Santa Cruz) and anti-TRIM21
(sc-25351; Santa Cruz) antibodies. Co-immunoprecipitation
complexes were detected via SDS-PAGE and immunoblot-
ting. Co-immunoprecipitation assay was conducted with a
GFP antibody. Protein identification of the samples was
performed via mass spectrometry (Wayen Biotechnologies,
Shanghai, China).

Immunohistochemistry assay

Immunohistochemistry assays were performed following
the protocol outlined in our previous publication.?’ The
sections were incubated with primary antibodies against
GFP (sc-9996; Santa Cruz) and Ki67 (sc-23900, 1:200 dilu-
tion). The staining results were evaluated by Image-Pro Plus
(version 6.0). All the experiments were independently
conducted in triplicate.

Immunofluorescence staining

Immunofluorescence staining was conducted following the
methods outlined in our previous study.?’ Primary anti-
bodies, including anti-GFP (sc-9996; Santa Cruz) and anti-
TRIM21 (sc-25351; Santa Cruz), were used for staining. All
experiments were independently conducted in triplicate.

Western blotting

Western blotting was conducted following a previously
outlined procedure.?? Primary antibodies, including anti-
NKAPL (A18845; ABclonal), anti-GFP (sc-9996; Santa Cruz),
and anti-B-actin (sc-47778; Santa Cruz) were utilized in this
study. An anti—NF—«B pathway antibody sampler kit #9936
(IKKee (3G12), IKKB (D30C6), anti-phospho-IKKa./B (Ser176/
180) (16A6), anti-phospho—NF—«kB p65 (Ser536) (93H1),
anti-lkBa.  (L35A5), anti-phospho-IkBa. (Ser32) (14D4),
anti—-NF—«B pé65 (D14E12, XP®), and anti-TRIM21 (sc-
25351, Santa Cruz) was used.

Statistical analysis

All the data were analyzed with SPSS 22.0 software (SPSS,
Inc., Chicago, IL, USA). Data that followed a normal dis-
tribution were analyzed by two-tailed student’s t-test. The
Mann—Whitney U test was employed for data that did not
follow a normal distribution. The chi-square test or Fisher’s
exact test was used to compare categorical values. p-value
< 0.05 was recognized as statistically significant.

Results

NKAPL was down-regulated in NSCLC and was
correlated with clinicopathological parameters

According to the analyses based on artificial intelligence
machine learning, NKAPL achieved a high score of 0.9027 in
patients with NSCLC (Table S1). First, the expression levels
of NKAPL in various cancers were detected, the results of
which indicated that NKAPL was down-regulated in various
human cancer types (Fig. S1). The expression of NKAPL in
both NSCLC cell lines and matched primary NSCLC tissues
was evaluated via reverse transcription PCR and quantita-
tive reverse transcription PCR. The results demonstrated
that NKAPL expression was down-regulated or silenced in
some NSCLC cells (Fig. 1A) and NSCLC tissues from 26 pairs
of samples (Fig. 1B). In addition, the expression level of
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Figure 1  NKAPL is down-regulated in NSCLC tissues and is associated with poor prognosis. (A) NKAPL expression levels in human

lung cancer cell lines (A549, H1299, H358, NCI—H446, NCI-H460, NCI—H2122, NCI-H1651, CHAGO-K-1, SW1271) and normal lung
tissues (#1, #2) were detected via reverse transcription PCR. (B) The expression levels of NKAPL in the 26 paired NSCLC tissues were
detected via quantitative PCR. LN, normal lung tissues; LT, lung tumor tissues. (C, D) The data acquired from the TCGA database
presented NKAPL expression in NSCLC. (E) Kaplan—Meier analysis of the correlation between NKAPL expression and overall survival
in NSCLC patients. (F) Receiver operating characteristic curve analyses and area under the curve (AUC) values of NKAPL in NSCLC.

*p < 0.05, *p < 0.01, and ***p < 0.001.

NKAPL also decreased in NSCLC (Fig. 1C, D). The predictive
importance of the NKAPL in NSCLC was analyzed via the
Kaplan—Meier plotter tool. In patients with NSCLC, longer
overall survival was significantly associated with increased
NKAPL expression levels (Fig. 1E). The receiver operating
characteristic curve for NKAPL levels in the TCGA-NSCLC
cohort had an area under the curve of 0.974 (Fig. 1F).
Collectively, these data indicated that the down-regulation
of NKAPL was crucial in NSCLC progression.

The down-regulation of NKAPL in NSCLC was caused
by promoter methylation

The regulation of gene expression is significantly impacted
by CpG methylation. According to the analysis of the pan-
cancer NKAPL methylation status, NKAPL was highly meth-
ylated in various tumors, including NSCLC (lung adenocar-
cinoma and lung squamous cell carcinoma) (Fig. 2A).
Hence, a methylation-specific PCR assay was performed to
detect the NKAPL promoter methylation status of the 160
NSCLC tissue samples. The results of methylation-specific
PCR analysis of primary NSCLC tissues revealed that 99.38 %
(159/160) of the NKAPL promoters were hypermethylated
(Fig. 2B). In addition, variations were showed in the
methylation patterns between the peritumoral lung tissue
and the NSCLC tissue samples (Fig. S2), which suggested
that promoter methylation of NKAPL was ubiquitous in
NSCLC. A549 and H460 cells were then treated with 5-aza-
2-deoxycytidine (Aza) for demethylation, with or without
the HDAC inhibitor trichostatin A (TSA). The results of

quantitative reverse transcription PCR and western blotting
assays revealed that the expression of NKAPL was partially
restored after treatment (Fig. 2C, D), which supported the
idea that the removal of methylation of the promoter re-
gion activated NKAPL expression in NSCLC.

NKAPL suppressed the proliferation, migration, and
invasion of NSCLC cells

To clarify the function of NKAPL in NSCLC, NSCLC cell lines
with stable overexpression of NKAPL were constructed
(Fig. 3A, B). The corresponding cell proliferation was
evaluated by the CCK8 assay and colony formation test, and
the results indicated that the overexpression of NKAPL
significantly suppressed the proliferation of NSCLC cells
(Fig. 3C, D). Furthermore, the influences of NKAPL on the
cell cycle and apoptosis were explored via flow cytometry,
which revealed that NKAPL induced apoptosis and
increased the proportion of cells in the G2/M phase
(Fig. 3E, F). The impact of NKAPL on the migration and
invasion of NSCLC cells was also investigated via transwell
experiments, and the results indicated that the over-
expression of NKAPL led to decreased cell migration and
invasion, and the differences in migration and invasion
capacity between the NKAPL-upregulated group and the
control vector group were statistically significant (Fig. 3G,
H). In addition, NKAPL expression in H1299 cells was
knocked down by siRNA. The results showed that knocking
down NKAPL promoted the proliferation, migration, and
invasion of H1299 cells (Fig. S3). Taken together, these
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Figure 3

NKAPL suppresses NSCLC cell proliferation, migration, and invasion in vitro. (A, B) Ectopic NKAPL expression at the

transcriptional and posttranscriptional levels was detected by reverse transcription PCR and western blotting. (C) The cell pro-
liferation capacity was detected at different time points via CCK8 assays. (D) NKAPL overexpression inhibited colony formation. (E)
The percentage of apoptotic cells was detected by flow cytometry. (F) Flow cytometry results of the cell cycle distribution of A549
and H460 cells. (G, H) Ectopic NKAPL inhibited the migration and invasion of A549 (G) and H460 (H) cells, as determined by

transwell assays. *p < 0.05, **p < 0.01, and ***p < 0.001.

findings indicated that NKAPL plays a suppressive role in
NSCLC.

NKAPL suppressed NSCLC growth and metastasis in
vivo

We investigated the effects of NKAPL on NSCLC in vivo via a
xenograft tumor model. The tumor volumes of the xeno-
grafts constructed with the NKAPL-overexpressing NSCLC
cells were significantly smaller than the volume of those

constructed with the control cells (vector) (Fig. 4A, B; Figs.
S4A and B), and the NKAPL-overexpressing xenograft tu-
mors weighed less than did those in the vector group
(Fig. 4C; Fig. S4C). As expected, immunohistochemistry
staining revealed a notable decrease in Ki67 expression in
tissues with increased NKAPL expression (Fig. 4D; Fig. S4D).

To study the impact of NKAPL on tumor metastasis in
vivo, NKAPL-overexpressing A549-Luc cells were intrave-
nously injected through the caudal vein to establish a
metastatic mouse model. As shown in the in vivo
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Figure 4 NKAPL suppressed NSCLC growth and metastasis in vivo. (A) A549 cells stably expressing the vector and NKAPL-GFP
were subcutaneously injected into BALB/c nude mice. Images of the subcutaneous tumors of the nude mice were captured. (B, C)
The volume of the subcutaneous tumors in the nude mice was measured, and the tumors were weighed. (D) Hematoxylin-eosin
staining and the expression changes of NKAPL and Ki-67 in xenograft tumors were examined by immunohistochemistry staining. (E,
F) Representative bioluminescence images of the metastatic mouse models at the indicated times imaged by an in vivo imaging
system. (G) Hematoxylin-eosin-stained sections showed pulmonary metastatic foci indicating A549-Luc cells in lung tissue sections.
The data were presented as mean + standard deviation (n = 3). *p < 0.05, *p < 0.01, and ***p < 0.001.

fluorescence imaging results (Fig. 4E, F), the over-
expression of NKAPL significantly reduced the fluorescence
intensity of metastatic cells in the lung, which was per the
results of tumor hematoxylin-eosin staining (Fig. 5G).
Therefore, NKAPL expression was negatively correlated
with the metastatic capacity of NSCLC in vivo.

NKAPL could interact with the TRIM21 protein and
improve its protein stability

To determine the mechanism(s) underlying the suppressive
effects of NKAPL on NSCLC progression, co-immunoprecip-
itation and mass spectrometry were performed in
A549 cells. A total of 222 proteins were identified as NKAPL-
binding proteins (Fig. 5A and Table S2). KEGG pathway
enrichment analysis suggested that the coding genes that
corresponded to the identified proteins were enriched
mainly in the endocytosis, viral carcinogenesis, and ribo-
some pathways in cancer, which are intimately associated
with cancer progression (Fig. 5B). To further identify the
downstream target of NKAPL, bioinformatics analysis was
performed to investigate the relationships between NKAPL
expression and the top 20 proteins interacting with NKAPL,
and the results demonstrated that TRIM21 had the highest
correlation with NKAPL expression in NSCLC (Fig. 5C;

Fig. S5). Western blotting and immunofluorescence ana-
lyses revealed that NKAPL overexpression up-regulated
TRIM21 protein expression in A549 and H460 cells (Fig. 5D-
F). In addition, co-immunoprecipitation experiments
confirmed the interaction between NKAPL and TRIM21
proteins (Fig. 5E). Furthermore, NKAPL overexpression
prolonged the half-life of TRIM21 protein (Fig. 5G). These
findings indicated that NKAPL could enhance TRIM21
expression by increasing protein stability.

NKAPL inhibited the NF-«kB signaling pathway
through TRIM21

Some studies focusing on non-threatening illnesses have
indicated that TRIM21 stimulates p65, leading to the acti-
vation of the NF-«kB signaling pathway and the onset of an
inflammatory reaction.”>~2° However, whether TRIM21 can
regulate the NF-«B signaling pathway in NSCLC has not been
reported. Therefore, we first investigated the effect of
TRIM21 on the NF-«B signaling pathway in NSCLC cells. The
western blotting results indicated that TRIM21 over-
expression led to a decrease in p-p65 expression, along with
decreased expression levels of IKKB and p-IKKa./B (Fig. 6A).
Specifically, NKAPL overexpression also led to a decrease in
p-p65 expression, along with a reduction in the levels of



Role of NKAPL in lung cancer 9

A B KEGG Enrichment Scatter Plot C 7
Gene Number &
Antifolate resistance | . . = 6 -
Nucleotide metabolism- e ® 5 P_:;:
@ s S
Adi tokine signaling thway {
® pocytokine signaling pathway . 7 CE 5
E Insulin resistance | . 8 O
S ?
z Ribosome | [CRe))
% l ® . 9 a9 44
= Viral carcinogenesis . 5
o " p Value [0]
Hepatitis C{ A el Spearman
Endocytosis { . A = 31 220.290
I P <0.001
o 3.91e-02
Coronavirus disease - COVID-19+ . T T T
7.99¢-03 0 2 4
0.05 0.10 0.15 The expression of NKAPL
Rich Factor Log, (TPM+1)
D OQQ R F DAPI NKAPL(GFP)  TRIM21 Merge
’ -
NS v NS N
5O O 8
& E

A549

TRIM21 | | | o | 52KD2
N

GFP s | 74KDa

B-actin [eme GNP am» e 43KDa

A549 H460 §
I
E G
NKAPL-GFP/A549 Vector NKAPL-GFP
= CHX Oh 2h 4h 6h 8h Oh 2h 4h 6h 8h
(»
N R & N TRIM21 | e e e — | | S . s . | 92KD2
\“Q \90 C;( \(“Q \o? & | —
— 4 GFP o —— s e | 74KDa
TRIM2| e | [ 5202 g
-acti — |
GFP b- - S s | 74KDa Bac N | ———— ---’- 43KDa

Figure 5 NKAPL interacts with the TRIM21 protein and increases its stability. (A) The Venn diagram illustrating the number of
both specific and nonspecific NKAPL interactors. (B) KEGG pathway analysis of NKAPL-interacting proteins. (C) Correlation analysis
of NKAPL and TRIM21 mRNA levels in NSCLC tissues. (D) The levels of TRIM21 were determined by western blotting analysis when
NKAPL was overexpressed. (E) Co-immunoprecipitation-western blot analysis of A549 cells. The lysates were incubated with anti-
GFP antibodies, and the fractionated immunoprecipitates were examined via western blotting with antibodies against TRIM21 and
GFP. (F) A549 and H460 cells were transfected with a GFP-tagged NKAPL overexpression plasmid for 48 h. Immunofluorescence
staining was performed using anti-TRIM21 antibodies, and the cell nuclei were stained with DAPI (blue). The subcellular localization
of GFP (green) and TRIM21 (red) was observed via laser scanning confocal microscopy. (G) A549 cells were transfected with NKAPL-
GFP for 48 h and then treated with the protein synthesis inhibitor cycloheximide (CHX; 100 nug/mL) for 0, 2, 4, 6, or 8 h. The
expression levels of NKAPL and TRIM21 were measured via western blotting.

IKKB and p-IKKa./B (Fig. 6B). Moreover, the protein levels of ~ TRIM21 knockdown mitigated the effects of NKAPL
p-p65 and p-1KKa/B were rescued by knocking down TRIM21 on NSCLC cell phenotypes

in stable NKAPL-expressing A549 and H460 cells (Fig. 6C).

The phosphorylation of pé5 and its nuclear translocation 14 determine whether NKAPL reduced NSCLC cell malig-
are essential for NF-kB activation.”® Therefore, the effects nancy by up-regulating TRIM21, rescue experiments were
of NKAPL on p65 and p-p65 expression and localization were  condycted. A549 and H460 cells were co-transfected with
examined. The results revealed that the overexpression of  the NKAPL overexpression plasmid and siRNAs targeting
NKAPL could decrease p-p65 and nuclear entry, but pé5was  TRiM21 (Fig. 7A). CCK8 assays revealed that TRIM21 down-
not affected by these regulatory effects (Fig. 6D). Taken  regylation reversed the inhibitory effect of NKAPL on the
together, these results verified that NKAPL inhibits the NF- proliferation of NSCLC cells (Fig. 7B). Transwell assays

kB sigpaling pathway by increasing TRIM21 protein revealed that TRIM21 down-regulation reversed the
expression.
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Figure 6

NKAPL inhibits the NF-kB signaling pathway through TRIM21. (A—C) Western blotting analysis of the expression of

phosphorylated p65, p65, phosphorylated IKKa./B, phosphorylated IKBa, IKKa, IKKB, and IKBa in (A) TRIM21 overexpression, (B)
NKAPL-GFP overexpression, and (C) NKAPL-GFP-overexpression plus TRIM21 knockdown. (D) Immunofluorescence staining was
performed with anti-p65 and anti-phosphorylated p65 antibodies, and the cell nuclei were stained with DAPI (blue). Subcellular
localizations of GFP (green), p65 (red), and phosphorylated p65 (red) were observed via laser scanning confocal microscopy.

suppressive effects of NKAPL on the invasion and migration
of NSCLC cells (Fig. 7C). These results demonstrated that
TRIM21 was the key molecule involved in the process by
which NKAPL inhibited NF-kB signaling in NSCLC.

Discussion

Investigating the potential mechanisms underlying NSCLC
growth and identifying new diagnostic and therapeutic

targets have become a current research focus.?” DNA
methylation is a common early event in carcinogenesis and
has significant advantages as a diagnostic and screening
biomarker for tumors.?®*' The deep mining of methylation
profiles was performed to identify the optimal methylation
gene combinations for enhancing diagnostic accuracy.

In NSCLC, we found that NKAPL achieved a high impor-
tance score, which was calculated by summing the impor-
tance scores of all the methylation sites on the gene. We



Role of NKAPL in lung cancer 11

A B -~ Vector - Vector
_— Hito 25 b Rt - siTRIM21
—2.5- , _ -~ NKAPL
GTRMZI —— ——— ——F —F £ - NKAPL+siTRIM21 . s P —
NKAPL-GFP - - + + - - + + 2 207 As49 ] & 201 H460 1
< HE :
TRIM21 | o e | | e sl | 521D ¥ 15 ] 2T F:
— < €
cre [0 3 7ux0a £ 107 § 1.0
2 0.5- 2 0.5-
B-actin i.---‘l b-——| 43KDa % ' -
— - 0.0 0.0

A549

T T T T L}
Oh 24h 48h 72h 96h

T 1 T T 1
Oh 24h 48h 72h 96h

H460

Vector NKAPL

siTRIM21

Migration

NKAPL
siTRIM21

Vector
siTRIM21

Invasion

. ® Vector wxn ® Vector
5004 —— ® siTRIM21 S, ® siTRIM21
s O NKAPL O NKAPL
3 4004 #+* O NKAPL#+siTRIM21 s A O NKAPL#+siTRIM21 a7 I
3 ? 2, g
£ & 30 8 o 2004 P e |
ey = NKAPL promoter
E % 200 55 @ 1
- =
E 400 £ 8 1004
El E NKAPL
0 = l
0
Af*49 A549 NKAPL
2009 ee ® Vector ® Vector Q@RIVIZD  Stability T
- — ® siTRIM21 1000 = ® siTRIM21
S O NKAPL c O NKAPL
§ 1507 O NKAPL+siTRIM21 S g O NKAPL+siTRIM21 S
O) = 7} [ =
0 © T , X
Ew S=E | ’
w= = 100 = EQ 60 | (p65/p50) |
5% 50 Il
28 e} 53 407 = ;
E 50 Q© P
2 E 50 O -5 e ==
3 [ )
0 z
H460 0- H460 NSCLC proliferation and metastasis

Figure 7 TRIM21 knockdown mitigates the effects of NKAPL on NSCLC cell phenotypes. (A) A549 and H460 cells were transfected
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verified by western blotting. (B) Cell proliferation was determined by a CCK8 assay. (C) Changes in cell migration and invasion
capacity were evaluated via transwell assays. (D) Schematic illustration of the regulation of NSCLC malignant progression by
NKAPL. The data were presented as mean =+ standard deviation (n = 3). **p < 0.01 and ***p < 0.001.

also revealed that NKAPL was down-regulated in NSCLC due
to promoter methylation. As a protein-coding gene, NKAPL
is highly polymorphic and located on chromosome
6p22.1.3%% It plays a pivotal role in the migration of em-
bryonic cortical neurons, affecting cognitive function dur-
ing early brain development in early-onset schizophrenia
patients. Large-scale data analysis has revealed that the
NKAPL gene is a susceptibility locus for rheumatoid
arthritis.'®33>* Notably, NKAPL methylation and expression

levels serve as crucial markers for the diagnosis and prog-
nosis prediction of triple-negative breast cancer patients.'?
Furthermore, abnormal methylation of NKAPL has been
shown to be associated with increased acquired platinum
resistance in high-grade serous ovarian cancer."
Conversely, in liver cancer, promoter hypermethylation-
induced low expression of NKAPL results in a poor prog-
nosis."" Nevertheless, no study focused on the functions of
NKAPL in NSCLC has been reported yet.
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Subsequent in vitro experiments confirmed that
increased NKAPL expression in NSCLC cell lines resulted in
the inhibition of cell proliferation, decreased migration and
invasion, cell cycle arrest at the G2/M phase, and increased
programmed cell death. The in vivo experiments indicated
that the overexpression of NKAPL substantially inhibited
tumor growth and metastasis in the metastatic mouse
models. Collectively, the data presented above illustrate
the role of NKAPL as a newly verified tumor suppressor in
NSCLC.

To further investigate the mechanism of NKAPL in
NSCLC, immunoprecipitation-mass spectrometry analysis
was conducted. Among the 222 identified interacting pro-
teins, a pivotal downstream target gene, TRIM21, was
highlighted based on the high importance score calculated
based on a correlation analysis as well as an extensive re-
view of the literature. Moreover, co-immunoprecipitation
analyses revealed a significant association between TRIM21
and NKAPL. The western blotting and immunofluorescence
results indicated that the overexpression of NKAPL sub-
stantially elevated the protein level of TRIM21. Addition-
ally, NKAPL plays a pivotal role in enhancing the stability of
TRIM21. Previous studies have shown that TRIM21 enhances
IKKB ubiquitination, leading to the suppression of the NF-«kB
signaling pathway.>® Interestingly, some studies focusing on
non-threatening illnesses have indicated that TRIM21
stimulates p65, leading to the activation of the NF-kB
signaling pathway and the onset of an inflammatory reac-
tion.”~% In this study, when TRIM21 was knocked down,
p65 phosphorylation was partially restored by NKAPL over-
expression, which highlighted the ability of NKAPL to sup-
press the NF-kB signaling pathway via TRIM21. NF-«B serves
as a crucial transcription factor for governing inflammatory
signaling cascades, and it is intimately intertwined with the
tumor-associated inflammatory milieu.**® The NF-kB
signaling pathway is essential for the development of can-
cer, tumor cell proliferation and invasion, and the forma-
tion of new blood vessels.>’ These findings align with
numerous well-documented studies that link the NF-kB
pathway to tumor development.3”-3°

TRIM21 is a multifaceted protein.“®*' Recent evidence
has implicated TRIM21 in various activities in cancers.*
Notably, TRIM21 plays a tumor-suppressive role in specific
cancer types, including but not limited to breast, renal, and
colorectal cancer.”*~* Paradoxically, it has also been re-
ported to promote tumorigenesis in other cancer types,
such as brain and liver cancer.*®*° However, the precise
role and intricate mechanisms of TRIM21 in cancers remain
unclear. Here, we found that TRIM21 could inhibit the
proliferation, migration, and invasion of NSCLC cells.
Furthermore, the knockdown of TRIM21 reversed the
inhibitory effect of NKAPL on NSCLC cells.

In the future, we will continue to focus on the regulatory
mechanism of TRIM21 in NKAPL and develop NKAPL
methylation inhibitors and NKAPL-targeted delivery sys-
tems for combination therapy for NSCLC.

Conclusions

In NSCLC, the NKAPL level is reduced due to promoter
methylation, and it suppresses NSCLC proliferation and

metastasis both in vitro and in vivo. NKAPL enhances the
stability and expression of TRIM21, which consequently in-
hibits the NF-kB signaling pathway (Fig. 7D). Furthermore,
low expression of NKAPL can be recognized as an important
marker for poor prognosis in NSCLC patients. These findings
provide new insights into the progression of NSCLC and
indicate the potential of NKAPL as a biomarker and thera-
peutic target for NSCLC.
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