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Abstract: The NUP58 gene encodes a nucleus-pore protein that is a component of nuclear pore complex (NPC).
NPC facilitates the transportation of macromolecules (ions and other substances) into the nuclei of eukaryotic cells.
However, there are no relevant reports about the NUP58 gene in human lung cancer. In this study, we demonstrated
that NUP58 was highly expressed in the primary and metastatic foci of lung adenocarcinoma, with low expression
in adjacent tissues and normal lung tissue. In patients with lung adenocarcinoma, the NUP58 gene was highly ex-
pressed in patients with stage IV disease (P < 0.05); NUP58 knockdown using a lentiviral vector-mediated shRNA
inhibited metastasis and invasion of lung adenocarcinoma cell lines A549 and H1299 in vivo and in vitro. Further-
more, silencing of NUP58 resulted in altered expression of EMT markers, associated GSK-33/Snail pathways, tumor
metastasis and invasion factors. In conclusion, these findings demonstrated that NUP58 can promote the metasta-
sis and invasion of lung adenocarcinoma, which can be partially attributed to the GSK-3/Snail signaling pathway.
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Introduction

Recently, the global cancer population has
soared as a result of environmental pollution,
smoking and other adverse factors, among
which the morbidity and mortality of lung can-
cer remain the highest in global malignancies
[1]. In China, the morbidity of lung cancer is
increasing year by year, and the annual growth
rate is 1.63% [2], of which approximately 85%
of cases are non-small cell lung cancer (NSC-
LC) [3]. Although great progress has been ma-
de in the diagnosis and treatment of malignant
tumors, 90% of deaths among patients with
advanced cancer can be attributed to metasta-
sis [4]. The prognosis of lung cancer has not
been radically improved because of our limited
understanding of multiple-step metastasis and
a lack of effective measures.

As early as 1889, Paget [5] proposed the th-
eory of “seed and soil” for tumor metastasis.
Tumor cells are the equivalent of “seed”, and
the microenvironment of the metastasis is the
“soil”. Subsequent studies have confirmed that
tumor metastasis involves local invasion of
primary tumor cells into surrounding tissues,
intravasation of tumors cells into blood vessels
or lymphatic drainages, survival in the circula-
tory system, extravasation through blood ves-
sels and colonization at distant parts of the
body [6]. Current major molecular mechanisms
for tumor metastasis include: 1. Epithelial-mes-
enchymal transition (EMT). 2. Circulating tumor
cells (CTCs). 3. Metastatic colonization; and 4.
Metastatic microenvironment [4]. Epithelial-me-
senchymal transition refers to the cellular pro-
cess by which cells gain mesenchymal traits
and lose epithelial traits. This process plays an



NUP58 facilitates metastasis and EMT of lung adenocarcinoma

important role in embryonic development, ch-
ronic inflammation, tissue remolding, tumor
metastasis and other pathological processes
[7]. Some pathological factors, including hypox-
ia or certain factors in tumor microenvironment
(TGF-B, FGF, EGF, HGF, Wnt, Notch, Hedgehog),
and their associated signaling pathways (MA-
PK, PI3K, NF-kB, Wnt/B-catenin, Notch) can
directly or indirectly induce epithelial-mesen-
chymal transition [8]. There are two main ch-
anges in EMT: 1). Cytological changes including
loss of epithelial cell adhesion and cell polarity;
2). Molecular changes including reduction of
epithelial proteins (E-cadherin, claudins and
cytokeratin) and increases in interstitial protein
(N-cadherin, fibronectin and vimentin) [9]. With
these changes, tumor cells gain stronger inva-
sive and migratory abilities [10]. EMT-induced
transcription factors have been found in a vari-
ety of tumors and include Snail, Slug, Twist,
TCF4, ZEB1 and FOXC2 [11].

The NUP58 gene encodes a nucleus-pore pro-
tein that is a component of the nuclear pore
complex (NPC). NPC facilitates the transporta-
tion of macromolecules (ions and other sub-
stances) into the nuclei of eukaryotic cells [12].
The NUP58 gene has been reported in colorec-
tal cancer cell lines (DLD1 and SW480), and
after RNA interference is introduced, the cell
viability is decreased, suggesting that NUP58
may become a target for colorectal cancer
treatment [13]. In addition, the NUP58 gene
was also found in MDCK cell lines (a cell model
for studying cell polarity and epithelial cell mor-
phogenesis), which showed that the cell polari-
ty disappeared after RNA interference treat-
ment, suggesting that NUP58 gene could
promote cell morphogenesis [14]. Previously,
we screened the NUP58 gene for lung cancer
metastasis using bioinformatics and a wound-
healing assay (Supplementary Figure 1). There
are no relevant reports about the NUP58
gene in lung cancers. Therefore, using in vitro
and in vivo approaches, we investigated wheth-
er NUP58 plays a role in the metastasis of
human lung cancer cells and its mechanisms.

Materials and methods
Cell lines and culture

The human NSCLC cell lines H1299, A549, 95D
and H1975 used in this study were obtained
from the ATCC in 2010. All of the cell lines were
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routinely cultured at 37°C in a humidified air
atmosphere containing 5% carbon dioxide in
F12K or 1640 supplemented with 10% FBS
(Biowest), 100 m/mL penicillin (Sigma-Aldrich),
and 100 mg/mL streptomycin (Sigma-Aldrich).
All cell lines were used within 20 passages and
thawed fresh every 2 months. These cell lines
were mycoplasma-free and authenticated by
quality examinations of morphology and growth
profile.

Human adenocarcinoma samples

Two cohorts of tissue microarrays were purch-
ased from Shanghai Outdo Biotech Co., Ltd.,
China. One microarray contained 92-paired hu-
man lung adenocarcinomas and their match-
ed adjacent noncancerous tissues (Supple-
mentary Table 2). The other microarray con-
tained 36-paired human lung adenocarcino-
mas and their matched adjacent noncancerous
tissues (the positive and negative lymph nodes
were all included). The matched adjacent non-
cancerous samples were taken at a distance
of at least 3 cm from the tumor. Upon resec-
tion, human surgical specimens were immedi-
ately frozen in liquid nitrogen and stored in a
-80°C freezer for further investigation. All hu-
man specimens were approved by the Ethical
Review Committee of the World Health Orga-
nization of the Collaborating Center for Rese-
arch in Human Production authorized by the
Shanghai Municipal Government and obtained
with informed consent from all patients. This
study was approved by the Ethics Committee
of Kunming Medical University.

Immunohistochemical (IHC) staining

Paraffin blocks were sectioned to a thickness
of 4 mm. The wax was melted at 63°C over-
night. The sections were deparaffinized in xy-
lene, rehydrated in graded alcohol series and
boiled in 0.01 M citrate buffer (pH 6.0) for 2
min in an autoclave. Endogenous peroxidase
activity was blocked using hydrogen peroxide
(0.3%), which was followed by incubation with
5% bovine serum albumin to reduce nonspecif-
ic binding. Tissue sections were incubated with
an anti-NUP58 rabbit polyclonal antibody (1:
500 dilution) (HPAO39360, Sigma). The slides
were rinsed with PBS and a secondary antibody
(rabbit) was applied at a 1:500 dilution in PBS
for 30 minutes at room temperature. After rins-
es with PBS for 30 s, the slides were incubated
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with streptavidin-HRP for 30 min at room tem-
perature and then rinsed with PBS and incu-
bated for 15 min with the chromogen 3,3-diami-
nobenzidine and counterstained with hemato-
xylin. The slides were then examined under a
transmission light microscope. The cytoplasmic
staining of NUP58 in tumor tissue was scored
by a semiquantitative method as reported pre-
viously [15]. The percentage of positive cells
in cytoplasm was scored as follows: grade O
(@absent or < 1%), grade 1 (1-25%), grade 2 (26-
50%), grade 3 (51-75%), and grade 4 (76-100%).
The staining intensity was also graded (0, 1+,
2+, 3+). The immunoreactivity score was deter-
mined by multiplying the intensity score by the
percentage of positive cells. The IS range was
from 0-12. The cutoff threshold for this scoring
system was set to 8 and a score of > 8 was
considered as high NUP58 expression and < 8
as low NUP58 expression.

Transduction of lung adenocarcinoma cells
with shRNA

Lentiviral constructs expressing NUP58 shRNA
(NUP58-shRNA-LV) were purchased from Sh-
anghai Genechem Co., Ltd., China. The NUP58
shRNA vector sequence was as follows: 5’-AC-
AGGATTTACTCTAAATA-3'. The sequence of a no-
nspecific control siRNA was 5-TTCTCCGAACG-
TGTCACGT-3. A549 and H1299 cells were
seeded in 6-well plates at a concentration of
2.0 * 10° cells per well (20-30% confluence)
on the day before shRNA transduction. NUP-
58-shRNA-LV was transduced into cells at a
multiplicity of infection (MOI) of 10 (A549) or
5 (H1299) using polybrene (8 pg/ml) and
Enhanced Infection Solution (Genechem, Chi-
na). At the same time, a nontarget negative
control virus GFP-LV (Genechem, China) was
transduced into cells using the same methods
to control for the impact of the viral vector. Af-
ter incubation for 12 h, the medium was re-
placed with fresh medium. Transduction effects
were observed with a fluorescence microscopy
camera 72 h after transduction. The cells were
harvested for mRNA and protein analysis as
well as other assays at the indicated time
points.

Wound-healing assay

Cell migration was evaluated using the Oris™
plate (Platypus Technology, USA). Briefly, the
cells were collected and seeded into 96-well
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plates at the appropriate concentration (3-5 *
10%/well). The seeded plates containing the
Oris™ Pro Biocompatible Gel were incubated in
a humidified chamber (37°C, 5% CO,) for 24
hours (cell line dependent) to permit cell atta-
chment. The next day, the plates were remov-
ed from the incubator, and the inserts were
removed from the wells. After the wells were
washed with serum-free medium, low serum
medium (0.5% FBS) was added to the wells.
The cells were examined using an imaging
instrument throughout the incubation period
to monitor the progression of migration. Post-
migration images of the detection zone were
captured using fluorescence microscopy (O h,
8 h, 16 h, and 24 h) according to the cell type.
The experiments were repeated independently
three times.

Cell migration and invasion assay

The migration assay was performed with tran-
swell inserts that had 6.5-mm polycarbonate
membranes and pores 8.0 um in size (Corning
Inc., NY, USA). Briefly, 1 * 105 cells were resus-
pended in serum-free medium and added to
the upper chamber. Culture medium contain-
ing 10% FBS was used as a chemoattractant
in the lower chamber. The cells were incubat-
ed for 18 h in a humidified incubator at 37°C.
The cells that migrated through the membrane
pores to the lower surface of the membrane
were fixed and stained with crystal violet. St-
ained cells in each field were photographed,
and the number of stained cells per chamber
was counted in six randomly selected fields.
Each experiment was performed in triplicate.

Affymetrix gene expression profile and IPA
analysis

Total RNA from cells (shNUP58 A549 and sh-
Ctrl A459) was analyzed using Agilent 2100.
The qualified RNA samples were generated to
aRNA (amplified RNA) by GeneChip3’ IVT Ex-
press Kit (i.e., through single chain synthesis
of cDNA, further through the two-chain synthe-
sis of a two-stranded DNA template, and then
through in vitro inversion of aRNA with biotin
markers). The aRNA was purified and then seg-
mented and crossed with the chip probes. After
the hybridization was finished, the chips were
dyed and finally scanned for pictures and raw
data.
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RT-gPCR

Total RNA from cells was isolated using Trizol
as recommended by the manufacturer (TA-
KARA, Dalian, China). The concentration and
purity of the total RNA were assessed using a
UV spectrophotometer (Nanodrop2000/2000c,
Thermo). Total RNA was reverse-transcribed
using the Promega M-MLV Reagent kit (Prome-
ga Beijing, China). Quantitative PCR (qPCR) was
performed with the CFX96™ Real-Time System
(Bio-Rad, USA) using the SYBR Master Mixture
(TAKARA, Dalian, China). The primers are listed
in Supplementary Table 1. GAPDH was used as
an internal control. The relative expression lev-
els of mRNAs were calculated using the 22
method, where ACt = Ct of objective gene -Ct
of GAPDH, and then transformed to log2. Each
reaction was repeated independently at least
three times.

Western blotting

Cells were washed twice with ice-cold phos-
phate-buffered saline (PBS), and cellular pro-
tein was extracted using RIPA buffer (10 mM
Tris, pH 7.5, 0.1 M NaCl, 1 mM EDTA, and 0.1%
Triton X-100). The protein preparation was sub-
jected to 12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE),
and electro-transferred to a nitrocellulose me-
mbrane (Millipore, MA). The membranes were
blocked with TBST buffer (20 mM Tris, pH 7.5,
500 mM NaCl, 0.05% Tween-20, and 0.2%
Triton X-100) containing 5% skim milk, then
incubated with the primary antibodies against
different proteins at 4°C overnight, followed by
incubation with a secondary antibody. Bands
were visualized by ECL and a TM Western blot-
ting system (Amersham). The antibodies used
in Western blotting analysis included anti-
NUP58 (HPA039360, Sigma), anti-E-cadherin
(#3195, CST), anti-N-cadherin (#4061, CST),
anti-GAPDH (SC-32233, Santa Cruz), anti-vi-
mentin (AB92547, abcam), anti-Snail (#3879,
CST), anti-Twist (AB49254, abcam), anti-GSK-
3B (#9325, CST), and anti-GSK-3p (ser9) (#55-
58, CST). Original western blot images are

shown in Supplementary Figure 3.

Protocols and animals
Five-week-old female BALB/c nude mice were

obtained from the Shanghai Lingchang com-
pany. These mice were maintained in a speci-
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fic pathogen-free unit under isothermal condi-
tions. All of the experimental procedures were
conducted in accordance with the Institutional
Animal Committee of Kunming Medical Uni-
versity. A549 cells (2.0 * 107/mL) transduced
with NUP58 shRNA or negative control vector
were suspended in 100 ul of PBS. The cells
were then injected into the tail vein of nude
mice to form xenograft tumors. After approxi-
mately 57 days, all mice received injections of
D-luciferin (15 mg/mL) into their abdominal
cavities. After 15 minutes, 10 ul/g of 0.7% pen-
tobarbital sodium anesthesia was intraperito-
neally administered to each animal. Mice were
placed in a live imaging apparatus for imag-
ing and observation of fluorescence. When the
imaging was complete, the mice were injected
with an overdose of 2% pentobarbital sodium
(0.5 mL) for euthanasia, and death was con-
firmed after a complete coma and dislocation
of the cervical spine. Medical scissors and
medical tweezers were used to dissect animals
and to observe their lungs and livers to identify
metastasis. All data were preserved.

Cancer Genome Atlas data analysis

Gene expression data from 546 samples (488
tumors and 58 matched noncancerous tissu-
es) from lung adenocarcinomas and clinical
data were downloaded from The Cancer Ge-
nome Atlas (TCGA, http://cancergenome.nih.
gov, RNA-Seq Version 2). Statistical analyses
were performed using R software (V3.0.3)
(http://www.R-project.org/). P values less than
0.05 were considered statistically significant.

Statistical analysis

All data are displayed as the mean + standard
deviation (SD) and were analyzed using one-
way ANOVA and Student’s t-tests as appropri-
ate and processed using the statistical soft-
ware SPSS 17.0 and GraphPad Prism (7.01).
The differences in NUP58 expression between
tumor and normal tissues were tested using
nonparametric Kruskal-Wallis analysis. P val-
ues less than 0.05 were considered significant.
All experiments were repeated in triplicate.

Results

Expression of NUP58 in lung adenocarcino-
mas and cell lines

NUP58 protein levels were examined in two
independent cohorts (92-paired and 36-paired
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human lung adenocarcinomas and their ma-
tched adjacent noncancerous tissues) of hu-
man lung adenocarcinoma patients using im-
munohistochemistry tissue microarray. The re-
sults suggested that NUP58 expression was
significantly higher in tumor cytoplasm or meta-
static lesions than in adjacent tissues or pri-
mary lesions (P < 0.01; Figure 1A; Tables 1, 2).
According to qPCR analysis, the expression of
NUP58 was higher in the human lung adeno-
carcinoma cell lines A549, H1299, 95D, and
H1975, compares with GAPDH (Figure 1B). The
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Figure 1. NUP58 is highly expressed in human lung adeno-
carcinoma tissues and cell lines. A. Immunohistochemical
staining to detect NUP58. a, b. Weak staining for NUP58 was
observed in normal lung tissues and adjacent noncancerous
tissues. c-f. More intense staining for NUP58 was observed
in lung adenocarcinoma tissues from TNM stages |, Il I, and
IV, respectively (20x%). g, h. Immunohistochemical staining
for NUP58 was observed in negative lymph nodes and posi-
tive lymph nodes of lung adenocarcinoma tissues (20x%). B.
The expression of NUP58 in human lung cancer cell lines by
gPCR. C. The expression of NUP58 in human lung cancer cell
lines by Western Blot. (lane 1. A549; lane 2. 95D; lane 3.
1975; lane 4. H1299). D. The TCGA data showed that expres-
sion of NUP58 was higher in stage IV disease compared with
other stages within lung adenocarcinoma patients (P < 0.05).

protein levels of NUP58 were also identified by
Western Blot in the same 4 cell lines (Figure
1C). Interestingly, NUP58 expression was high-
er in the metastatic 95D and H1299 cell lines
than in the A549 and 1975 cell lines. Gene
expression data from 546 samples (488 tu-
mors and 58 matched noncancerous tissu-
es) from lung adenocarcinomas and clinical
data were downloaded from The Cancer Ge-
nome Atlas (TCGA, http://cancergenome.nih.
gov, RNA-Seq Version 2). Statistical analyses
were performed using R software (V3.0.3)
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Table 1. Differential expression of NUP58 in cohort 1
tumor samples

Mean + Std. P Z

Expression of NUP58 Deviation value value

Tumor cytoplasm (n = 92) 7.000 £ 3.483 0.0001 -6.416
Adjacent cytoplasm (n = 88) 3.364 + 3.035

Table 2. Differential expression of NUP58 in cohort 2
tumor samples

Mean + Std. P Z

Expression of NUP58 o
Deviation value value

Tumor cytoplasm (n = 14) 5.732+2.896 0.005 -2.833
Adjacent cytoplasm (n = 14) 2.286 + 2.186
Normal tissues (n = 5) 2.000 + 1.225 0.067 7.146

Primary lesions (n = 14) 5.732 £ 2.896
Metastatic lesions (n = 4) 6.625 + 4.498
Lymph nodes (n = 13) 4.292 + 2.675

(http://www.R-project.org/). The TCGA data
showed that expression of NUP58 was higher
in stage IV disease than in other stages of lung
adenocarcinoma (P < 0.05; Figure 1D), but the
survival analysis did not show a correlation
between NUP58 expression and patient sur-

vival (Supplementary Figure 2).

nude mice were divided into a knock-
down group and a negative group.

Results showed that the lung metastasis
rate of the NC group was 100% (Figure
3B), whereas that of the KD group was
70% (Figure 3A). The total number of
metastases in the NC group was 450,
and the total number of metastases in
the KD group was 24 (Figure 3D). Liver
metastasis in each group was 0% (Figure
3E).

Affymetrix gene expression profile and
IPA analysis

By comparing the gene chip detection
and IPA analysis of A549 cell lines in the
KD group and NC group, it was found
that the PI3K/AKT signaling pathway in
the KD group was significantly inhibited,

and the Z-score was -3.207 (Figure 4A). Genes
NRAS, PIK3R1, NFKBIE, ITGA2, JAK2, NFKB2,
NFKB1, PRKCZ, EIFAEBP1, PIK3R3, RRAS2, PP-
P2R2C, MAP3K8, PTGS2, ITGA4, CXCL5, ATF3,
PLAU, RELB, ICAM1, VEGFA, LTB, IL1A, CCL2,
IL6, CXCL1, CXCL2, CXCL3, CXCL8, E-cadherin,
N-cadherin, Vimentin, Twist, Snaill, and GSK-

3B were selected along with the target gene

Suppression of NUP58 expression using siRNA
had significant effects on cell invasion and
migration in vitro

NUP58 for gene network mapping.

NUP58 knockdown downregulated GSK-33/

Snail activity, which is a biomarker of epithe-

To determine the knockdown effects of shRNA
lentivirus on NUP58 expression, qPCR and
Western Blot were conducted in A549 and
H1299 cell lines. The results indicated that the
shRNA lentivirus significantly knocked down
the expression of NUP58 both at the RNA
and protein levels (P < 0.05; Figure 2A, 2B).
After 3 days of infection with shRNA lentivirus,
wound healing and transwell experiments indi-
cated that a significant inhibition of cell inva-
sion was observed in both cell lines treated

lial-mesenchymal transition and PIBK-AKT
pathways

By comparing the gene chip detection and IPA
analysis of A549 cell lines in the KD group and
NC group, it was found that the PI3K-AKT sig-
naling pathway in the KD group was significant-
ly inhibited, and the Z-score was -3.207. Sub-
sequently, qPCR and Western Blot analysis
were used to verify that the NRAS, NFKBIE,

JAK2, PRKCZ, EIFAEBP1, RRAS2, MAP3KS8 and

with NUP58 shRNA compared with the control-
treated cells (P < 0.05; Figure 2C-F).

Suppression of NUP58 using siRNA had sig-
nificant effects on cell invasion and migration
in vivo

PTGS2 genes in the KD group were all lower
than that in the NC group (Figure 5A), indicating
that they were inhibited (P < 0.05). Tumor asso-
ciated metastasis and invasion factors includ-
ing ATF3, PLAU, NUP58, RELB, ICAM1, VEGFA,

CCL2, IL6, CXCL1, CXCL2, CXCL3, CXCL5, and

To determine the effects of NUP58 on LUAD
cell migration and invasion in vivo, the nude
mice models were established using shRNA
treated A549 cells and control cells. Twenty
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CXCLS8 were expressed to a lower extent in the
KD group than in the NC group (P < 0.05, Figure
5B). EMT markers including N-cadherin, Snail,
Twist, GSK-3B3, and GSK-3[ (ser9) were ex-
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< 0). In our study, the PI3K-AKT signaling pathway in the KD group was significantly inhibited, and the Z-score was
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pressed to a lower extent in the KD group than
in the NC group. Conversely, E-cadherin was
more highly expressed in the KD group than the
NC group (Figure 5C).

Discussion

Tumor metastasis has long been thought to
be the last event of a multistep process, but
recent studies have suggested that the seed-
ing of tumor cells can occur even at early stag-
es [16]. The possible reason may be that pre-
cancerous cells stimulated by various factors
in tumor microenvironment undergo EMT and
then acquire the phenotype of infiltration and
metastasis [17]. This trait is the basis for a
linear pattern of single tumor cell metastasis
[18]. In our study, tissue microarrays suggest-
ed that NUP58 expression was significantly
higher in the tumor cytoplasm or metastatic
lesions than in adjacent tissues or primary
lesions (P < 0.05). The protein levels of NUP58
were also identified by Western Blot in 4 lung
adenocarcinoma cell lines (Figure 1C). Interes-
tingly, NUP58 expression was higher in 95D
and H1299 cell lines than in A549 and 1975
cell lines, the former of which are metastatic
cell lines. NUP58 was first reported in the nu-
clear-pore complex (NPC) structure, which is a
complex tunnel that connects the nucleus and
cytoplasm and is composed of a variety of
nuclear pore proteins. The inner, outer and cen-
tral parts of the tunnel are composed of ribose
nuclear protein, which contribute to these
transportation functions [12]. There are no rel-
evant reports about the metastatic function of
NUP58 in human lung cancers. Our studies
suggested that NUP58 can facilitate metasta-
sis and invasion of lung adenocarcinoma.

The hallmarks of tumor cells are extremely
sophisticated, and the present features in-
clude: 1. Sustaining proliferative signaling; 2.
Evading growth suppressors; 3. Resisting cell
death; 4. Enabling replicative immortality; 5.
Inducing angiogenesis; 6. Activating invasion
and metastasis; 7. Reprogramming energy me-
tabolism; and 8. Avoiding immune destruction
[19]. In the process of metastasis and coloniza-
tion, tumor cells must first have the ability of
invasion and then survive under the influence
of various factors in microenvironment to finally
form metastasis foci in distant tissues [4]. In
our study, we found increase in epithelial mar-
ker (E-cadherin) and decrease in interstitial
marker (N-cadherin) expression with NUP58
knockdown in vitro, which weakened lung can-
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cer cell invasion and metastasis. However,
these changes further affected the intravasa-
tion of cancer cells into the circulatory system
and extravasation through vascular walls into
distant tissues in vivo. Currently, the metasta-
sis experiments of xenograft tumors in nude
mice have confirmed that the tumor cells can
be directly seeded and metastatic at early stag-
es [20]. The mechanism was further clarified in
other studies: in the early stage of primary
tumors, the metastatic and stem cell like cells
accounted for the majority and in the later stag-
es of tumor growth, the cells were mainly hyper-
plasia cells [21]. However, tumor metastasis
may occur many years after malignant transfor-
mation, suggesting that there are still many
unknown aspects of the tumor metastasis to
be elucidated [22].

The molecular features of the EMT process
include increased interstitial protein (N-cad-
herin, vimentin, fibronectin) expression and the
loss of epidermal-derived proteins (EpCAM, E-
cadherin, cytokeratins, zonula occludins), whi-
ch are regulated by EMT transcriptional factors
and associated signaling pathways [23]. The
transcriptional factors and associated signal-
ing pathways (Twist, Snail, ZEB1, PI3K/AKT,
etc.) can also be markers of EMT. Our study
indicated that Snail, Twist, GSK-33 and phos-
phorylated GSK-3B (ser9) were significantly
lowly expressed except for vimentin after kno-
ckdown of NUP58 in an A549 cell line. gPCR
results revealed that inhibitors of the PISK/AKT
signaling pathway, including NRAS, NFKBIE,
JAK2, PRKCZ, EIFAEBP1, RRAS2, MAP3K8, and
PTGS2, were expressed to a lower extent in the
KD group than in the NC group (P < 0.05). The
PIBK/AKT signaling pathway is widely involved
in various cellular signal transduction process-
es, and it plays an important role in cell prolif-
eration [24], apoptosis and energy metabolism
in lung cancer [25]. PI3K, AKT, mTOR, p70s6k
and other signaling molecules are targets of
drug therapy and have been used in clinical
patients [26, 27]. It is suggested that NUP58
can promote EMT in lung adenocarcinoma. The
underlying mechanism may be partially attrib-
uted to inhibition of the GSK-3 signaling path-
way. Current studies have found that abnormal
activation of GSK-3[ in a variety of tumors is
closely related to the survival, proliferation and
invasion of tumor cells [28]. GSK-3 itself can
be either a tumor-promoting factor or a tumor-
suppressing factor [29], so it is a promising tar-
get for tumor therapy [30]. Previous studies
have indicated that Snail is a substrate of GSK-
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studies: GSK-3B Ser9 phosphorylation (inac-
tive form) and Snail were decreased by knock-
down of NUP58, which indicated suppression
of Snail by GSK-33 was released. The main
function of vimentin in EMT is as one of the
components of the middle filament, which can
promote the reconstruction of the tumor cell
cytoskeleton, form spindle-like shape and facil-
itate tumor cell metastasis [33]. There is no dif-
ference in vimentin expression in our experi-
ment, and it is suggested that the NUP58 gene
cannot promote the formation of a spindle-like
shape in tumor cells.

Increasing research suggests that tumor me-
tastasis is a result between tumor cells and
tumor microenvironment. Neutrophil cells in
the tumor microenvironment can not only play
the role of immunosuppression but can also
help circulating tumor cells to invade endothe-
lial cells [34]. This process depends on the
recruitment of neutrophils by the chemokine
CCL2 [35] and alteration of vascular endotheli-
al permeability by VEGF [36]. ICAM-1, a kind
of intercellular adhesion molecule, is highly
expressed in inflammatory diseases and tu-
mors, suggesting that it can promote infiltra-
tion of leukocytes, monocytes and tumor mol-
ecules around the tissue [37]. Our study sug-
gested the expression of metastatic and in-
vasive factors (ATF3, PLAU, NUP58, RELB, IC-
AM1, VEGFA, CCL2, IL6, CXCL1, CXCL2, CXCL3,
CXCL5, CXCL8) were lower in the KD group than
in the NC group (P < 0.05). Our study can prove
that NUP58 promotes the invasion of lung ade-
nocarcinoma cells.

Conclusions

The NUP58 gene can facilitate metastasis and
invasion of lung adenocarcinoma, possibly by
activating the AKT-GSK-3( pathway. NUP58
was highly expressed in the primary and meta-
static foci of lung adenocarcinoma, with low
expression in normal lung tissue and adjacent
tissues. In patients with lung adenocarcino-
ma, the NUP58 gene was highly expressed in
patients with stage IV disease.
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Supplementary Figure 1. Previous works of screening metastatic target of LUAD.
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Supplementary Table 1. Primer list for gPCR

Target gene Upstream primer sequence Downstream primer sequence size
NRAS TGAAACCTCAGCCAAGACCAG TGGCAATCCCATACAACCCT 130
PIK3R1 ACCACTACCGGAATGAATCTCT  GGGATGTGCGGGTATATTCTTC 207
NFKBIE TTACCCATGTTGGGTCAGCC AACGGTGTTTCAGGGTCCTC 140
ITGA2 CCTACAATGTTGGTCTCCCAGA  AGTAACCAGTTGCCTTTTGGATT 106
JAK2 ATCCACCCAACCATGTCTTCC ATTCCATGCCGATAGGCTCTG 121
NFKB2 TCCGATTTCGATATGGCTGTG CTTGGCTGGTCCCTCGTAGTT 110
NFKB1 AGGATTTCGTTTCCGTTATGT CCTGAGGGTAAGACTTCTTGTTC 92
PRKCZ CTTACATTTCCTCATCCCGGAAG TTCACCACTTTCATGGCGTAAA 214

EIFAEBP1 GATCTGCCCACCATTCCG CCGCCCGCTTATCTTCTG 103
PIK3R3 AAAGGAGTGAGACAGAAACGC  CCACAGAGCAAGCATAGCATC 232
RRAS2 GCATCAGCAAAGATTAGGA TGGTTCTGGTGAAGGAGGA 102

PPP2R2C  TTACCGAACGAGATAAAAGGC TGTTGACGGAGATGGAGTTG 189
MAP3K8 TGTTCAAATGACCGAAGATG ACAGGTAGGAGGGATAGGCT 200

PTGS2 CTCCTGTGCCTGATGATTGC CAGCCCGTTGGTGAAAGC 215
ITGA4 AGTTGGTGCTTTTCGGTCT TGCCTTTCTGTTCACATCC 235
CXCL5 CAGACCACGCAAGGAGTT CTTCAGGGAGGCTACCAC 99
ATF3 GCTAAGCAGTCGTGGTATG CTGGAGTTGAGGCAAAGAT 225
PLAU CTGTCACCTACGTGTGTGGAG TGAGCGACCCAGGTAGACG 116
NUP58 AGGTATTGGCACTGGCTTGC CTTCCTGAGGGTTTATTIGTTG 138
RELB CAGCCTCGTGGGGAAAGAC CCAGCGTTGTAGGGGTCAA 171
ICAM1 CAAGAAGATAGCCAACCAATG GCCAGTTCCACCCGTTC 104
VEGFA AACTTTCTGCTGTCTTGGGT TCTCGATTGGATGGCAGTA 166
LTB CTGGGAGACGACGAAGGAACA  GCCGACGAGACAGTAGAGGTA 112
IL1A AGATGCCTGAGATACCCAAAACC CCAAGCACACCCAGTAGTCT 147
CCL2 CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT 190
IL6 CAAATTCGGTACATCCTCG CTCTGGCTTGTTCCTCACTA 259
CXCL1 AAACCGAAGTCATAGCCACA CCTAAGCGATGCTCAAACA 247
CXCL2 CCAAACCGAAGTCATAGC GAACAGCCACCAATAAGC 150
CXCL3 CGCCCAAACCGAAGTCATAG GCTCCCCTTGTTCAGTATCTTTT 109

CXCL8 TGGCAGCCTTCCTGATTT AACCCTCTGCACCCAGTT 236
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Supplementary Table 2. Clinical features of

cohort 1
Clinical featrues Number Chi-Square P value
Age 1.863 0.172
< 65 years 57 (61.96%)
> 65 years 35 (38.04%)
Sex
Male 51 (55.43%) 1.777 0.183
Female 41 (44.57%)
Pathological grade 2.779 0.249
| stage 1(1.09%)
Il stage 56 (60.87%)
Il stage 35 (38.04%)
Tumor size 1.636 0.201
<5cm 67 (84.81%)
>5cm 12 (15.19%)
T stage 8.916 0.03
T1 23 (29.11%)
T2 37 (46.84%)
T3 12 (15.19%)
T4 7 (8.86%)
N stage 3.878 0.275
NO 34 (62.96%)
N1 13 (24.07%)
N2 6 (11.11%)
N3 1(1.85%)
M stage 1.784 0.182
MO 90 (97.83%)
M1 2 (2.17%)
TNM stage
TNM | 25 (37.31%) 7.788 0.051
TNM I 21 (31.34%)

1(
TNM I1I 19 (28.36%)
TNM IV 2 (2.99%)
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Supplementary Figure 2. Survival of NUP58 in LUAD patients.
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Supplementary Figure 3. Original western blot images.




