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Abstract

Objective: Lung cancer ranking high in the cancer-related list has long perplexed pa-
tients, in which glucosamine-phosphate N-acetyltransferase 1 (GNPNAT1) is found to
be highly expressed. Besides, DNA methylation is perceived as a biomarker to assess
the prognosis of patients with various cancers. However, the correlation between
GNPNAT1 and DNA methylation and the role of GNPNAT1 in lung cancer remain
vague.

Methods: Principal component analysis (PCA), heatmap, volcano map, Venn diagram,
gene ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
were used to screen out the candidate genes. The viability, migration, and invasion of
lung cancer cells were detected by CCK-8 and Transwell assays. An xenograft tumor
mouse model was established. The relative expressions of GNPNAT1, E-cadherin, vi-
mentin, Matrix metalloproteinase-2 (MMP-2), tissue inhibitor of metalloproteinase-2
(TIMP-2), E2F1, and cyclin D1 in cells or xenograft tumor tissues were quantified by
Western blot, RT-gPCR, or immunohistochemistry assay.

Results: GNPNAT1 was screened as the research object. GNPNAT1 methylation was
downregulated, while GNPNAT1 expression was upregulated in lung cancer tissues.
The methylation and mRNA levels of GNPNAT1 were correlated with the patient
prognosis. GNPNAT1 increased cell viability, migration and invasion, and promoted
the xenograft tumor volume and weight, whereas shGNPNAT1 acted oppositely.
Moreover, expressions of Vimentin, MMP-2, E2F1, and cyclin D1 were increased, but
E-cadherin and TIMP-2 expressions were decreased by overexpressed GNPNAT1,
whilst GNPNAT1 knockdown ran conversely.

Conclusion: GNPNAT1 and methylated GNPNAT1 coverage are biomarkers for the

diagnosis and prognosis of lung cancer.
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1 | INTRODUCTION

Lung cancer persistently ranks high in the cancer-related list, with
high morbidity and mortality worldwide, based on the released data
by WHO.! The survival rate of patients suffering from lung cancer
is primarily dependent on the stage of diagnosis.2 As reflected in
the most recent data on population-oriented lung cancer survival
rate, the Figure 6% mirrors the embarrassing status of largely pro-
portioned patients perplexed by metastatic disease. Nonetheless,
early diagnosis of this disease could be contributing to prognosis
improvement.®

Pushed by technological revolution, biomedicine is impelled by
genomics, metabolomics, proteomics, and bioinformatics. Thereinto,
a growing number of researchers show overriding interest in the
study of biomarkers that can be evaluated as an index of biologi-
cal, pathogenic, or pharmacologic response toward an interven-
tion* and the dedicated roles in the detection, diagnosis, treatment,
and prognosis of lung cancer.’ During the process of chasing latent
biomarkers for lung cancer, the global DNA hypomethylation with
cytosine-phosphoric acid-guanine (CPG) island sequences hyper-
methylated in the promoter regions of tumor suppressor genes are
becoming more prominent, which are the features of tumor tissue.®

DNA methylation involves the transfer of a methyl group to the
fifth carbon of the cytosine to form 5-methylcytosine (5mC) under
the catalysis of DNA methyltransferases (Dnmts).” Appropriate DNA
methylation functions in cell differentiation, embryonic develop-
ment, and genome stability,8 while aberrant DNA methylation indi-
cates an epigenetic change and even signifies tumor suppressor gene
inactivation if the change takes place in gene promoter region.” The
level of methylation is regarded as a workable biomarker to assess
prognosis, disease recurrence, early detection or risk estimation, or
indeed as a therapeutic target.’° DNA methylation has exhibited its
potential as a marker for cancer diagnosis and prognosis, including
lung cancer.!!

Based on bioinformatic analysis, we selected glucosamine-
phosphate N-acetyltransferase 1 (GNPNAT1) as our candidate
for DNA methylation study. As a pivotal enzyme in hexosamine
biosynthetic pathway (HBP) that is one of the important glycome-
tabolism pathways in glycolysis,12 GNPNAT1 has been proved to
be one of the metabolic indicators in predicting the prognosis of
tumor patients.*®>'* For tumor cells, metabolism is disordered due
to the dysfunction of tumor suppressor genes or the activation
of oncogenes,'® with the incremental glucose as a partial mani-
festation.'>® A prior research uncovered that GNPNAT1 plays an
independent prognostic role in lung adenocarcinoma (LUAD) by
comparing its expression in tumor and adjacent tissues,? echoed
with another research reporting that GNPNAT1 is highly ex-
pressed in LUAD and may be a potential prognostic biomarker for
LUAD.' However, whether GNPNAT1 is a biomarker for lung can-
cer and the biological function it performs remain vague. Besides,
studies and clinical data regarding the association of GNPNAT1
with DNA methylation are limited, although GNPNAT1 is a prom-
ising candidate.

Herein, we conducted a deeper research toward DNA methyla-
tion and delved into the effects of GNPNAT1 and its methylation in
the progression of lung cancer, aiming to seek a potentially prognos-

tic and therapeutic biomarker for lung cancer.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

Animal experiments were approved by the Medical Ethics Committee
of Shenzhen People's Hospital (approval number: LL-KY-2022022).
The clinical data were obtained from 60 lung cancer patients who
were treated in Shenzhen People's Hospital. All the patients signed
the written informed consents and agreed that their lung cancer tis-

sues would be applied in our research.

2.2 | Bioinformatic analysis

RNA-seq, methylation-related data, and clinical information were
downloaded from the Cancer Genome Atlas (TCGA) database. The
Chip Analysis Methylation Pipeline (ChAMP) package including qual-
ity control metrics and a selection of normalization methods was
adopted to identify differentially methylated regions. Then, princi-
pal component analysis (PCA) and heatmap were used to remove
the outliers, and 26 pairs of matched methylated samples were then
obtained. Subsequently, PCA and heatmap (unsupervised clustering
heatmap) were re-made based on the top 1000 probe sites with the
largest variance. Further, differential expression analysis towards
expression matrix of the samples was carried out via ChRAMP pack-
age, differential methylated points (DMPs) with deltap >0.2 and
False Discovery Rate (FDR) <0.05 were screened as threshold, and
volcano plot as well as heat map (unsupervised clustering heatmap)
were then made. Next, differential expression analysis towards
RNA-seq via edgeR was conducted and differentially expressed
genes (DEGs) were obtained under the standard of FDR <0.05 and
log2FC >1. Besides, the intersected genes between DMPs corre-
sponding genes and DEGs which were exhibited by VennDiagram
package were acquired, genes existing in both hyper_DMPs and
hypo_DMPs regions where settled both hyper-methylated and
hypo-methylated genes were removed, and 268 hyper-methylated
genes in down-genes region and 213 hypo-methylated genes in up-
genes region were ultimately gained. Next, 417 methylation-driving
genes were harvested, whose expression trends were inconsistent
with their methylation trends and negatively correlated with spear-
man coefficient, with p value <0.05. Afterward, the targets were
input into the Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.8Y for GO analysis comprising biological pro-
cess (BP), molecular function (MF), and cell component (CC), and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was
subsequently implemented toward the harvests to select the can-
didate genes.
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2.3 | Determination of GNPNAT1 DNA
methylation level

The DNA methylation level of GNPNAT1 in Formalin-Fixed and
Paraffin Embedded (FFPE) specimens was detected through
NMPA (China National Medical Products Administration)-marked
in vitro diagnostic (IVD) test LungMe® assay (20,173,403,354,
Tellgen Co.).

Tissue genomic DNA (gDNA) was isolated from FFPE sam-
ples via the FFPE DNA extraction kit (56,404, Qiagen, Hilden).
Next, the concentration of extracted DNA was measured through
the highly sensitive Qubit assay (Qubit Fluorometer, Q33327,
Thermo Fisher Scientific; High sensitive fluorescent dye, Q32850,
Thermofisher). Fifty ng DNA/sample was treated with sodium bi-
sulfite using the Tellgen DNA purification kit (PFO3X056, Tellgen
Co.). After purification, the bisulfite-converted DNA was ampli-
fied by methylation specific real-time PCR (MS-PCR) amplification
using LungMe® real-time PCR kit as described before.!® The MS-
PCR was used to amplify methylated GNPNAT1, and PCR ampli-
fication was performed in an ABI 7500 real-time PCR instrument
(4,351,107, Applied Biosystems), and SDS Software (SDS v1.4.1,
Applied Biosystems) was selected to analyze the results. The rela-
tive level of methylated GNPNAT1 was calculated according to the
delta cycle threshold ACt.Y

2.4 | Cell culture and treatment

Two cell lines, A549 (CCL-185) and H1299 (CRL-5803) used in
this study, were purchased from American type culture collec-
tion (ATCC). Cells were cultured in Dulbecco's modified Eagle's
medium (DMEM) (31331093, Gibco) supplemented with 10% fetal
bovine serum (FBS) (12664025, Gibco), 2mM L-glutamine (G7513,
Sigma-Aldrich), 100U/ml penicillin, and 100pg/ml streptomycin
(15070063, Thermo Fisher Scientific) in an incubator (51030286,
Thermo Fisher Scientific) under a humidified atmosphere of 5%
CO, at 37°C.

2.5 | Cell transfection and grouping

Cells were transfected with short hairpin RNAs targeting
GNPNAT1 (including shRNA1 and shRNA2) and GNPNAT1 overex-
pression plasmid. With this method, four groups were established
as follows: control, shRNA1, shRNA2, and GNPNAT1 groups. In
our study, GNPNAT1 overexpression plasmid and GNPNAT1
shRNA were all synthesized by GenePharma (Shanghai, China). In
brief, cells were cultured in 6-well plates till 90% confluence was
reached, and then the culture medium was removed. After being
washed with PBS, cells were transfected with the above plasmids
using Lipofectamine 2000 (11,668,027, Thermo Fisher Scientific)
based on the manufacturer's directions. Transfection efficiency
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was assessed after 24h (h) of incubation under a humidified at-
mosphere of 5% CO, at 37°C.

2.6 | Cell counting kit-8 (CCK-8) assay

Cell viability was measured via CCK-8 kit (CO037, Beyotime) in ac-
cordance with manufacturer's protocols. Simply put, transfected
cells were seeded into 96-well plates at a density of 2x 10%/well
and cultured for 24, 48, and 72h. Then, 10 pl of CCK-8 solution was
added into every well and incubated for 2 h, and the optical den-
sity (OD) was measured at a wavelength of 450nm via a microplate
reader (Varioskan LUX).

2.7 | Real-time quantitative polymerase chain
reaction (RT-qPCR)

Relative GNPNAT1 mRNA expression was measured by RT-
gPCR. Briefly, total RNAs were extracted via Trizol reagent
(T9424, Sigma-Aldrich), whose quantities and purities were de-
termined by a spectrophotometer (ND-LITE-PR, Thermo Fisher
Scientific) and reversely transcribed by a transcriptase kit (K1621,
Thermo Fisher Scientific) in accordance with the manufac-
turer's instructions. Next, RT-qPCR experiment was carried out
with the help of SYBR PremixEx Taq Il Kit (RR820L, TaKaRa) in
LightCycler 480-11 System (RocheDiagnostics). The RT-qPCR
amplification conditions were listed as follows: 95°C for 5 min;
40cycles of 95°C for 5 seconds(sec), 60°C for 20s, and 72°C
for 40s. The forward (F) and reverse (R) primer sequences are
described below: for GNPNAT1, CCCCAACACATCCTGGAGAA
(F) and TGCCAAGCTGCTTTCCTCTG (R); for GAPDH,
CACCATCTTCCAGGAGCGAG (F) and CTCAGTGTAGCC
CAGGATGC (R). The comparative delta Ct (ACt) method was
adopted to analyze GNPNAT1 differential mRNA expression in
normal and cancer cells. 27248 method was adopted?? to calcu-

late the results, with GAPDH serving as the internal reference.

2.8 | Cell migration and invasion assays

Migration and invasion assays were conducted in 24-well Transwell
chamber (8 pm pore size; 140,629, Thermo Fisher Scientific) pre-
coated without or with Matrigel (356,234, BD Bioscience). After 48 h
of transfection, 5x10% A549 or H1299 cells were placed into the
upper chamber containing serum-free DMEM (200 pul) for migration
or invasion assay. DMEM (600 pl) supplemented with 10% FBS was
placed into the lower chamber. After 48 h of incubation, cells remain-
ing in the upper chamber were wiped off, while cells that migrated or
invaded through the pores to the lower chamber were fixed with 4%
paraformaldehyde (158,127, Sigma-Aldrich), and then stained with
0.1% crystal violet (V5265, Sigma-Aldrich). Finally, the number of
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stained cells was counted under a microscope (IXplore Pro, Olympus

Corporation).

2.9 | Animal experiments

A total of 36 six-week-old male BALB/c nude mice were bought from
ALF Biotechnology and housed in a specific pathogen-free condi-
tion for 5days. The mice were divided into six groups (n = 6/group):
two control groups, two GNPNAT1 groups, and two shRNA1 groups.
Mice in the GNPNAT1 or shRNA1 groups were subcutaneously in-
jected with 1x10° A549 cells/H1299 cells with transfection of
GNPNAT1 plasmid and shRNA for GNPNAT1 (shGNPNAT1). Then,
all mice were normally housed for 28days. On the last day, after
the mice were sacrificed with isoflurane (R510-22, RWD, Shenzhen,
China), their tumor tissues were collected, subsequent to which the
tumor weight and tumor volume (volume = nx tumor length x tumor
width?/6) were recorded.

2.10 | Western blot assay

Protein expressions of GNPNAT1, E-cadherin, vimentin, Matrix
metalloproteinase-2 (MMP-2), tissue inhibitor of metalloprotein-
ase-2 (TIMP-2), E2F1, and cyclin D1 were measured by Western
blot. The total proteins from cells and tumor tissues were first iso-
lated using RIPA lysis buffer (20-188, Sigma-Aldrich). Then, the
protein concentration was quantified by the BCA assay kit (P0011,
Beyotime) based on manufacturer's instructions after lysate was
centrifuged. Subsequently, the proteins at gross weight of 30pg
were resolved in 10% SDS-PAGE and then transferred onto
PVDF membranes (FFP28, Beyotime). After being blocked with
5% skimmed milk at room temperature for 1 h, the membranes
were incubated with the primary antibodies against GNPNAT1
(rabbit, 1:2000, 21kDa, ab234981, Abcam, Cambridge, UK), E-
Cadherin (rabbit, 1:20000, 97kDa, ab40772, Abcam), Vimentin
(rabbit, 1:2000, 54kDa, ab92547, Abcam), MMP2 (rabbit, 1 pg/
mL, 72kDa, ab37150, Abcam), TIMP-2 (rabbit, 1:1000, 24 kDa,
ab180630, Abcam), E2F1 (rabbit, 1:2000, 47kDa, ab179445,

Abcam), cyclin D1 (rabbit, 1:20000, 34 kDa, ab134175, Abcam),
and GAPDH (rabbit, 1:10000, 36kDa, ab181602, Abcam).
Afterward, the membranes were thereupon incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibody goat
anti-rabbit 1gG (1:3000, ab6721, Abcam). Protein signals were
tested and collected via enhanced chemiluminescence (ECL) Kit
(PO018S, Beyotime) and were quantified through the Image J soft-
ware (Image J 1.8.0).

2.11 | Immunohistochemistry assay

The expression of GNPNAT1 in mice tumor tissues was analyzed
through immunochemistry assay. Briefly, the collected tumor tis-
sue was fixed with 4% tissue fixative (P1110, Solarbio), dehydrated
with gradient alcohol, and then transparently treated with xylene
(50,009, Meryer). Subsequently, the tissue was embedded into par-
affin (M27079, Meryer) and sectioned into 4 pm slices. After being
dewaxed, the tissue slices were added with antigen retrieval buffer
(C1032, Solarbio) and goat serum (16,210,064, Thermo Fisher
Scientific). Subsequently, the tissue slices were incubated with anti-
GNPNAT1 antibody (ab234981, Abcam) at 4°C overnight, followed
by further incubation with goat anti-rabbit 1gG (ab205718, Abcam)
for 1 h. Then, the tissue slices were colored by DBA buffer (SFQ004,
4A Biotech, Beijing, China) and haematoxylin (H8070, Solarbio)
and further treated with gradient alcohol, xylene, and neutral gum
(G8590, Solarbio). Lastly, the GNPNAT1-positive cells in the tissue
slices were observed using a THUNDER tissue microscope at a mag-
nification of 100 x.

2.12 | Statistics analysis

Statistical analyses were conducted by IBM SPSS 22.0 software
(SPSS). Data were enumerated via Chi square test or rank sum test
and expressed as mean +standard deviation (SD). Paired t test and
one-way analysis of variance (ANOVA) were used to analyze the
data from two or more groups. For measurements, p <0.05 was con-

sidered statistically significant.

FIGURE 1 GNPNAT1 was selected as the candidate gene after screening. (A, B) PCA and heatmap were based on the top 1000 probe
sites with the largest variance after removal of the outliers, and the final 26 pairs of matched methylated samples were obtained. In PCA,
pink circles were for the normal group and blue triangles were for the tumor group. In heatmap, the red color indicated upregulated genes,
while the blue color signified downregulated genes. (C, D) Volcano plot displayed the pattern of upregulated and downregulated genes, and
a clustering heatmap indicated the varied expression of genes in two groups after the deep filtration of DMPs with deltap >0.2 and FDR
<0.05 as threshold. The red dots in the left plot represented upregulated genes, blue dots denoted downregulated genes with statistical
significance, and gray dots exhibited no differentially expressed genes of DMPs. The dark blue in the right plot indicated up-regulated genes,
while the light blue color signified down-regulated genes. (E) The Venn Diagram analysis was conducted to determine the intersection of
DMPs and DEGs under the screening standard of FDR <0.05 and log2FC >1. Methylation-driving genes were harvested after differential
expression analysis towards RNA-seq via edgeR. (F, G) GO and KEGG pathway analyses were carried out for predicting the differentially
expressed genes. The y-coordinate in (F) represented the GO entry, and the abscissa was the ratio of genes enriched on the GO entry to the
total target genes. The color in the right side indicated the size of the p value, while the bubble size represents the number of genes enriched
on the modified GO entry. PCA: principal component analysis, FDR: False Discovery Rate, DMPs: differential methylated points, DEGs,
differentially expressed genes, GO, Gene ontology, Kyoto Encyclopedia of Genes and Genomes.
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3 | RESULTS

3.1 | PCA, cluster, and volcano plot analysis

PCA was applied to determine the classification performance of
the identified differentially methylated DNA regions. The results
showed that the sum of variation (percent) by Dim1 was 20.4%
and by Dim2 was 11.6%. Meanwhile, we observed that the nor-
mal and the tumor samples were effectively separated (Figure 1A).
Then, a heatmap of clustering analysis was constructed. As de-
picted in Figure 1B, the right side of the samples was the tumor
group, and the left half was the normal group. Thereinto, the red
color indicated major abundance, and the blue color denoted
minor abundance (Figure 1B). The heatmap of the top 1000 probe
sites illustrated a massive difference of DNA methylation situa-
tion between the tumor and the normal samples (Figure 1B). A
volcano plot displayed the pattern of DMPs, including upregulated
and downregulated genes (Figure 1C). Additionally, the clustering
heatmap indicated the expression of DMPs in the tumor group was
significantly different from that of the normal group (Figure 1D)
after the deep filtration.

3.2 | Venn Diagram, GO, and KEGG pathway
enrichment analyses

For DMP datasheet, total number of 918 was identified, including
339 in hypo area, 141 overlapped and 438 in hyper area (Figure 1E).
For DEG datasheet, 2517 DEGs were acquired, including 1443
up-regulated genes and 1074 downregulated genes (Figure 1E).
Venn Diagram analysis was conducted to determine the inter-
section of DMPs and DEGs (Figure 1E). By removing genes exist-
ing in both hyper_ DMPs and hypo_DMPs regions where settled
both hyper-methylated and hypo-methylated genes, we obtained
268 hypermethylated genes in down-genes region and 213 hypo-
methylated genes in up-genes region. Finally, we harvested 417

p<0.001 vs. Normal. All results represent as means+standard deviation (SD) of triplicate determinations.

methylation-driving genes whose expression trends were inconsist-
ent with their methylation trends and negatively correlated with
spearman coefficient, with p value <0.05.

For BP, the top 5 influence factors are regulation of actin
filament-based process, urogenital system development, renal sys-
tem development, epithelial tube morphogenesis, and kidney de-
velopment. In terms of CC, the top 5 influence factors are cell-cell
junction, apical plasma membrane, apical part of cell, membrane
raft, and microdomain. With regard to MF, the top 5 influence fac-
tors are cell adhesion molecule binding, DNA-binding transcription
activator activity and RNA polymerase llI-specific, DNA-binding
transcription activator activity, cytokine binding, and protein ty-
rosine kinase activity (Figure 1F). Besides, DAVID v6.8Y was used
for KEGG analysis against the targets. Subsequently, the top 8
signaling pathways with significant P values were selected, and
top 5 influence factors included tight junction, signaling pathways
regulating pluripotency of stem cells, cell adhesion molecules,
protein digestion and absorption, and bile secretion (Figure 1G).
GNPNAT1 was selected as the candidate gene for further analysis
(Figure 1A-G).

3.3 | GNPNAT1 methylation and mRNA expression
in carcinoma and para-carcinoma tissues

We classified the samples into either cancer group or the normal
group to see the differences between carcinoma and para-carcinoma
tissues via ACt calculation and comparison based on the principle
that the greater the ACt value is, the smaller the methylated coverage
is.2° ACt value in the cancer group was greater than that in the nor-
mal group, indicating that GNPNAT1 DNA methylation coverage in
cancer group was less that in the normal group (Figure 2A, p <0.001).
Besides, we measured GNPNAT1 mRNA expression in both groups
and found the PCR ACt value in the normal group was greater than
that in the cancer group, demonstrating that GNPNAT1 mRNA was
highly expressed in the cancer group (Figure 2B, p<0.001).
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3.4 | Correlation of GNPNAT1 methylation and
mRNA expression in clinical data

Here, we not only measured the GNPNAT1 methylation level and
mRNA expression in the lung cancer tissues but also referred to the
clinical data regarding the clinicopathological features of lung cancer
patients. The results manifested that the lower the methylation level
of GNPNAT1 (with higher ACt value), the worse the prognosis ap-
peared. Meanwhile, the methylation level of GNPNAT1 was linked
to tumor size, clinical stages, and lymph node metastasis (Table 1,
p<0.05). In addition, we observed that the more the GNPNAT1 ex-
pressed in cancer (with lower PCR ACt value), the worse the prog-
nosis would be, and that the mRNA expression level of GNPNAT1
was also associated with tumor size, clinical stages, and lymph node
metastasis (Table 2, p<0.05).

3.5 | GNPNAT1 stimulated the viability,
migration, and invasion of lung cancer cells

To further dig out the role of GNPNAT1 in lung cancer, we con-
ducted cell transfection experiment. The results showed that in both
A549 and H1299 cells, GNPNAT1 mRNA was significantly overex-
pressed in GNPNAT1 group, while being less expressed in shRNA1

TABLE 1 The relationship between GNPNAT1 methylation level
and clinical characteristics of lung cancer patients

GNPNAT1
methylation (ACt)
Variable n Low High p value
Total 60 30 30
Age (years)
<60 27 14 13 0.795
>60 33 16 17
Grade
T1 31 17 14 0.559
T2 17 8 9
T3 12 5 7
Tumor size (cm)
<5 38 23 15 0.032
>5 22 7 15
Clinical stages
I[+11 40 26 14 0.001
M+1v 20 4 16
Lymph node metastasis
Absent 35 25 10 0.000
Present 25 5 20
Differentiation
Well-Moderately 37 20 17 0.426
Poorly 23 10 13

WILEY-L7*™

TABLE 2 The relationship between GNPNAT1 mRNA expression
and clinical characteristics of lung cancer patients

GNPNAT1
expression (ACt)
Variable n Low High p value
Total 60 30 30
Age (years)
<60 27 11 16 0.194
>60 33 19 14
Grade
T1 31 16 15 0.846
T2 17 8 9
T3 12 6 6
Tumor size (cm)
<5 38 13 25 0.001
>5 22 17 5
Clinical stages
I+11 40 15 25 0.006
H+1v 20 15 5
Lymph node metastasis
Absent 35 11 24 0.001
Present 25 19 6
Differentiation
Well-Moderately 37 19 18 0.791
Poorly 23 11 12

and shRNA2 groups when compared with that in the control group
(Figure 3A,B, p<0.05), signifying the triumph of the transfection.
Additionally, we performed cell viability, migration, and invasion
tests to see the effect of GNPNAT1 aberrant expression on the lung
cancer cells. The results of CCK-8 assay revealed that OD value in
GNPNAT1 group was higher than that in control group, and OD value
in shRNA1 and shRNA2 groups was lower than that in control group,
suggesting that GNPNAT1 overexpression reinforced yet GNPNAT1
knockdown impaired cell viability (Figure 3C,D, p <0.05). The results
of transwell assay mirrored that GNPNAT1 overexpression obvi-
ously promoted but GNPNAT1 knockdown significantly inhibited
the migration and invasion of A549 and H1299 cells (Figure 3E-I,
p<0.001).

3.6 | GNPNAT1 impacted cell migration-related
protein expressions via upregulating vimentin,
MMP-2, E2F1, and cyclin D1 expressions and
downregulating E-cadherin and TIMP-2 expressions

We carried out Western blot to further observe the changes of the
migration-related gene expressions (E-cadherin, vimentin, MMP-2,
TIMP-2, E2F1, and cyclin D1) in A549 and H1299 cells under the im-
pact of GNPNAT1 overexpression or knockdown. As compared with the
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FIGURE 3 GNPNAT1 promoted viability, migration and invasion of lung cancer cells. (A, B) Relative GNPNAT1 mRNA expression was
measured by RT-gPCR. GNPNAT1 mRNA was overexpressed in GNPNAT1 group, yet less expressed in sShRNA1 and shRNA2 groups, as
compared with that in the control group. (C, D) Cell viability was measured via CCK-8 assay at dedicated time intervals. Results of CCK-

8 assay unraveled that OD value was greater in GNPNAT1 group, but was smaller in shRNA1 and shRNA2 groups, when compared with

that in control group within deterministic time intervals. (E-1) Relative migration and invasions rates. Transwell assays indicated that the
migration and invasion of A549 and H1299 cells were explicitly augmented by GNPNAT1 overexpression, while being markedly repressed
by GNPNAT1 knockdown. *p <0.05, **p <0.01, ***p <0.001 vs. Control. All results represent as means + standard deviation (SD) of triplicate
determinations. RT-qPCR: real-time quantitative polymerase chain reaction, CCK-8: Cell Counting Kit-8.

control group, vimentin, MMP-2, E2F1, and cyclin D1 expressions were
prominently increased in GNPNAT1 group, while being apparently de-

37 |

creased in shRNA1 and shRNA2 groups (Figure 4A,B, p<0.01). However,

E-cadherin and TIMP-2 behaved in a diametrically opposite way, whose
expression levels were reduced by overexpressed GNPNAT1, but were

fortified by GNPNAT1 knockdown (Figure 4A,B, p<0.001).

GNPNAT1 affected the xenograft tumor
growth in vivo

The xenograft tumor mouse model was established. After the tumor was

grown in mice for 28days, the tumor was taken out (Figure 5A,D). As il-

lustrated in Figure 5B,C,E,F, the tumor volume and tumor weight were
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FIGURE 4 GNPNAT1 impacted cell migration-related protein expressions via upregulating Vimentin, MMP-2, E2F1 and cyclin D1
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**p<0.01, **p<0.001 vs. Control. All results represent as means + standard deviation (SD) of triplicate determinations. MMP-2: Matrix

metalloproteinase-2, TIMP-2: tissue inhibitor of metalloproteinase-2.

elevated in GNPNAT1 group, whilst being lessened in shGNPNAT1group,
as compared to the control group (p<0.001). Besides, the expression of
GNPNAT1 in tumor tissues was further examined using Western blot
(Figure 5G-1) and immunohistochemistry (Figure 5J). It turned out that
GNPNAT1 overexpression upregulated the expression of GNPNAT1
in tumor tissues, while shGNPNAT1 downregualted the expression of
GNPNAT1 in tumor tissues (Figure 5G-J, p<0.001).

4 | DISCUSSION

Lung cancer, showing stubbornly high incidence and mortality,
which ranks among the most deadly cancers worldwide.! Recently,
much attention has been casted into the roles of gene markers on
the basis of correlation with the prognosis predictions of lung can-
cer, as the rapid progress made in bioinformatics methodology.“"m'22

Additionally, interests in dysregulated metabolism of lung cancer

cells have emerged.?>?* Increasing studies put forward that aber-
rant GNPNAT1 expression signifies c:arcinogenesis,25 predicts poor
prognosis,12 and is related to proliferation of tumor cells.?® However,
the data are still limited, which require further enrichment or
consolidation.

Researches against GNPNAT1 have developed constantly and
innovatively. Liu et al. presented that GNPNAT1, together with
other genes, exhibited inverse correlations with DNA methylation
and expression,27 which was expected to be one of the attractive
and intriguing targets as the predictive biomarkers for cancers.
Yang et al. conducted DNA methylation analyses on 8 elected
genes to explore the feasibility in early diagnosis of lung cancer,
GNPNAT1 included.?® Li et al. pointed out that the methylation
detection on RASSF1A and SHOX2 genes was much more practi-
cable than other methods in lung cancer diagnosis, particularly for
the early stage diagnosis.?’ Nonetheless, no successor followed
the independent study of GNPNAT1 and DNA methylation in lung
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FIGURE 5 GNPNAT1 affected the xenograft tumor growth in vivo. (A, F) After the xenograft tumor was grown in mice for 28days, the
tumor was taken out. The representative pictures of tumors were exhibited (A, D). The tumor volume (B, E) and tumor weight (C, F) were
documented. (G-J) The expression of GNPNAT1 in tumor tissue was detected by Western blot (G-1) and immunohistochemistry (J). **p <0.01,

***p<0.001 vs. Control.

carcinoma and no research displayed the effects of GNPNAT1
methylation on lung cancer irrespective of the reversibility of
DNA methylation.3® Li et al. highlighted the significance of P16
promoter methylation as one of the epigenetic changes, and
stressed the clinical functions of P16 in lung cancer.%! In this
sense, this would be the first time to uncover the correlations be-
tween GNPNAT1 and DNA methylation in lung carcinoma and the
functions of GNPNAT1 on tumor cells, as supported by the conse-
qguence that significantly lower rate of GNPNAT1 methylation ex-
isted in carcinoma tissues against para-carcinoma tissues, and the
detected lower methylation coverage corresponded to the higher
GNPNAT1 expression. These findings suggested that GNPNAT1
DNA hypomethylation or hypermethylation or the aberrant ex-
pressions are the potential indicators warning or reminding the
progression and evolvement of lung cancer.

Echoed with the above studies, our research discovered ac-
cording to the clinical data that the lower methylation of GNPNAT1
in carcinoma tissues was associated with the worse prognosis of
patients, and the methylation and expression levels of GNPNAT1
significantly differed in carcinoma tissues and para-carcinoma tis-
sues, implying that methylation level of GNPNAT1 and its mRNA
expressions may be underlying novel predictors for the progno-
sis of lung cancer patients. Besides, the methylation level was
linked to tumor size, clinical stages, and lymph node metastasis.
On the one hand, we found that GNPNAT1 stimulated malig-
nant cell viability, migration and invasion through CCK-8 assay
as well as transwell assay. On the other hand, vimentin, MMP-2,
E2F1 and cyclin D1 are participators in tumor development,s’Z’35
and we discovered their expressions were prominently upregu-
lated by GNPNAT1, but apparently downregulated by GNPNAT1
knockdown. However, E-cadherin and TIMP-2, enemies of tumor
cells, 2% appeared in an opposite way, whose expression levels
were diminished by GNPNAT1 yet enhanced by GNPNAT1 knock-
down. The changed expressions suggested GNPNAT1 might act
as a tumor promoter in lung cancer, supporting the conclusions
as shown in clinical data. This finding coincided with the result
of Zhang et al.?° Furthermore, the enhancing effect of GNPNAT1
on lung cancer discovered in vitro was further verified by the
in vivo animal experiments, with the evidence that GNPNAT1
overexpression promoted the growth of xenograft tumor, while
GNPNAT1 downregulation did the opposite.

To be emphasized, our study was conducted on A549 and H1299
cells, and validation experiments could be proceeded on other lung
cancer cells. Besides, further studies were expected to exploit for
fathoming out whether the downregulation of GNPNAT1 expression
or upmethylation agents could be applied for lung cancer treatment

as therapeutic entity in terms of feasibility and practicability.

5 | CONCLUSIONS

Taken together, the above findings, together with the data present
in this study, suggested the important roles of GNPNAT1 expression
in cancer germination and progression, and the expressions and the
methylation level of GNPNAT1 could serve as novel biomarkers for
therapy and prognosis of lung cancer.
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