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Abstract

Background: Lung cancer is the main cause of cancer-related death, with epithelial-mesenchymal transition (EMT) playing an important
role in the development of this disease. The EMT-related genes Polypeptide N-Acetylgalactosaminyltransferase 3 (GALNT3) and 2'-5'-
Oligoadenylate Synthetase 1 (OA4S!) are involved in numerous tumor processes. Although these genes have been extensively studied in
cancer, they have yet to be analyzed by multi-omics in lung adenocarcinoma (LUAD). Methods: EMT-related genes were identified by
R and Venn diagram. Cox regression and Kaplan-Meier analysis were performed to evaluate patient survival, and the Gene Expression
Profiling Interactive Analysis (GEPIA) database was used for correlation analysis. GeneCards and R packages were used to explore gene
characterization and functional annotation. The Tumor Immune Estimation Resource (TIMER), Human Protein Atlas (HPA), Univer-
sity of Alabama at Birmingham Cancer (UALCAN), and The Cancer Genome Atlas (TCGA) databases were used to investigate gene
expression, which was then confirmed by RT-PCR. Clinicopathological analysis was carried out using the UALCAN database. Func-
tional mechanisms and multi-omics analysis were performed using DNA Methylation Interactive Visualization Database (DNMIVD),
Targetscan, TIMER, Tumor—immune System Interactions Database (TISIDB) and cBioportal. Diagnostic values were calculated using
ROC curve analysis. Results: A total of 320 EMT-related genes were identified in LUAD. Their characteristics were confirmed in the
Database for Annotation, Visualization and Integrated Discovery (DAVID) database by the intersection of 855 and 3600 different genes
from the Gene Expression Omnibus (GEO) and EMTome databases, respectively. Expression of the EMT-related genes GALNT3 and
OAS1 was associated with the prognosis of LUAD patients. A positive correlation was observed between the expression of GALNT3 and
0AS1, and their expression was higher in LUAD tissue than in normal lung tissue. This was confirmed using RT-PCR. Multi-omics anal-
ysis revealed that GALNT3 and OASI expression was associated with gene mutation and methylation, cellular immune infiltration, and
several immune subtypes. A miRNA-GALNT3/OAS1 regulatory network was also found. Receiver operating characteristic (ROC) curve
analysis found that GALNT3 and OAS! expression combined had superior diagnostic value to that of each marker alone. Conclusions:
GALNT3 and OAS1 expression are associated with immune cell infiltration and poor prognosis in LUAD. Their combined expression
has high diagnostic value; hence, GALNT3 and OAS! may be valuable biomarkers for the early detection of LUAD.
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1. Introduction treatment options including surgery, targeted therapy, im-

munotherapy, radiotherapy, and chemotherapy, the progno-

Lung cancer is the leading cause of cancer-related
death and affects the lives and health of millions of peo-
ple worldwide [1]. It consists mainly of non-small-cell
lung cancer (NSCLC) and small-cell lung cancer (SCLC),
of which NSCLC accounts for approximately 85% of cases
[2,3]. Lung adenocarcinoma (LUAD) is a histological sub-
type of NSCLC that accounts for about 50% of all new lung
cancer cases [4,5]. Despite continued progress with various

sis of LUAD remains poor and the five-year survival rate is
only about 20% [6—8]. Therefore, it is particularly impor-
tant to identify effective biomarkers for the early diagnosis
and accurate prognosis of LUAD.

Epithelial-mesenchymal transition (EMT) refers to the
loss of epithelial characteristics and the acquisition of mes-
enchymal traits. The process of EMT is driven by a vari-
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ety of factors, including loss of E-cadherin, transforming
growth factor-g-driven receptor tyrosine kinase activation,
and molecular transduction by downstream effectors [9—
11]. EMT is an important biological process during embry-
onic development, cell differentiation and reprogramming,
and cancer progression [12]. It can regulate multiple tumor
functions such as integrated epigenetic modification, tran-
scription control, alternative splicing, and protein stability
[13,14]. Research on LUAD has demonstrated that EMT is
an underlying cause of tumor development, metastasis and
migration, tumor cell stemness, and tumor drug resistance
[15-20]. However, few studies have explored the role of
EMT-related genes in LUAD through multiple omics anal-
yses.

The establishment of various biological databases and
information collection has allowed researchers to conduct
multi-omics research on tumors. To further explore the role
of EMT-related genes in LUAD, we identified 320 EMT-
related differentially expressed genes (EMT-related DEGs)
from the GEO and EMTome databases. Two EMT-related
genes with significant survival signatures, GALNT3 and
0AS1, were identified by Cox regression and Kaplan-Meier
survival analysis. We subsequently analyzed immune cell
infiltration, DNA methylation, gene mutation, miRNA reg-
ulation, prognostic significance, clinical relevance, and di-
agnostic value in relation to GALNT3 and OASI expres-
sion in LUAD. The mRNA expression of these potential
biomarkers was also confirmed by RT-PCR.

2. Materials and Methods
2.1 Available Data from the GEO and EMTome Databases

RNA-seq data from 442 LUAD patients (including
442 primary tumor samples and 19 adjacent normal tis-
sue samples) together with the associated clinical informa-
tion was downloaded from the GSE68465 cohort (http:/ww
w.ncbi.nlm.nih.gov/geo/). EMT-related genes were down-
loaded from the EMTome database [21].

2.2 Screening and Functional Enrichment Analysis of
EMT-Related Genes in LUAD

The expression of genes between tumor and normal
lung tissue in the GSE68465 cohort was compared using the
“limma” package in R. Those with a |log fold change| >2
and adjusted p-value < 0.05 were considered to be differen-
tially expressed genes (DEGs). DEGs in the GEO database
and EMT-related genes in the EMTome database were inter-
sected to obtain EMT-related DEGs. The DAVID database
was used for functional enrichment analysis of these EMT-
related DEGs [22].

2.3 Prognostic Significance of EMT-Related DEGs in
LUAD

Genes that were most strongly associated with prog-
nosis were identified using the “survival” and “glement”
packages in R. Univariate, multivariate, lasso Cox re-

gression analysis and Kaplan-Meier survival analysis were
performed to screen for prognostically significant EMT-
associated genes. Correlation analysis of EMT-related
DEGs was performed in GEPIA [23].

2.4 Genomic Characteristics, Expression Analysis, and
Functional Enrichment Analysis of EMT-Related DEGs in
LUAD

The genomic characteristics, including genomic and
subcellular locations, of EMT-related DEGs with prognos-
tic significance were first examined in GeneCards (https://
www.genecards.org/) [24] and COMPARTMENTS (https:
//compartments.jensenlab.org/Search) [25]. Next, the dif-
ferential expression of EMT-related DEGs with prognostic
value was compared between tumor and normal lung tis-
sue from the GSE68465 cohort using the “limma” pack-
age in R. Transcription levels for EMT-related DEGs with
prognostic significance were then compared between pan-
cancer and normal tissue in the TIMER database (https://
cistrome.shinyapps.io/timer/) [26]. Protein expression lev-
els of EMT-related DEGs with prognostic value in LUAD
were also investigated in the Human Protein Atlas (HPA)
database (http://www.proteinatlas.org). EMT-related genes
were grouped according to high or low expression in the
GSE68465 cohort, with the “clusterProfiler” package in R
then used to perform functional enrichment analysis.

2.5 Correlation of EMT-Related DEG Expression with
Clinical Characteristics in LUAD

Univariate and multivariate Cox regression analyses
were used to evaluate correlations between EMT-related
DEG expression and various clinicopathological features in
LUAD patients, including age, pathological T stage, TP53
mutation status, and pathological N stage. The prognos-
tic significance of EMT-related DEG expression in clinico-
pathological subgroups of LUAD patients was also investi-
gated in the UALCAN database [27].

2.6 DNA Methylation Status and miRNA Regulation of
EMT-Related DEGs in LUAD

The DNA methylation level and prognostic signifi-
cance of EMT-related DEGs in LUAD were evaluated in
the DNMIVD database [28]. Online databases were used
to predict the regulatory relationship between target genes
and miRNAs. The TargetScan database (https://www.targ
etscan.org/vert 80/) [29], miRDB database (http:/www.mi
RDB.org) [30], and miRTarBase database (https://mirtarba
se.cuhk.edu.cn/) [31] were used to predict potential miR-
NAs upstream of EMT-related DEGs. The predicted miR-
NAs from the three databases were then intersected to iden-
tify miRNAs that could regulate the expression of EMT-
related DEGs. Finally, the relationship between EMT-
related DEGs and the miRNA expression level was further
evaluated using the starBase database [32].
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2.7 Correlation of EMT-Related DEG Expression with
Immune Cell Infiltration in LUAD

The TIMER database was used to correlate the ex-
pression of EMT-related DEGs with tumor-infiltrating
immune cells including CD4+ T cells, CD8+ T cells,
macrophages, dendritic cells, B cells, and neutrophils. Im-
mune cell markers were obtained from the website of R&D
Systems (www.rndsystems.com/cn/resources/cell-markers
/immune-cells) and analyzed in TIMER and GEPIA. The
associations between EMT-associated DEGs and immune
cell subtypes, tumor infiltrates (TILs), immune stimulants,
immunosuppressants, and major histocompatibility class
(MHC) molecules in LUAD were examined in the TISIDB
database (cis.hku.hk/TISIDB) [33]. Kaplan—Meier analysis
was used to investigate the prognostic significance of im-
mune cell infiltration (https://kmplot.com/analysis/) [34].

2.8 DNA Mutation of EMT-Related DEGs in LUAD and
Confirmation of Expression Levels

The cBioPortal database (http://cbioportal.org) was
used to examine the DNA mutation status of EMT-related
DEGs in 586 LUAD samples from the TCGA database [35].
We explored mutation sites in EMT-related DEGs and as-
sessed gene mutation co-occurrence patterns between EMT-
related DEG signatures and other proteins in LUAD. The
top 10 altered genes that co-occurred with mutated genes
were selected according to the percentage of alteration. In
addition, the mRNA expression level of EMT-related DEGs
was confirmed in TCGA-LUAD samples from the UAL-
CAN database.

2.9 Evaluation of the Diagnostic Accuracy of
EMT-Related DEGs in LUAD

The OmicStudio tool (https:/www.omicstudio.cn/to
ol) was employed to construct ROC curves in order to as-
sess the diagnostic value of EMT-related genes. A single
gene or a combination of EMT-related genes was used to
assess diagnostic value.

2.10 Cell Culture

Human LUAD (H1975) and bronchial epithelial
(BEAS-2B) cell lines were purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China).
These cells had been performed by STR analysis and their
DNA profiles were consistent with the recorded. Addition-
ally, mycoplasma testing was conducted on the cell lines,
and the result is negative. BEAS-2B cells were grown
in DMEM (Bio-Channel, Nanjing, Jiangsu, China), while
H1975 cells were grown in ERPMI-1640 medium (Bio-
Channel, Nanjing, Jiangsu, China). All cells were sup-
plemented with penicillin (100 U/mL), streptomycin (100
U/mL) and 10% heat-inactivated fetal bovine serum (Trans-
gen, Beijing, China) and cultured in a humidified environ-
ment at 37 °C with 5% COs.
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2.11 RNA Isolation and RT-PCR

Adherent cells were used in the logarithmic growth
phase, which corresponded to a cell density of approxi-
mately 80%. TRIzol reagent (Invitrogen, CA, USA) was
used to extract total RNA from the cells and transcription
reagent (Transgen, Beijing, China) was then used to tran-
scribe the RNA into cDNA. RT-PCR was performed in
the 7500 Real-Time PCR System (BIO-RAD) using SYBR
qPCR mix (Transgen, Beijing, China) and GAPDH as the
endogenous reference [36]. The primer sequences used
were: GAPDH, 5'-GTCTCCTCTGACTTCAACAGCG-3’
(forward) and 5’-ACCACCCTGTTGCTGTAGCCAA-3'
(reverse); GALNT3, 5'-GCTGCAGTTTCATGTTAGGG-
3’ (forward) and 5'-ACAGCCCCAATAACCGTATGAA-
3’ (reverse); OASI, 5'-GCTGGCTGAAAGCAACAGTG-
3’ (forward) and 5-TCCAGTCCTCTTCTGCCTGT-3' (re-
verse). The relative initial copy number of the target gene
was calculated using the 2~2¢T method.

2.12 Statistical Analysis

R 4.1.1 (R studio Version 1.4.1717) and GraphPad
Prism 8.0 (San Diego, California USA, www.graphpad.c
om) were used for statistical analysis. The Wilcoxon test
was used to screen for genes that were differentially ex-
pressed. Prognostic factors were assessed using univari-
ate, Lasso, and multivariate Cox regression analysis. The
Kaplan—Meier method was used to evaluate the correlation
between gene expression level and overall survival rate.
The student’s #-test was used to analyze the RT-PCR re-
sults. The 95% confidence interval (CI) and hazard ratio
(HR) was used to calculate overall survival. p < 0.05 was
used as the threshold for statistical significance.

3. Results

3.1 Identification and Functional Analysis of EMT-Related
Genes in LUAD from the GSE68465 Cohort and Using the
EMTome Database

The flow chart for this study is shown in Fig. 1A.
Microarray-derived expression database for the GSE68465
LUAD cohort was screened by “limma” in R (adjusted p-
value < 0.05 and |logFC| >2). A total of 855 DEGs were
obtained, comprising 650 upregulated genes and 205 down-
regulated genes (Fig. 1B). The EMTome database is a re-
source that includes pan-cancer analysis of EMT genes and
their associated characteristics. EMT signature genes were
downloaded from the EMTome database. A total of 320
EMT-related DEGs were obtained by the intersection of 855
DEGs from the GEO database with 3600 EMT signature
genes from the EMTome database (Fig. 1C). Subsequently,
functional enrichment analysis and enrichment pathway
analysis was performed on these EMT-related genes in the
DAVID database. As shown in Supplementary Fig. 1A—
C, EMT-related DEGs were mainly enriched in extracellu-
lar matrix organization via Biological Process (BP), extra-
cellular space via Cellular Component (CC), and heparin-
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Fig. 1. Flowchart for identifying EMT-related genes in LUAD using the GES68465 cohort and the EMTome database. (A)
Flowchart used for data collection and the methods used in this study. (B) Volcano plots of DEGs in LUAD from the GSE68465 cohort.
(C) Venn diagram of EMT-related genes in LUAD from the GSE68465 cohort and EMTome database. GEO, Gene Expression Omnibus;
DEGs, differentially expressed genes; EMT, epithelial-mesenchymal transition; KEGG, Kyoto Encyclopedia of Genes and Genomes;

TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma.

binding via Molecular Function (MF). The significant sig-
naling pathways for EMT-related DEGs were mainly en-
riched in amoebiasis, the PI3K-Akt signaling pathway, and
ECM-receptor interactions (Supplementary Fig. 1).

3.2 Cox Regression and Kaplan-Meier Survival Analysis
of EMT-Related Genes in LUAD

The “survival” package in R was used to perform uni-
variate Cox regression analysis on 320 EMT-related DEGs.
This identified 76 EMT-related genes with significant prog-
nostic value. Lasso Cox analysis using the “glement” pack-
age in R identified 24 genes (Fig. 2A,B). Multivariate Cox
analysis was used for further gene screening. A forest plot
of hazard ratio (HR) (Fig. 2C) revealed that 5 genes had ad-
verse prognostic significance (GALNT3, MUC5AC, OASI,
TMPRSSI1IE, VSIG4). The “survival” package in R was

then used to screen for the strongest prognostic gene signa-
tures. Kaplan—Meier analysis showed that GALNT3 and
OAS1 were associated with significantly worse progno-
sis of LUAD patients in the GSE68465 cohort (Fig. 2D—
H). Correlation analysis using the GEPIA database also re-
vealed that GALNT3 and OASI expressions were closely
correlated (r = 0.46, p-value = 1.3 x 10~%4) (Fig. 2I).

3.3 Genomic Characteristics, Differential Expression, and
Functional Enrichment of GALNT3 and OASI in LUAD

The genomic location of GALNT3 (via GeneCards)
was q24.3 on chromosome 2 (Fig. 3A), while its subcel-
lular location (via COMPARTMENTS) was mainly in the
Golgi apparatus and extracellular space (Fig. 3C). The ge-
nomic location of OAS! was q24.13 on chromosome 12
(Fig. 3B), while its subcellular location was centrally in
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Fig. 2. Cox regression and Kaplan-Meier analysis were used to identify EMT-related genes with prognostic significance in LUAD.

(A) The coefficient profiles of lasso regression analysis. (B) Minimal criteria were used to choose variables in lasso regression. (C) Forest

plot showing the results of multivariate Cox regression analysis. (D—H) Kaplan—Meier survival analysis of GSE68465 patients according
to the expression of GALNT3, OAS1, MUCSAC, TMPRSS1IE, and VSIG4. (1) Correlation of GALNT3 and OAS! expression in LUAD.

the nucleus and cytosol (Fig. 3D). GALNT3 and OASI
mRNA were overexpressed in LUAD tumor tissue from the
GSE68465 cohort compared to normal tissue (Fig. 3E,H).
GALNT3 and OAS! protein expression were also higher
in LUAD tumor tissue from the HPA database compared
to normal lung tissue (Fig. 3F,I). The differential expres-
sion of GALNT3 and OAS1 between tumor and normal tis-
sue in all TCGA tumors was investigated using the TIMER
database (Fig. 3G,J). This analysis indicated that GALNT3
and OAS1 were overexpressed in most tumors. As shown
in Supplementary Fig. 2, Gene Ontology (GO) annota-
tions revealed that GALNT3 was mainly enriched in skin
development (Supplementary Fig. 2A), while Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis showed that PI3K/Akt signaling was the most enriched
pathway (Supplementary Fig. 2B). OAS! was mainly en-
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riched in response to the virus (Supplementary Fig. 2C),
with Hepatitis C being the most enriched pathway accord-
ing to KEGG pathway analysis (Supplementary Fig. 2D).

3.4 Prognostic Significance of GALNT3 and OAS1
Expression and Clinicopathological Characteristics in
LUAD

Univariate and multivariate Cox regression analyses
were used to study the relationships between GALNT3 and
0AS1 mRNA expression and the prognosis and clinical
characteristics of LUAD. Univariate Cox analysis showed
that GALNT3 (HR = 1.230; 95% confidence interval (CI) =
1.097-1.378; p < 0.001) and OA4S! (HR =1.201; 95% CI =
1.048-1.377; p=0.008) mRNA expression levels were sig-
nificantly associated with poor prognosis of LUAD in the
GSE68465 cohort. The clinicopathological factors of age,
gender, T stage and N stage were also associated with poor
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f GALNT3 and OAS! in LUAD. (A,B) Genomic locations of GALNT3

] expression o

1a

fferent
and OAS1 as viewed by GeneCards. (C,D) Subcellular locations of GALNT3 and OASI as viewed by COMPARTMENTS. (E) The

mRNA expression level of GALNT3 in the GSE68465 cohort. (F) Immunohistochemical staining for GALNT3 in normal lung tissue and

i

dd
adjacent normal tissue in TCGA via the TIMER database (*p < 0.05, **p < 0.01, ***p < 0.001). HPA, Human Protein Atlas; TIMER,

OASI in normal lung tissue and in LUAD tissue from the HPA database. (J) Differential expression of OASI between all tumors and
Tumor Immune Estimation Resource.

LUAD tissue from the HPA database. (G) Differential expression of GALNT3 between all tumors and adjacent normal tissue in TCGA
via the TIMER database. (H) The mRNA expression level of OASI in the GSE68465 cohort. (I) Immunohistochemical staining for

Fig. 3. Genomic characteristics an
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survival (Fig. 4A,B). Multivariate Cox regression analysis
showed that high mRNA expression of GALNT3 was in-
dependently associated with poor prognosis (HR = 1.187;
95% CI = 1.055-1.334; p = 0.004), but not OAS! (HR =
1.094; 95% CI = 0.953-1.2561; p = 0.203) (Fig. 4C,D).
These results imply that GALNT3 expression is an inde-
pendent biomarker of poor prognosis in LUAD. Although
OAS1 expression showed no independent prognostic sig-
nificance in multivariate analysis, this may be due to other
confounding factors. Therefore, we comprehensively eval-
uated OAS! as a marker of poor prognosis in LUAD by
adding a multifaceted analysis method and database.

We further explored the prognostic significance of
GALNT3 and OASI expression levels in the UALCAN
database, as well as their correlation with clinical features.
The mRNA expression levels for both genes correlated
closely with stage, TP53 mutation status and pathological N
stage (Fig. 4E-J). Although the association with the patho-
logical N3 stage was not statistically significant, this may
have been due to the small number of samples. Patients
with high expression of GALNT3 and OASI showed poor
survival (Fig. 4K,L). Together, the above results indicate
that high expression levels of GALNT3 and OASI may be
associated with poor prognosis of LUAD patients.

3.5 Potential Molecular Mechanisms Involving GALNT3
and OAS1 in LUAD

DNA methylation status is strongly related to gene
dysregulation in cancer cells. We explored the methyla-
tion status of promoter regions in GALNT3 and OAS! in
LUAD samples from the DNMIVD database. As shown in
Fig. 5A,B, both the GALNT3 (p-value = 1.95 x 1073) and
0481 (p-value = 3.09 x 10725) genes were significantly
demethylated in LUAD tissue compared with normal lung
tissue. Next, the samples were grouped into low, middle,
and high methylation groups, with DNA methylation beta
values of 0.3 and 0.7 used as cutoffs. The log-rank test
was used then to calculate the p-value for prognostic sig-
nificance of these groups. Kaplan—Meier survival analysis
showed that the DNA methylation status of GALNT3 was
closely related to prognosis (p-value = 4.02 x 10~), but
not that of OA4S1 (p-value = 0.941) (Fig. 5C,D). Since the
expression of oncogenes is regulated by miRNAs, potential
upstream miRNAs that regulate GALNT3 and OAST mRNA
expression were predicted using the TargetScan, miRDB,
and miRTarBase databases. These online databases iden-
tified 27 overlapping miRNAs that target GALNT3. The
StarBase database was used to analyze the coexpression of
GALNT3 with the 27 overlapping miRNAs in LUAD. This
revealed the mRNA expression level of GALNT3 was neg-
atively associated with the expression of hsa-miR-122-5p
(r =—-0.092, p value = 3.75 x 10~2) (Fig. 5E). Only two
overlapping miRNAs that target OA4S! were identified, and
neither was co-expressed with OAS! (Fig. 5F).
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3.6 Correlation of GALNT3 and OASI1 Expression with
Immune Markers in LUAD

Previous studies have shown that EMT-related genes
play a critical role in tumor immunity. Here, we analyzed
the correlation of GALNT3 and OAS1 expression with im-
mune cell infiltration in LUAD. High GALNT3 expression
was associated with high levels of many immune cell pop-
ulations, including B cells (partial.cor =—0.129, p =4.40 x
1072), CD8+ T cells (partial.cor =0.148, p = 1.02 x 1073),
macrophages (partial.cor = 0.119, p = 8.47 x 10~3), neu-
trophils (partial.cor=0.162, p=3.59 x 10~%), and dendritic
cells (partial.cor = 0.165, p = 2.59 x 10~%). Tumor pu-
rity (partial.cor = —0.055, p =2.20 x 10~1) and CD4+ cells
(partial.cor=0.047, p=3.05 x 10~!) were not significantly
associated with GALNT3 expression (Fig. 6A). High OAS1
expression was correlated with tumor purity (partial.cor =
—0.154, p = 5.92 x 10~%), neutrophils (partial.cor = 0.235,
p=1.85 x 10~7), and dendritic cells (partial.cor = 0.159,
p=4.19 x 10~%), but not with B cells (partial.cor = —0.08,
p =790 x 10~2), CD4+ cells (partial.cor = —0.08, p =
7.90 x 10~2), CD8+ T cells (partial.cor = 0.067, p = 1.38
x 10~1) or macrophages (partial.cor = 0.062, p = 1.70 x
10~ 1) (Fig. 6B).

We further analyzed the correlations between
GALNT3 and OASI expression in LUAD with immune
cell infiltration using the TISIDB database. Samples
were divided into TGF-b dominant, immunologically
quiet, inflammatory, IFN-gamma dominant, and wound
healing groups. GALNT3 expression was highest in the
lymphocyte-depleted group and lowest in the inflammatory
cell group (Fig. 6C), while OAS! expression was highest
in the IFN-gamma-dominant cell group and weakest in
the inflammatory cell group (Fig. 6D). The relationships
between GALNT3 and OAS! expression in LUAD with
TILs, MHC molecules, immune inhibitors, and immune
stimulators are shown in Supplementary Fig. 3.

To confirm the associations between GALNT3 and
OAS] expression in LUAD with immune infiltrating cells,
further analysis was conducted using the TIMER and
GEPIA databases (Supplementary Tables 1,2). The re-
sults confirmed that GALNT3 and OASI expression lev-
els were closely associated with those of Th2 cell immune
marker genes, including STAT6, CCRS, and HAVCRI. Nu-
merous factors could modulate the prognostic significance
of GALNT3 and OASI expression in LUAD. We hypothe-
sized that immune cell infiltration could affect their prog-
nostic impact in LUAD. Therefore, we further analyzed
the prognostic significance of GALNT3 and OASI in the
Kaplan—Meier plotter database according to the presence of
immune cell infiltration. This showed that high GALNT3
expression was most strongly associated with poor progno-
sis in LUAD cases that had high levels of macrophage, reg-
ulatory T cell and type 2 T helper cell infiltration (Fig. 6E—
G). Similarly, high OAS! expression was associated with
poor prognosis in cases that showed strong infiltration with
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Fig. 4. Prognostic significance of GALNT3 and OAS1 expression and associations with clinicopathological features in LUAD. (A)

Univariate and (B) multivariate Cox analyses showing independent prognostic significance for GALNT3 expression in LUAD from the

GSE68465 cohort. (C) Univariate and (D) multivariate Cox analyses showing the prognostic significance of OAS! expression in LUAD
from the GSE68465 cohort. (E-G) Correlation of GALNT3 expression in LUAD with individual cancer stages, 7P53 mutation status and
nodal metastasis status. (H-J) Correlation of OA4S! expression in LUAD with individual cancer stages, P53 mutation status, and nodal

metastasis statuses. (K,L) Kaplan-Meier analysis showing the prognostic significance of GALNT3 and OAS1 expression for the survival
of LUAD patients (ns, not statistically significant, *p < 0.05, **p < 0.01, ***p < 0.001).

CDS8+ T cells, macrophages, mesenchymal stem cells, and
type 2 T helper cells (Fig. 6H-K). These results suggest that
LUAD with high GALNT3 and OAS! expression may po-
tentially respond to immunotherapy through the regulation
of immune cell infiltration.

3.7 DNA Mutation, Confirmation of mRNA Expression,
and the Diagnostic Value of GALNT3 and OAS1 in LUAD

We next examined the frequencies and types of genetic
alterations in GALNT3 and OASI in TCGA-LUAD using
the cBioPortal database. The genetic alterations found in
GALNT3 were amplification and mutations. Somatic mu-
tations in GALNT3 were found in 2.6% of cases, with the

mutation sites located within amino acids 0 and 633 and in
the Glycos-transf-2 and Ricin-B-lectin domains. Four mis-
sense mutations were reported, with one being the hotspot
mutation E545K (Fig. 7A,C). Gene alterations in OAS]
consisted of amplification, mutations and deletions. So-
matic mutations were found in 3% of cases, with mutation
sites in the 0 to 400 amino acid NTP-transf-2 and OAS1-
C domains. Three missense mutations were reported, with
one being the hotspot mutation 725/K (Fig. 7B,C). Ge-
netic alterations in GALNT3 and OASI correlated with
the frequency and pattern of genetic alterations in several
other genes (Fig. 7D,E). The top 10 co-occurring genes
with GALNT3 alteration were TTN (47% co-alteration fre-
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Fig. 5. DNA methylation status and miRNA regulation of GALNT3 and OAS1 in LUAD. (A,B) Boxplots showing the methylation
status of the GALNT3 and OASI promoter regions in LUAD and in normal lung tissue. (C,D) Kaplan—Meier survival curves for LUAD
patients according to the DNA methylation status of GALNT3 and OASI. (E) Potential miRNAs that target GALNT3 mRNA were
identified from the intersection of TargetScan, miRDB, and miRarBase databases. The correlation between GALNT3 expression and hsa-
miR-122-5p expression in LUAD was analyzed in the StarBase database. (F) Potential miRNAs that target O4S7 mRNA were identified
from the intersection of TargetScan, miRDB, and miRarBase databases.

quency), MYO3B (6%), XIRP2 (21%), ADAMTS12 (23%),
ZFHX4 (30%), LRPIB (32%), USH24 (35%), MUCI6
(40%), TP53 (46%), and ERCC5 (4%) (Fig. 7F). The top 10
co-occurring genes with OAS]1 alteration were CIT (6%),
TMEM116 (2.6%), CCDC63 (4%), RPH3A (5%), TBX3
(5%), KSR2 (5%), MEDI13 L (7%), TBX5 (7%), RBM19
(9%), and LRRIQ1 (10%) (Fig. 7G).

GALNT3 and OAS1 mRNA expression was con-
firmed in LUAD and normal tissue from the TCGA
database. They were again found to be significantly ele-
vated in primary LUAD tissue compared with correspond-
ing adjacent normal tissue (Fig. 7H,I). In addition, RT-PCR
was used to examine GALNT3 and OAS1 mRNA expression
levels in the normal cell line BEAS-2B and in the LUAD
cell line H1975. This confirmed the overexpression of both
genes in LUAD cells (Fig. 7J,K). The overexpression of
GALNT3 and OASI in LUAD was further validated in the
GEO and TCGA databases (Figs. 3E,H,7H,I).
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ROC curve analysis showed AUC values of 0.9366
and 0.9759 for GALNT3 and OASI expression, respec-
tively (Fig. 7L), thus highlighting their diagnostic value for
LUAD. Logistic regression analysis for the combination of
GALNT3 and OAS1 expression revealed an AUC of 0.9878
(Fig. 7L), indicating a very high diagnostic value for this
biomarker combination in LUAD.

4. Discussion

LUAD is the most common type of lung cancer and
shows multi-step development [37]. Despite continuous
improvements in treatment, the prognosis of LUAD has not
changed significantly [38]. The main reasons for the poor
prognosis are inadequate early diagnosis and a lack of ef-
fective treatment targets. Since EMT is thought to be an es-
sential process in the development of LUAD, EMT-related
genes are likely to be an excellent candidate group for the
discovery of novel biomarkers.


https://www.imrpress.com

= B Cell CDB+ T Cell CD4+ T Cell ] Macrophage Neutrophil Dendiic Cel
£ partiapor = ~0129) [ ¢ o partisloor=0148] | o e, pataioor=0047|(y , * parfaloor=D0119 partaloor=0162| [ 4 parialcor = 0169
o §4.40x = 1.02x10" = .05x10" . =847x107 £350xi07 | =259x10
) PRAaeIs|| et d o RLLOPT AR X S (s v L
2 . i}f .
-
T
3 .
Ag
2
4
g L SEPT
fud 1)
P
z, o : .
k] 05 00 0z 04 06 00 o1 02 D03 04 05 00 01 02 03 04 00 01 0z 03
= Purty BCel D8+ T Cel | CD4r TCel Macrophage Neutrophil
g cor = 0154/, ® partial.cor = ~0.08 *,  opatialoor=0067|[, * partialcor=0084|[ 3 partial.cor = 0,062 . partialcor = 0235
e . o p=5%2%707 | % o P =7.90x107 o o p=136x107|% o, 8 _p=645xi0? p=170x107"|| o e & p=185%10
5 . . v o of 5% i .
g s H A ot
=8 2 - 4
£
o
B :
B
2
13 4
w .t e
o 025 05 075 10000 01 02 03 04 0500 [ 04 06 00 01 D02 03 04 05 00 01 02 03 04 00 01 0z 03 0o a5 10
Infiltration Level
c LUAD::GALNT3 exp D LUAD::OAS1_exp E GALNT3 GALNT3
Pv=227x107 Pv=4.95%10% °
n=C183,C2 147,C3 179,C4 20.C6 28 n=C183,C2 147,C3 179,C4 20,C6 28 1 HR =178 (128 - 2.47) = HR =172 (0.78 - 38)
104 ! logrank P = 0.00047 logrank P = 0.17
o] B
S s
s =* \'< Y
> L N
2 ] S E [ L
(Y] o Q2 o
25 2 8 Ly 3 | :
= = < i *
H z6 23 L B
8 <} ! M
3 7 . : N
I 5 © | Expression : S | Expression
5 o] &3 Tow -~ low
o | — high o | — high
2 T T T 1 ° Y T
0 50 100 150 200 250 0 20 40 80 8O 100 120
Time (months) Time (months)
T T v T T 0 ' § . Number at risk Number t risk
¢ ¢ ¢ ¢ s ¢t 6 ¢ c4 c6 mEo® ® ¢ 8 ! o mE % OfofoFof ¢
Subtype Subtype Macrophages enriched (L) decreased (R)
F GALNT3 GALNT3 G GALNT3 GALNT3
o 9 o o
- HR =2.14 (145 - 3.16) < 1% HR = 1.54 (0.8 - 2.42) . HR =167 (1.17 - 2.38) < HR = 143 (0.85 - 2.4)
logrank P = 9.8x10° 5 logrank P = 0.059 logrank P = 0.0042 logrank P = 0.17
\i w | @
=
>
= £ \4
335 |c \
a Q
8 2 gy
U | a3 a M-
L . 1
o o~ + o b3
S | Expression s | S | Expression
low — low
° high =] high
i ioh ) ) ‘ ‘ | 2 : ; ‘ g gt ‘ . |
0 50 100 150 0 50 100 150 200 250 0 50 100 150 200 0 50 100 150 200 250
NumberatdsxTIMe (months) Numberatio TiMeE (months) ©otorars | TIMe (months) Numberatrax TIMe (months)
low 178 2 2 1 % 19 9 3 2 0 o 164 2 5 1 o low 134 24 7 4 2 0
Rgn 111 9 T 0 gh 115 15 H 2 9 0 Weh 198 H H i ¢ high 7 1 1 0
Regulatory T cells enriched (L) decreased (R) Type 2 T helper cells enriched (L) decreased (R}
H OAS1 0AS1 ] OAS1 0AS1
a o o °
- HR =1.99 (1.3 - 3.06) =13 HR =146 (096 - 2.22) - HR =179 (1.28 - 2.5) -7, HR =147 (0.65 - 3.33)
logrank P = 0.0012 \ logrank P = 0.076 logrank P = 6x10~ L logrank P = 0.3
« o o ol L
o % P o R P i Ty
z | 1% z | % z | z Ly
B % 5 ' B 5o !
= “‘wi g= Y 5 ° A 8- i VR
22 b My ot & 1 4 o
£3 L™ &3 Ve—tn—t &3 £z
B | — = )
o i - o | o - o
S | Expression S | Expression s S Expression
— low — low — low
EEm | B - s B b s
o 50 100 150 200 250 0 50 100 150 200 0 50 100 150 200 250 0 20 40 80 80 100 120
Number at risk. Time: (mOﬂ[hS) Number at risk Time: (mon‘hs) Number at risk. Time (manths) Number at risk Time (mnnlhs)
low 198 5 5 2 2 0 o 16 7 2 o low 319 &0 13 6 3 0 low 4 w0 8 5 1 1
ngh 77 5 o H H 0 high 125 10 4 2 T high 110 1 o o Wgh 22 11 4 2 2 1 0
‘CDB8+ T cells enriched (L) decreased (R) Macrophages enriched (L) decreased (R)
J OAS1 0AS1 K OAS1 0AS1
o o o o
- HR =202 (141-28) ERRY HR =121 (0.67 - 2.18) <1 HR = 1.81(1.24 - 2.64) - HR = 1.44 (0.84 - 2.48)
logrank P = 9.7x10° ¢ logrank P = 0.53 logrank P = 0.0018 logrank P = 0.18
@ @ @
s S S
% z
L =
a8 i , -
§ \ 8 :
] Ly IR S T
° ‘ “, a G
e Y -
s .
Se : E Se S o 3e
xpression ++ + xpression xpression +‘—‘ xpression
— low — low — low — low
o | — high o — high ‘ ‘ | Sl mgrl\ ‘ ‘ ‘ g | — nigh ‘ ‘ .
0 50 100 150 0 50 100 150 200 250 0 50 100 150 200 0 50 100 150 200 250
Numberstine 1M (mONths) Nambor st 11 (mONths) Norber st 11T (moNths) Nambor st 11T (months)
low 261 44 7 1 ow 76 n 4 2 1 o low 209 20 T 2 1 low 15 3 2 2 Q
[ 5 1 0 hagh 75 10 3 H 2 0 Fgn 80 5 1 ) 0 Nan 125 20 H H 2 0
Mesenchymal stem cells enriched (L) decreased (R) Type 2 T helper cells enriched (L) decreased (R)
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Fig. 7. DNA mutation, confirmation of mRNA expression, and diagnostic value of GALNT3 and OAS1 in LUAD. (A,B) Location
of mutations in GALNT3 and OAS! in LUAD. (C) GALNT3 and OAS! genetic alteration types in LUAD. (D,E) Bar plots showing the
top 10 gene alterations in LUAD with the highest frequency of co-occurrence with GALNTS3 and OAS] alterations. (F,G) Waterfall plots
showing the co-occurrence pattern of GALNT3 and OAS! gene mutations with the most frequent genetic changes in LUAD. (H,I) mRNA
expression levels of GALNT3 and OAS! in LUAD from the TCGA database. (J,K) mRNA expression levels of GALNT3 and OAS! in
LUAD cells (H1975) were higher than those in normal bronchial epithelial cells (BEAS-2B). (L) Receiver operating characteristic (ROC)
curve analysis showing the diagnostic value of GALNT3 and OAS! expression in LUAD, both individually and in combination (**p <

0.01, ***p < 0.001). BE, bronchial epithelial.

GALNT3, a member of the GalNAc transferase
(GALNAC-Ts) gene family, is an EMT-related gene that
is differentially expressed in various tumor types and has
been implicated in cancer development [39—41]. This gene
is highly expressed in ovarian and colon cancer [42-45].
GALNT3 was more highly expressed in non-squamous cell
carcinoma than in squamous cell carcinoma [46], which is
consistent with the high expression of GALNT3 in adeno-
carcinoma cell lines [47]. OASI is a member of the 2’-5'
oligoadenylate synthetase (OAS) family, is also involved
in EMT, and is highly expressed in bladder cancer and
breast cancer [48—51]. In the present study, GALNT3 and
0OAS1 were found to be EMT-related genes through inter-
section of the GEO and EMTome databases. The expres-
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sion of GALNT3 and OAS! in LUAD was found to be pos-
itively correlated in the GEIPA database. We also found
that mRNA and protein levels of GALNT3 and OASI in
LUAD tissue were higher than in normal lung tissue. This
was verified in H1975 cells using RT-PCR. Thus, we con-
firmed the differential expression of GALNT3 and OASI
between LUAD and normal tissue, which should provide
a solid foundation for future research. Univariate analysis
showed that GALNT3 and OAS1 expression were both asso-
ciated with poor prognosis in the GEO database, while mul-
tivariate analysis revealed that GALNT3 expression, but not
0AS1, was an independent prognostic marker in LUAD. We
then comprehensively evaluated the prognostic significance
of OASI expression in LUAD by adding a multifaceted
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analysis method and database. Analysis of the UALCAN
database revealed that GALNT3 and OAS! expression were
closely correlated with tumor stage, 7P53 mutation status,
pathological N stage and patient survival. By comparing re-
sults from the GEO and UALCAN databases, we conclude
the prognostic significance of GALNT3 and OAS! expres-
sion may be related to multiple clinical factors, which could
be valuable for further research.

EMT is one of the main mechanisms for the invasion
and metastasis of cancer cells. It is an important biomarker
for tumor prognosis and also one of the factors that affect
response to treatment [52]. Previous research showed that
overexpression of GALNT3 was an independent prognostic
factor for poor outcomes in patients with peripheral LUAD
less than two centimeters in diameter [53]. GALNT3 was
also reported to be highly expressed in well-differentiated
LUAD and associated with the degree of tumor differenti-
ation, as well as being an independent factor of poor prog-
nosis and early recurrence [54]. High OASI expression
in breast cancer and pancreatic cancer has been associ-
ated with a worse prognosis [49,55]. In the current study,
high GALNT3 and OAS1 expression in LUAD was also
associated with a worse prognosis, consistent with previ-
ous results in other cancer types. In addition, the expres-
sion of “response to drug and drug metabolism-other en-
zymes” genes was enriched in LUAD with high GALNT3
and OASI expression. These pathways are closely con-
nected with resistance to anti-tumor drugs [56,57]. LUAD
has a high frequency of EGFR mutations, while EGFR-TKI
resistance remains a serious clinical problem [58]. Previous
studies reported that T790M mutations and MET amplifi-
cation were not present in tumor cells from EGFR-TKIs-
resistant patients. Instead, these cells exhibit EMT features,
with abnormal EMT-related molecular indicators and en-
hanced ability for migration and invasion [59,60]. Some
researchers have also suggested that EMT may be a marker
of resistance to EGFR-TKI [61,62]. EMT may therefore
be a mechanism for acquiring resistance to EGFR-TKIs in
lung cancer. The potential role of the EMT-related genes
GALNT3 and OAS1 in EGFR-TKI resistance will thus be an
interesting topic for future research. This may have practi-
cal value in the clinic, as well as provide a theoretical basis
for overcoming EGFR-TKI resistance.

DNA methylation is the most widely studied epige-
netic marker in cancer [63—65]. Deregulation of the nor-
mal methylation status of gene promoters can lead to aber-
rant gene expression [66,67]. In previous research, aber-
rant expression of GALNT3 has been related to changes
in DNA methylation [68]. In the present study, decreased
methylation in the GALNT3 promoter region was found to
be associated with poor prognosis of LUAD patients. Pro-
moter methylation of OASI was inversely correlated with
expression levels in LUAD, but not with poor prognosis.
Genomic instability is also an important cause of tumori-
genesis [69]. GALNT3 gene amplification and mutations
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are found in LUAD and co-occur with mutations in essen-
tial genes such as TTN, MYO3B, XIRP2, ADAMTS12 and
ZFHX4. OASI gene amplification, mutation and deletion
were also observed, and these alterations co-occurred with
mutations in CIT, TMEM116, CCDC63, RPH3A4 and TBX3.
Therefore, alterations in the GALNT3 and OASIgenes may
affect the development and prognosis of LUAD. Upstream
miRNAs can also affect the stability of target genes and
negatively regulate the expression of downstream genes
[70,71]. There is evidence that GALNT3 and OASI may be
regulated by miRNA [72—74]. We identified 27 potential
upstream miRNAs that target GALNT3, and two that target
0A4S1. Co-expression of hsa-miR-122-5p and GALNT3 was
observed, suggesting this upstream miRNA may regulate
the expression of GALNT3. No co-expression was found
between any miRNA and OAS! in the current research, al-
though in future studies the miRNA search database should
be expanded.

Infiltrating immune cells are a key part of the tumor
microenvironment and have major effects on cancer devel-
opment and prognosis [75,76]. GALNT3 and OASI1 ex-
pression are known to be closely associated with immune
cell infiltration in various tumors [77-79]. In the present
study, we confirmed that GALNT3 and OASI expression
were associated with immune cells, immune cell mark-
ers, TILs, MHC molecules and immune modulators. High
GALNTS3 expression was associated with poor prognosis in
LUAD subgroups that were enriched with macrophages,
regulatory T cells, and type 2 T helper cells. High OAS1 ex-
pression was also associated with poor prognosis in LUAD
that was enriched with CD8+ T cells, macrophages, mes-
enchymal stem cells, and type 2 T helper cells. These re-
sults suggest that GALNT3 and OAS! expression may be
associated with poor prognosis in LUAD because of their
link to immune cell infiltration, however the specific mech-
anism requires further investigation.

There are several limitations to this study. First, the
study samples were derived from public databases. Al-
though strict screening criteria and repeated correction were
applied, the quantity and quality of the tissue samples were
limited. In-house follow-up data and increased sample size
are needed to improve the quality of data in future stud-
ies. Second, this study only included LUAD samples, so
the pathological type was restricted. Finally, this study ex-
plored the pathogenesis of GALNT3 and OAS! using multi-
ple omics only, and additional experimental studies are re-
quired to confirm the findings.

In summary, the EMT-related genes GALNT3 and
OAS1 were highly expressed in LUAD and positively corre-
lated. Their overexpression may be linked to gene mutation
and methylation, and regulate the miRNA-GALNT3/0AS1
network, which could in turn affect tumor infiltration with
immune cells. The diagnostic value of GALNT3 and OAS1
expression combined was very high, and greater than that
of the single markers. GALNT3 and OAS1 expression may
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therefore have clinical value for improving the accuracy of
diagnosis and possibly also for improving the efficacy of
treatment for LUAD.

5. Conclusions

The EMT-related genes GALNT3 and OAS1 are highly
expressed in LUAD and are associated with significantly
worse prognosis. The diagnostic value of the combined
GALNT3 and OASI markers was greater than that of the in-
dividual genes. GALNT3 and OAS1 expressions in LUAD
are likely to be affected by DNA mutations, upstream
miRNA, and DNA methylation levels. These factors may
affect the survival of LUAD patients by regulating immune
cell infiltration into the tumor. Various aspects of GALNT3
and OAS1 expression were analyzed in this study, and these
genes may be new molecular markers for the diagnosis and
prognosis of LUAD. However, further studies are needed
to confirm these findings.
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