Bzl SPANDIDOS
7] ,§, PUBLICATIONS

ONCOLOGY REPORTS 50: 157, 2023

GNPNAT1 promotes the stemness of breast cancer
and serves as a potential prognostic biomarker
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Abstract. Glucosamine-phosphate N-acetyltransferase 1
(GNPNAT1) is a member of the acetyltransferase super-
family, related to general control non-depressible 5 (GCNS).
It has been documented that GNPNATI1 expression is
increased in lung cancer, whereas its involvement in breast
cancer (BC) remains to be further investigated. The present
study aimed to evaluate the expression levels of GNPNAT1
in BC and its effect on BC stem cells (BCSCs). The Cancer
Genome Atlas (TCGA) database was used for the analysis
of the expression of GNPNATI1 and its clinical significance.
Cox regression and logistic regression analyses were used to
evaluate prognosis-related factors. The GNPNATI1-binding
protein network was constructed using the Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING)
application. The biological signaling pathways implicated
in GNPNAT1 were investigated through function enrich-
ment analysis including Gene Ontology, Kyoto Encyclopedia
of Genes and Genomes, and gene set enrichment analysis.
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The single-sample GSEA method was used to investigate
the connection between the level of immune infiltration and
GNPNATI1 expression in BC. GNPNATI expression was
upregulated in patients with BC and was significantly associ-
ated with a poor prognosis. GNPNAT]1 and its co-expressed
genes were mostly enriched in nuclear transport, Golgi
vesicle transport, ubiquitin-like protein transferase activity
and ribonucleoprotein complex binding, as determined using
functional enrichment analysis. GNPNATI1 expression was
positively associated with Th2 cells and T-helper cells, and
negatively associated with plasmacytoid dendritic cells, CD8*
T-cells and cytotoxic cells. Additionally, the GNPNATI1
expression levels were considerably increased in BCSCs.
GNPNATI1 knockdown markedly decreased the stemness
ability of SKBR3 and Hs578T cells, including the production
of CSC markers and mammosphere or clone formation, while
GNPNATI1 overexpression increased the stemness level.
Hence, the findings of the present study demonstrate that
GNPNAT1 may be exploited as a novel prognostic biomarker
and therapeutic target for BC.

Introduction

Breast cancer (BC) is amongst the most commonly encountered
malignant tumors affecting women worldwide. According to the
latest estimates from the International Agency for Research on
Cancer of the World Health Organization, BC has superseded
lung cancer as the most common type of cancer worldwide (1).
Numerous changes and improvements have been made in the
diagnosis and treatment of BC; however, a vast number of
patients still presents with therapeutic resistance and relapse
following surgery (2,3). Patients with BC continue to encounter
significant clinical obstacles. Thus, it is crucial to improve the
current diagnostic and treatment methods. Prognostic indica-
tors for BC are critical for detection, diagnosis, prognosis
and for the planning of therapeutic strategies (4). In spite of
the discovery of several prognostic markers, the accuracy of
BC prognosis remains limited, as indicated by the increased
occurrence of BC tumors (5-7). Novel prognostic biomarkers
with highly sensitive, specific and effective therapeutic targets
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are necessary for the improvement of BC treatment and for the
enhancement of patient clinical outcomes.

The gene for glucosamine-phosphate N-acetyltransferase 1
(GNPNATT; also known as GNA1) is located at 14q22.1. This
enzyme is crucial for the uridine diphosphate-N-acetylglucos-
amine biosynthetic pathway and nucleotide-sugar biosynthesis.
Among the diseases related to GNPNATI1 are rhizomelic
dysplasia and dysostosis multiplex, Ain-Naz type (8-10).
GNPNAT1 expression has been linked to the development of
castration-resistant prostate cancer via the phosphatidylino-
sitol 3-kinase/protein kinase B signaling pathway (11). In
addition, GNPNATT silencing has been reported to regulate
insulin secretion in pancreatic B-cells (12). Moreover, the
reduced expression of GNPNAT1 has been shown to inhibit
tumor cell adhesion and infiltration in lung cancer A549
cells (13). Additionally, a number of recently published studies
have demonstrated that GNPNAT1 may serve as a biomarker
for lung cancer prognosis (14-17). However, it is uncertain
whether GNPNAT1 may function as a biomarker for BC, and
its biological function in BC has not yet been fully elucidated.

Cancer stem cells (CSCs) are a minute portion of the
diverse tumor population. It is considered that their capacity
to self-renew and differentiate constitutes the initial stage in
the development of malignancies. A poor treatment response,
tumor recurrence and metastasis in BC have been associated
with CSCs (18,19). BC stem cells (BCSCs) have been widely
identified, with their most common markers being CD44*,
CD24  and aldehyde dehydrogenase positive (ALDH®) (20,21).
There is increasing evidence to indicate that targeting
CSCs may be an effective cancer therapy. However, further
CSCs-related criteria and processes need to be identified.

In the present study, GNPNAT1 expression and prognosis of
breast invasive carcinoma (BRCA) patients were analyzed using
The Cancer Genome Atlas (TCGA) database. Additionally, the
functional network of GNPNAT1 and its co-expressed genes in
BRCA was examined, in order to determine their involvement
in the immune response to malignancies. The expression of
GNPNATI and its effects on the stemness capacity of BCSCs
were also investigated. The objective of the present study was to
identify novel biological targets and methods for the diagnosis,
treatment, and prediction of the outcomes of patients with BC.

Materials and methods

Data collection and analysis. The toil program has been always
used to acquire the RNA-sequencing data from UCSC Xena in
TPM format (https://xenabrowser.net/datapages/). Genotype
Tissue Expression Project (GTEx) and TCGA_BRCA normal
tissue data were utilized to compare the two groups. From the
TCGA and GTEx datasets, the mRNA expression profiles and
clinical information of patients with BC were retrieved.

The University of Alabama at Birmingham Cancer data
analysis portal (UALCAN) database analysis. UALCAN
(http://ualcan.path.uab.edu/analysis.html) provides protein
expression analysis options for 13 commonly occurring
cancers, including BC, by using information from the
Clinical Proteomic Tumor Analysis Consortium (CPTAC)
dataset (22-25). Using the UALCAN database, data from
GNPNATI protein expression analysis across BRCA and

normal samples based on TCGA_BRCA data and the study of
positively linked genes were obtained.

Human protein atlas (HPA) database analysis. The HPA
database (https://proteinatlas.org/) provides information on
protein levels in normal and cancer tissues for human gene
expression profiling, focusing on various aspects of research
on human proteins across the whole genome (26). Using HPA,
the comparison between GNPNAT]1 protein levels in normal
vs. BC tissues was performed.

Gene Expression Profiling Interactive Analysis 2 (GEPIA2)
database analysis. GEPIA2 (http://gepia2.cancer-pku.
cn/#index) is an open access online database containing RNA
sequencing expression data from 8,587 normal and 9,736 tumor
samples (22). Various features of the ‘Expression Analysis’
module were used for visualization analysis, including analysis
of tumor and normal differential expression, categorization
by cancer type or pathological stage, assessment of patient
survival, and detection of comparable genes. Pearson's corre-
lation analysis was used to compute the correlation between
GNPANT1 and other genes in BC.

LinkedOmics database analysis. LinkedOmics (http:/www.
linkedomics.org/login.php) is a powerful and free database
site that includes multi-omics data from all 32 TCGA cancer
types and 10 CPTAC cancer cohorts (27). The ‘LinkFinder’
module was used to analyze genes related with GNPNAT1
expression. Furthermore, the ‘LinkInterpreter’ module with
the gene set enrichment analysis (GSEA) tool were used for
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses with the
‘clusterProfile’ R program.

WEB-based GEne SeT AnaLysis Toolkit (WebGestalt) data-
base analysis. WebGestalt (http:/www.webgestalt.org/), a
web-based functional enrichment analysis software, was
utilized to run a GSEA on GNPNAT!1 for the present study (28).
Using information from LinkedOmics, a WebGestalt dabatase
was established with the following advanced parameters for
GSEA: i) A category must include a minimum of 20 genes and
a maximum of 500 genes; ii) the top 10 genes are relevant; and
iii) 1,000 permutations are feasible.

Immune infiltration analysis. It is important to investigate and
elucidate the links between tumor and immune cells in order to
predict the immunotherapy response and develop novel immu-
notherapy targets. The TISIDB portal for tumor and immune
system interactions (http://cis.hku.hk/TISIDB/index.php)
incorporates several diverse data sources (29). Using database
information, the amount and expression of GNPNAT1 in 28
tumor-infiltrating lymphocytes (TILs) were evaluated. Using
gene expression profiling data from BC and the single-sample
GSEA (ssGSEA) approach in the R package GSVA, the present
study further examined the effect of GNPNATI expression
on immune cell infiltration in depth (version 3.6). To analyze
the association between the expression of GNPNAT1 and the
number of immune cells that infiltrate tumors, the Wilcoxon
rank sum test was used and Spearman's rank correlation coef-
ficients were calculated.
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Protein-protein interaction (PPI) networks. STRING
(https://www.string-db.org/) is an online database for retrieval
of interacting bases. In the present study, STRING was used
to search for genes co-expressed with GNPNATI and to
construct a PPI network.

Receiver operating characteristic (ROC) analysis. GNPNAT1
expression was compared between BRCA tumors and
para-cancerous tissues by ROC analysis to test the predictive
value of GNPNAT1 for BRCA diagnosis. The area under the
ROC curve (AUC) is often used to evaluate diagnostic tests, and
the AUC generally ranges from 0.5 to 1. The closer the AUC is
to 1, the better the variable is in terms of predicting outcomes.

Establishment and evaluation of the nomogram.In the present
study, GNPNATI expression and clinicopathologic charac-
teristics of patients with BC, including age, T stage, N stage,
M stage and TP53 form TCGA_BRCA database were used
to create a nomogram, which is a reliable and useful method
used to estimate a the overall survival (OS) of patients (30).
The calibration curve was used to test and confirm that the
nomogram was good at making predictions.

Cell culture. The MCF10A (cat. no. CL-0525) cell line
was purchased from Wuhan Procell Company, derived
from human normal mammary epithelial cells, and
was cultured in specialized MCF10A medium (Procell
Life Science & Technology Co., Ltd.). The human BC
cell lines, SKBR3 (cat. no. 1101HUM-PUMCO000085),
MCF7 (cat. no. 1101HUM-PUMCO000013) and Hs578T
(cat. no. 1101HUM-PUMCO000670), were cultured in DMEM
(Dalian Meilun Biology Technology Co.) supplemented
with 10% fetal bovine serum (Shanghai ExCell Biological
Products Co., Ltd.), 100 U/ml penicillin and 100 pug/ml
streptomycin (Dalian Meilun Biology Technology Co., Ltd.)
in a 5% CO, incubator at 37°C, while the MDA-MB-231
(cat. no. 1101HUM-PUMCO000014) and MDA-MB-468
cells (cat. no. 1101HUM-PUMCO000249) were cultured in
RPMI-1640 medium (Dalian Meilun Biology Technology
Co.). All the human BC cell lines were purchased from the
ChineseNational Infrastructure of Cell line Resource (NICR).

Mammosphere formation assay. Briefly, serum-free
DMEM/F12 medium (Dalian Meilun Biology Technology Co.)
supplemented with epidermal growth factor (EGF; 20 ng/ml;
T&L Biotechnology Co., Ltd), basic fibroblast growth factor
(bFGF; 10 ng/ml; T&L Biotechnology Co., Ltd) and 2% B27
(Gibco; Thermo Fisher Scientific, Inc.) was used to enrich the
SKBR3 and Hs578T CSCs in ultra-low adsorption six-well
plates (Corning, Inc.) for 14 days at 37°C in a 5% CO? incubator.
Both the amount and the total number of CSCs were calculated.

Lentiviral transfection. The overexpression and knockdown
vectors for GNPNAT1,LV-2 of athree-plasmid system including
the GAG-POL and VSVG plasmid, were acquired from Tsingke
Biotechnology Co., Ltd. The sh-GNPNAT1#1 sequence was
5'-GCAAGAAACTGAACTGTTACA-3", the sh-GNPNAT1#2
sequence was 5'-GCTACGGCAACTCTGATTATA-3';
the sh-GNPNAT1#3 sequence was 5'-GGAGTTGTCAGC
CCTGAACAA-3'. All plasmids (10 ug) were co-transfected
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into 293T cells (cat. no. 1101HUM-PUMCO000091, NICR)
with polyethylenimine (PEI) for lentivirus production. Use
PEG8000 concentrated lentivirus solution (Beyotime Institute
of Biotechnology) was used after 72 h. The SKBR3 and Hs578T
cells were seeded, cultured to 60-70% confluency, and then
transfected with lentivirus at a high concentration (MOI=10).
Following a 72-h incubation, drug screening was initiated with
2 pg/ml puromycin and culture was continued for 2 weeks to
establish a model of BC cells with stable overexpression or
knockdown of GNPNATI.

Reverse transcription-quantitative PCR (RT-qPCR). The
RT-qPCR experiments were performed in accordance with a
previously published study by the authors (31). Relative expres-
sion was calculated using A (32). All reactions were performed
in triplicate. The primer pair sequences used are presented in
Table SI.

Western blot analysis. Protein extraction and western blot
analysis were performed in accordance with the protocol
stated in a previously published study by the authors (31). The
primary antibodies used were as follows: GNPNAT1 rabbit mAb
(1:2,000; cat. no. TD13048; Abmart Pharmaceutical Technology
Co., Ltd.), Kriippel-like factor 4 rabbit mAb (KLF4; 1:2,000;
cat. no. T56648; Abmart Pharmaceutical Technology Co.,
Ltd.), c-MYC rabbit mAb (1:2,000; cat. no. T55150; Abmart
Pharmaceutical Technology Co., Ltd.), Nanog homeobox rabbit
mAb (NANOG; 1:2,000; cat. no. T55611; Abmart Pharmaceutical
Technology Co., Ltd.), and GAPDH rabbit mAb (1:2,000;
cat. no. A19056; ABclonal Biotech Co., Ltd.). The secondary
antibodies used here was HRP goat anti-rabbit IgG (H+L) anti-
body (1:2,000; cat. no. ASO14; ABclonal Biotech Co., Ltd.)

Colony formation assay. Stably transfected BC cells overex-
pressing GNPNATI or cells in which GNPNAT1 was knocked
down along with control cells were seeded into six-well plates
and cultured for 14 days to obtain cell colonies. The colonies
were fixed with 4% paraformaldehyde (Beyotime Institute of
Biotechnology) for 20 min and then stained with 1% crystal
violet solution (Beyotime Institute of Biotechnology) for
15 min at room temperature. The colonies were photographed
using a mobile phone camera (Vivo) and counted.

Statistical analysis. GraphPad Prism 5.0 (Dotmatics) was
used to conduct statistical analyses. At least three distinct
experimental results were used for the acquisition of the mean
and standard deviation. The unpaired Student's t-test was
used to evaluate individual comparisons between two groups.
Comparisons between three or more groups were determined
using one-way ANOVA followed with Dunnett's post hoc test
or Kruskal-Wallis test with Dunn's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

mRNA expression pan-cancer analysis of GNPNAT. Using
the ‘Gene DE’ module of the TIMER?2.0 database, the mRNA
expression of GNPNATI in several types of tumors was
investigated by comparing them to normal tissues adjacent to
the tumors. As presented in Fig. 1A, GNPNATI expression
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Figure 1. GNPNATI is significantly overexpressed in pan-cancer. (A) GNPNAT1 mRNA expression in different cancer types among TCGA in TIMER2.0.
(B) GNPNAT1 mRNA expression in different cancer types among TCGA and GTEx in GEPIA2. (C) GNPNAT1 mRNA expression in human cancer cell lines,

analyzing by the CCLE dataset. "P<0.05, “P<0.01 and "“P<0.001, as compared with the normal group. GNPNAT1, glucosamine-phosphate N-acetyltransferase

Gene Expression Profiling Interactive Analysis 2; ACC, adenoid

5

Genotype Tissue Expression Project; GEPIA

cystic carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC,

adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC,

)

1; TCGS, The Cancer Genome Atlas; GTEx

cervical squamous cell carcinoma and endocervical

Diffuse large B cell lymphoma;

glioblastoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal

ESCA, esophageal carcinoma; GBM,

papillary carcinoma; LAML, acute myeloid leukemia; LGG, low-grade gliomas; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC,

lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma;

PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma;
TGCT, tenosynovial giant cell tumor; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosar-

coma; UVM, uveal melanoma.
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Figure 2. GNPNAT]1 is highly expressed in BRCA. (A) GNPNATI mRNA expression comparison between unpaired normal and tumor tissues in TCGA _
BRCA cohort. (B) GNPNAT1 mRNA expression comparison between unpaired normal and tumor tissues according to TCGA_BRCA and GTEx analyses.
(C) GNPNAT1 mRNA expression comparison between paired normal and tumor tissues in the TCGA_BRCA cohort. (D) GNPNAT1 protein expression
comparison between normal and tumor tissues obtained from the CPTAC dataset of the UALCAN database. (E) GNPNAT1 protein expression comparison
between normal and tumor tissues obtained from the HPA database. (F) ROC curve was used to validate the prognostic value of GNPNAT]I. (G) Kaplan-Meier
analysis of the association between GNPNAT1 expression and OS in BRCA. (H) Kaplan-Meier analysis of the association between GNPNAT]1 expression and

ok

DSS in BRCA. ""P<0.001. GNPNAT]1, glucosamine-phosphate N-acetyltransferase 1; BRCA, breast invasive carcinoma; GTEx, Genotype Tissue Expression
Project; CPTAC, Clinical Proteomic Tumor Analysis Consortium; UALCAN, The University of Alabama at Birmingham Cancer data analysis Portal; HPA,

human protein atlas; DSS, disease-specific survival.

was overexpressed in bladder urothelial carcinoma (BLCA),
BRCA, cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC), colon adenocarcinoma (COAD),
esophageal carcinoma (ESCA), head and neck squamous
cell carcinoma (HNSC), lung adenocarcinoma (LUAD), lung
squamous cell carcinoma (LUSC), kidney chromophobe
(KICH), prostate adenocarcinoma (PRAD), stomach adeno-
carcinoma (STAD), uterine corpus endometrial carcinoma
(UCEC) compared to normal tissues. However, cholan-
giocarcinoma (CHOL), kidney renal clear cell carcinoma
(KIRC), liver hepatocellular carcinoma (LTHC), kidney
renal papillary carcinoma (KIRP), and skin cutaneous
melanoma (SKCM) presented with significantly reduced
GNPNATI1 expression. The ‘Expression Analysis-Profile

Plots’ tool on the GEPIA2 database was subsequently
utilized to perform further research on the expression of
GNPNATI in pan-cancer that matched TCGA normal and
GTEx data. GNPNATI1 expression was significantly higher
in BRCA, COAD, diffuse large B cell lymphoma (DLBCL),
ESCA, glioblastoma (GBM), KICH, LUAD, LUSC, PRAD,
rectum adenocarcinoma (READ), SKCM, STAD and thymic
carcinoma (THYM) than in the control group (Fig. 1B). The
‘CCLE Data Characterization Expression 22Q2 Public’
module was used to assess GNPNATI mRNA expression in
30 cancer types, including 1,406 cell lines from the CCLE
database. The findings demonstrated that the GNPNAT1
expression levels varied considerably across cancer cell
lines (Fig. 1C).
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Table I. Univariate and multivariate analyses of the association of GNPNAT1 expression with the overall survival of patients

with breast cancer in TCGA_BRCA.

Univariate analysis

Multivariate analysis

Characteristic Total no. of samples Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value
Age, years 1,082

<60 601

>60 481 2.020 (1.465-2.784) <0.001 2.079 (1.437-3.008) <0.001
T stage 1,079

T1 276

T2-T4 803 1.482 (1.007-2.182) 0.046 1.124 (0.599-2.106) 0.716
N stage 1,063

NO 514

N1-N3 549 2.239 (1.567-3.199) <0.001 1.983 (1.266-3.107) 0.003
M stage 922

MO 902

M1 20 4254 (2.468-7.334) <0.001 2.915 (1.493-5.690) 0.002
Pathological stage 1,059

Stage | 180

Stage II-1V 879 2.210 (1.313-3.721) 0.003 1.257 (0.525-3.013) 0.608

GNPNAT1 1,082 1.213 (0.998-1.474) 0.052 1.082 (0.870-1.344) 0.479

GNPNAT1, glucosamine-phosphate N-acetyltransferase 1.

mRNA and protein expression analysis of GNPNATI in
BC. The mRNA expression of GNPNAT1 was significantly
increased in BC samples (n=1,109) in comparison with normal
breast tissues (n=113) among TCGA (Fig. 2A). In contrast to
the control group (n=292), GNPNAT]1 expression remained
substantially elevated in 1,099 BC samples with all of the
normal samples when TCGA and the GTEx datasets merged
(Fig. 2B). In addition, GNPNAT1 was highly expressed in 112
paired BC tissues (Fig. 2C). To further identify the protein
expression of GNPNATI, protein expression analysis using
the CPTAC dataset provided by the UALCAN database was
performed. The results revealed that primary breast tumors
(n=125) presented with a significantly higher GNPNAT1
protein expression in comparison with the control group
(n=18; P<0.001; Fig. 2D). In addition, GNPNATI protein was
substantially expressed in tumor tissues in two representa-
tive immunohistochemistry images from the HPA collection
(Fig. 2E).

Diagnostic and prognostic value analysis. ROC curve analysis
was generated to evaluate the diagnostic value of GNPNAT1
for BRCA. The ROC curve indicated that the predictive ability
of GNPNATI in BRCA had a relative accuracy with an area
under the curve (AUC) of 0.756 [95% confidence interval (CI),
0.720-0.793], as presented in Fig. 2F. Kaplan-Meier (KM)
survival curve analysis was used to evaluate and compare
the survival differences between patients with a high and
low expression of GNPNATI1 in TCGA_BRCA. The results
revealed that a higher GNPNAT1 expression was associated
with a poor OS and disease-specific survival (DSS). In detail,
the median OS of the high GNPNAT1 expression group was

113.5 months, whereas in the low expression group it was
215.2 months (log-rank test; P=0.006; Fig. 2G). Similarly,
the median disease specific survival of the high GNPNAT1
expression group was 122.3 months, and vs. 219.8 months
in the low expression (log-rank test; P=0.042; Fig. 2H).
Univariate and multivariate analyses of the association of
the GNPNAT]1 expression with OS among patients with BC
was also performed in TCGA_BRCA. As demonstrated in
Table I, in the univariate Cox analysis model, age (P<0.001),
T stage (P=0.046), N stage (P<0.001), M stage (P<0.001) and
pathological stage (P=0.003) were associated with OS in
patients with BC; in the multivariate Cox analysis model, the
associations of age (P<0.001), N stage (P=0.003) and M stage
(P=0.002) with OS were preserved.

Analysis of patient clinicopathologic characteristics. To
examine the association between GNPNAT1 mRNA expres-
sion and the clinicopathological characteristics of BC samples,
logistic regression analysis and the Kruskal-Wallis test were
used. Using age, T stage, M stage, N stage, pathological stage,
prediction analysis of microarray 50 (PAMS50), ER state, and
ER status, GNPNATI mRNA expression was determined
in TCGA_BRCA samples (Fig. 3). In all categories, the
GNPNAT1 mRNA levels were increased in BRCA tumor
tissues in comparison with normal tissues. The Wilcoxon rank
sum test revealed an association between ethnicity (Caucasian)
and GNPNAT1 mRNA expression (P<0.001; Table II). Using
logistic regression, the connection between the level of
GNPNAT1 expression and the clinicopathological character-
istics of BC tissues was also investigated. The results revealed
a significant association between GNPNAT1 expression and N
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Figure 3. Association of GNPNAT1 expression with clinicopathological characteristics in TCGA_BRCA. Associations between GNPNAT1 mRNA expression
and clinicopathological characteristics in BRCA patients based on (A) age, (B) T stage, (C) M stage, (D) N stage, (E) pathological stage, (F) PAMS0, (G) ER
status, (H) PR status and (I) HER2 status. "P<0.05 and ““P<0.001. GNPNAT]1, glucosamine-phosphate N-acetyltransferase 1; PAM50, prediction analysis of

microarray 50; ER, estrogen receptor; PR, progesterone.

stage (P=0.003), PR status (P<0.001), ER status (P<0.001) and
HER?2 status (P=0.001; Table III).

Co-expression gene analysis. Using LinkedOmics, GNPNAT1
co-expression networks in TCGA_BRCA cohort were
obtained. The number of positively and negatively associated
genes with GNPNAT1 was 6,137 and 7,494, respectively (FDR
<0.01). As shown in Fig. 4A, dark red and green dots represent
positively and negatively correlated genes, respectively. The
top 50 most significantly co-expressed genes for both favor-
able and unfavorable outcomes were then utilized to generate
heatmaps (Tables SII-III and Fig. 4B and C). Three genes were
significantly positively linked with GNPNAT]1 expression:
The proteasome 26S subunit, ATPase 6 (PSMC6; Fig. 4D),

L-2-hydroxyglutarate dehydrogenase (L2HGDH; Fig. 4E) and
serine/threonine/tyrosine-interacting protein (STYX; Fig. 4F).
Rho guanine nucleotide exchange factor 1 (ARHGEFI;
Fig. 4G), the FES proto-oncogene, tyrosine kinase (FES;
Fig. 4H) and AT-rich interaction domain 5A (ARIDS5A;
Fig. 41) were the three most significantly negatively correlated
genes. Subsequently, a KM-OS curve analysis on the top 50
positively correlated genes was performed, using the survival
analysis module of the GEPIA2 database. The results revealed
that only three genes were highly expressed and associated
with the poor prognosis in patient with BC, including tumor
protein D52 (TPD52; Fig. 4J), signal recognition particle 54
(SRP54; Fig. 4K) and LRAT domain containing 2 (LRATD2,
also known as FAMS84B; Fig. 4L).
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Table II. Association of GNPNAT1 expression with clinicopathological characteristics in breast cancer.

Characteristic Low expression of GNPNAT1 (n=541) High expression of GNPNAT1 (n=542) P-value
Age, n (%) 0411
<60 293 (27.1%) 308 (28.4%)
>60 248 (22.9%) 234 (21.6%)
Race, n (%) <0.001
Asian 23 (2.3%) 37 (3.7%)
African American 119 (12%) 62 (6.2%)
Caucasian 373 (37.5%) 380 (38.2%)
T stage, n (%) 0.640
Tl 137 (12.7%) 140 (13%)
T2 318 (29.4%) 311 (28.8%)
T3 72 (6.7%) 67 (6.2%)
T4 14 (1.3%) 21 (1.9%)
N stage, n (%) 0.013
NO 283 (26.6%) 231 21.7%)
N1 168 (15.8%) 190 (17.9%)
N2 47 (4.4%) 69 (6.5%)
N3 37 (3.5%) 39 (3.7%)
M stage, n (%) 1.000
MO 438 (47.5%) 464 (50.3%)
Ml 10 (1.1%) 10 (1.1%)
Pathological stage, n (%) 0.103
Stage 1 98 (9.2%) 83 (7.8%)
Stage 11 323 (30.5%) 296 (27.9%)
Stage 111 106 (10%) 136 (12.8%)
Stage IV 10 (0.9%) 8 (0.8%)

GNPNAT1, glucosamine-phosphate N-acetyltransferase 1.

Table III. Associations of GNPNAT1 expression with clinicopathological features estimated by logistic regression analysis.

Characteristics Total no. of samples QOdds ratio (OR) P-value
Age (>60 vs. <60) 1,083 0.898 (0.706-1.141) 0.377
T stage (T2-T4 vs. T1) 1,080 0.966 (0.735-1.270) 0.807
N stage (N1-N3 vs. NO) 1,064 1.449 (1.138-1.846) 0.003
M stage (M1 vs. M0) 922 0.944 (0.384-2.322) 0.899
Pathologic stage (stage II-IV vs. Stage I) 1,060 1.183 (0.859-1.633) 0.304
PR status (positive vs. negative) 1,030 1.882 (1.447-2.454) <0.001
ER status (positive vs. negative) 1,033 2.511 (1.858-3.416) <0.001
HER? status (positive vs. negative) 715 1.800 (1.257-2.596) 0.001
Radiation therapy (yes vs. no) 987 0.929 (0.722-1.194) 0.564

GNPNAT1, glucosamine-phosphate N-acetyltransferase 1; ER, estrogen receptor; PR, progesterone.

PPI network and functional enrichment analysis. The
‘Similar Genes Detection’ module was used to obtain 1,000
genes positively correlated with GNPNATI in the GEPIA2
database (Table SIV), and the ‘Correlation’ module was
further used to obtain 1,608 genes positively correlated with
GNPNATI in BRCA in the UALCAN database (Table SV).

After using the Veen tool, the ‘clusterProfile’ R program was
used to investigate GO and KEGG enrichment for 847 genes
(Table SVI). As demonstrated in Fig. 5A, the majority of the
genes were related to coated vesicles, the ubiquitin ligase
complex, and cytoplasmic stress granules involved in nuclear
transport, Golgi vesicle transport, ubiquitin-like protein
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as revealed by the KEGG analysis results. For PPI network
analysis, the interactions of 50 physically bound proteins with
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Figure 5. Functional enrichment analysis of GNPNAT1 in BC using GO, KEGG and GSEA. (A) A total number of 50 GNPNAT I-related proteins were
identified using STRING. (B) GO terms (including BP, MF and CC) and KEGG of genes most strongly related with GNPNATI. (C) GSEA analysis results
of GNPNAT1 on GO terms. GSEA analysis results of GNPNATI on KEGG terms were: (D) Arachidonic acid metabolism, (E) Mucin type O-glycan
biosynthesis, (F) Carbohydrate digestion and absorption, (G) Autophagy, (H) Olfactory transduction and (I) alpha-Linolenic acid metabolism. GNPNAT1,
glucosamine-phosphate N-acetyltransferase 1; BC, breast cancer; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, gene set
enrichment analysis; BP, Biological Pathway; MF, Molecular Function; CC, Cellular Components.
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experimentally validated GNPNAT1-binding proteins were
extracted from the STRING network (Fig. 5B).

For GSEA, data associated with GNPNAT1 (Table SVII)
were upload on the WebGestalt database. The height of the bar,
as revealed in Fig. 5C, indicates the total number of IDs in the
user list category. For biological process categories, there were
10,694 genes associated with biological regulation; for cellular
component categories, there were 8,056 genes associated with
membrane; for molecular function categories, there were
10,369 genes associated with protein binding. The KEGG data
analysis revealed the top six FDRs of pathways were arachi-
donic acid metabolism, mucin type O-glycan biosynthesis,
carbohydrate digestion and absorption, autophagy, olfactory
transduction and alpha-Linolenic acid metabolism (Fig. 5SD-I).

Nomogram diagram and calibration analysis. The prognosis
of patients with BC may now be predicted using a factor-based
nomogram that is related to OS. As presented in Fig. 6A,
prognosis worsens as the number of dots on the nomogram

increases. In addition, a calibration curve was used to evaluate
how predictions affected the nomogram (Fig. 6B-D). While
using the bootstrapping technique, the nomogram's C-index
was 0.702 (95% CI, 0.676-0.728), indicating a moderate degree
of accuracy in predicting OS for patients with BC.

Immune infiltration analysis. According to the Spearman's
Rho correlation analysis on the TISIDB database, the asso-
ciations between the abundance of 28 TILs and expression of
GNPNAT]1 across human pan-cancer is presented in Fig. 7A.
The red color indicates a positive correlation with GNPNAT1
mRNA expression, and blue indicates a negative correlation.
In addition, the expression of GNPNATI1 was significantly
positively correlated with the levels of immune cell infiltration
of Th2 cells and T-helper cells and negatively correlated with
plasmacytoid dendritic cells (pDCs), CD8* T-cells and cyto-
toxic T-cells (Fig. 7B). Furthermore, the enrichment scores of
Th2 cells and T-helper cells in the GNPNAT]1 high expression
group were markedly higher than those in the GNPNAT1 low
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Figure 7. Correlation of GNPNAT]1 expression with immune infiltration level in BC. (A) Correlation between GNPNAT1 expression and relative abundance of
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the high- and low-GNPNAT1 expression groups. (D-H) Correlations between the relative enrichment scores of immune cells (including Th2 cells, T-helper
cells, pDC, CD8* T-cells and cytotoxic cells) and the expression of GNPNAT1. "“P<0.001. GNPNATI, glucosamine-phosphate N-acetyltransferase 1; BC,
breast cancer; TILs, tumour-infiltrating lymphocytes; pDC, plasmacytoid dendritic cells.

expression group, whereas the enrichment scores of pDC, CDS8
T-cells and cytotoxic T-cells in the GNPNAT1 high expression
group were markedly reduced, as compared with the GNPNAT1
low expression group (P<0.001 in all comparisons; Fig. 7C-H).

mRNA and protein expression analysis of GNPNATI in BC
cells and CSCs. The Expression of GNPNAT1 was upregulated
in the MCF7, SKBR3, Hs578T and MDA-MB-468 BC cell lines
in comparison with the MCF10A normal breast cell line. Using
RT-gqPCR and western blot analysis, the mRNA (Fig. 8A) and
protein (Fig. 8B) expression levels of GNPNAT1 were evaluated.

GNPNAT1 expression in the SKBR3 and Hs578T cell lines was
markedly higher than in the other cell lines. Thus, these two
cell lines were used in further analyses. Moreover, GNPNAT1
expression was considerably increased in mammospheres,
in relation to adherent cells (Fig. 8C and D). To determine
whether BCSCs had been effectively enriched, the expression
levels of CSC markers, including c-MYC, KLF4 and NANOG,
were measured in mammosphere cells (Fig. 8E and F). The
considerable increase in the mRNA and protein expression of
CSC markers in breast spheroid cells revealed that the mammo-
spheres included a high number of CSCs.
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stem cells.

GNPNATI knockdown suppresses the stemness of BC cells.
In order to determine whether GNPNATI participates in the
control of BCSCs, GNPNAT1 was initially knocked down in
the SKBR3 and Hs578T cell lines. As presented in Fig. 9A
in three independent shRNA vector knockdown cell lines,
shGNPNATI1#3 was the optimally functioning and was
therefore used in subsequent experiments. Pluripotent tran-
scription factors (c-MYC, KLF4 and NANOG) are frequently
used to identify CSCs in clinical tissues and several cancer
cell lines (33,34). The mRNA (Fig. 9B) and protein (Fig. 9C)
levels of c-MYC, KLF4 and NANOG were examined using
RT-gPCR and western blot analysis. Compared to the control
cells, transfection with Sh\GNPNAT1 resulted in a reduction in
the mRNA and protein expression levels of stemness-related
genes and GNPNAT]1. Following GNPNAT1 knockdown, the
capacity of SKBR3 and Hs578T cells to produce clones was
drastically limited, according to colony formation test data

(Fig. 9D and E). Moreover, the capacity of GNPNAT1 knock-
down BC cells to produce tumor spheroids was evaluated.
As demonstrated in Fig. 9F, GNPNAT1 knockdown resulted
in fewer spheroids developing in the cells than in the vector
control, as predicted. According to statistical examination of
the number and diameter of spheroids, the number and size
of the GNPNAT1 knockdown group decreased significantly
(Fig. 9G and H). Therefore, it can be concluded that GNPNAT1
knockdown inhibited the stemness of BC cells.

GNPNATI overexpression promotes the stemness of BC cells.
A cell line with the stable overexpression of GNPNAT1 was
also constructed to examine its effect on the stemness capacity
of BCSCs. As demonstrated in Fig. 10A, the GNPNATI1
mRNA levels were considerably elevated in the SKBR3 and
Hs578T cell lines following transfection with a lentiviral
GNPNATI overexpression vector. The mRNA (Fig. 10B)
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and protein (Fig. 10C) expression results of stemness-related
genes demonstrated that overexpression of GNPNAT1 caused
a significant increase in the expression of c-MYC, KLF4 and
NANOG, as compared with the control cells, and GNPNAT1
protein expression was also markedly increased. Similarly,
the clonogenic capacity of SKBR3 and Hs578T cells was
significantly increased, following GNPNAT1 overexpression
(Fig. 10D and E). Finally, the results of spheroid culture experi-
ments demonstrated that GNPNAT1 overexpression caused a
significant upregulation of the number and size of suspended
spheroids (Fig. 10F-H). The aforementoined results suggested
that GNPNATI overexpression promoted the stemness of BC
cells.

P<0.001, as compared with the shNC group. GNPNAT1, glucosamine-phosphate N-acetyltransferase 1; NC, normal control.

Discussion

Previous research has examined the expression and func-
tion of GNPNAT1 in lung cancer (16). GNPNATI is an
important enzyme, involved in eukaryotic UDP-GIcNAc
production and metabolism (35). By interfering with
cellular metabolism, GNPNAT1 upregulation may influ-
ence the onset and progression of LUAD (36). Nevertheless,
the potential predictive usefulness of GNPNATI1 and its
expression in BC has not yet been completely investigated.
Hence, the aim of the present study was to evaluate the
possible function of GNPNATI1 in BC. GNPNAT1 mRNA
and protein expression were upregulated in BC tissues, as
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Figure 10. GNPNAT1 overexpression promotes the stemness of BCSCs. (A) GNPNAT1 overexpression efficiency assay, as determined using reverse transcrip-
tion-quantitative PCR. (B and C) The mRNA and protein expression level of GNPNAT1 in SKBR3 and Hs578T CSCs following GNPNAT1 overexpression.
(D and E) Detection of BC cell growth after GNPNAT1 overexpression via cell colony formation assay. (F) Representative images of mammospheres. The
(G) diameter and (H) number of mammospheres from F was counted. "P<0.05, “P<0.01 and "*P<0.001, as compared with the vector group. GNPNAT]I,
glucosamine-phosphate N-acetyltransferase 1; BCSCs, breast cancer stem cells; CSCs, cancer stem cells; BC, breast cancer.

was the expression of GNPNATI in several tumor types.
ROC curve analysis suggested that GNPNAT1 may be a
promising diagnostic biomarker for distinguishing BC from
normal tissue. Using Kaplan-Meier curves and univariate
analysis, it was demonstrated in the present study that
GNPNATI expression may be simultaneously linked to
both short OS and DSS. GNPNATI1 may function as a
biomarker for BC with a poor outcome. In addition, the
nomogram revealed that GNPNATI1 may be involved in
clinical diagnosis and prognostic evaluation. Further bioin-
formatics analyses revealed an association between the
elevated expression of GNPNATI1 in BC and clinicopatho-
logical characteristics (age, TNM pathologic stage, PAM50
and ER/PR/HER?2 status). GSEA analysis was performed
to further evaluate and identify the influence of GNPNAT1

expression in BC. ‘Arachidonic acid metabolism’, ‘Mucin
type O-glycan biosynthesis’, ‘Carbohydrate digestion and
absorption’, ‘Autophagy’, ‘Olfactory transduction’, and
‘alpha-Linolenic acid metabolism’ were overrepresented in
the GNPNATI1 high expression phenotype. GNPNAT1 may
inhibit these processes by modifying the function of cyclin
genes post-translationally. O-linked N-acetylglucosamine
transferase (OGT) is essential for the cell cycle, since
inhibiting OGT prevents the synthesis of cyclin D1 (37).
Numerous immune cell types inside the tumor microen-
vironment (TME) play an essential role in tumor formation,
metastasis, and treatment resistance (38). The link between
GNPNATI expression and immune cell infiltration was
then confirmed. Hence, it was hypothesized that GNPNAT1
would promote tumor development and metastasis by
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altering the proportion of certain immune cell types that
impact the TME. In fact, it has been revealed that GNPNAT1
maintains the TME in LUAD (14,17). The present study
revealed a substantial positive link between Th2/T helper
cells and GNPNATI1 and a significant negative asso-
ciation between pDC, CD8 T-cells and cytotoxic cells with
GNPNAT]I. T-cells are an essential component of the TME
and tumor-associated CD4*/CD8* T-cells play a crucial role
in the pathophysiology of cancer. Other immune cell types,
including interstitial DCs, neutrophils, NK CD56* bright
cells, Thl cells, DCs and B cells, may potentially affect
the survival of tumor cells in the TME. Future research is
required, in order to investigate further their connection to
GNPNAT]1 expression.

Overall, the findings of the present study demonstrate that
GNPNATI expression may be a viable diagnostic and prog-
nostic molecular marker for patients with BC with a dismal
prognosis for survival. Furthermore, arachidonic acid metabo-
lism, mucin-type O-glycan production, and other pathways
may be controlled by GNPNAT1 in BC. Therefore, further
validation trials are necessary to confirm the biological effects
of GNPNATI.
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