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Background: The genes related to the cell cycle progression could be
considered the key factors in human cancers. However, the genes involved in
cell cycle regulation in non-small cell lung cancer (NSCLC) have not yet been
reported. Therefore, it is necessary to evaluate the genes related to the cell cycle
in all types of cancers, especially NSCLC.

Methods: This study constituted the first pan-cancer landscape of cell cycle
signaling. Cluster analysis based on cell cycle signaling was conducted to identify
the potential molecular heterogeneity of NSCLC. Further, the discrepancies in
the tumor immune microenvironment, metabolic remodeling, and cell death
among the three clusters were investigated. Immunohistochemistry was
performed to validate the protein levels of the ZWINT gene and examine its
relationship with the clinical characteristics. Bioinformatics analyses and
experimental validation of the ZWINT gene were also conducted.

Results: First, pan-cancer analysis provided an overview of cell cycle signaling
and highlighted its crucial role in cancer. A majority of cell cycle regulators play
risk roles in lung adenocarcinoma (LUAD); however, some cell cycle genes play
protective roles in lung squamous cell carcinoma (LUSC). Cluster analysis
revealed three potential subtypes for patients with NSCLC. LUAD patients with
high cell cycle activities were associated with worse prognosis; while, LUSC
patients with high cell cycle activities were associated with a longer survival time.
Moreover, the above three subtypes of NSCLC exhibited distinct immune
microenvironments, metabolic remodeling, and cell death pathways. ZWINT, a
member of the cell signaling pathway, was observed to be significantly
associated with the prognosis of LUAD patients. A series of experiments
verified the higher expression levels of ZWINT in NSCLC compared to those in
paracancerous tissues. The activation of epithelial-mesenchymal transition
(EMT) induced by ZWINT might be responsible for tumor progression.
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Conclusion: This study revealed the regulatory function of the cell cycle genes in
NSCLC, and the molecular classification based on cell cycle-associated genes
could evaluate the different prognoses of patients with NSCLC. ZWINT
expression was found to be significantly upregulated in NSCLC tissues, which
might promote tumor progression via activation of the EMT pathway.

KEYWORDS

non-small cell lung cancer, cell cycle, pan-cancer analysis, tumor immune
microenvironment, cell death pathways, metabolic reprogramming

1 Background

Lung cancer, a malignant tumor, is the most common type of
cancer worldwide with the highest incidence and mortality (1). The
histological types of lung cancer can be divided into small-cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC) (2). Among
them, the NSCLC accounts for about 80-85% of total lung cancer
cases, and mainly includes lung adenocarcinoma (LUAD) and lung
squamous cell carcinoma (LUSC) (3). Although there has been
tremendous development in the clinical diagnosis and treatment of
lung cancer, such as radiotherapy, chemotherapy, immunotherapy,
molecular targeted therapy, etc., the 5-year survival rate of NSCLC
is still poor because the lung cancer is often insidious in the early
stage and there are delays in the diagnosis (1, 4). Therefore, it is
necessary to develop and investigate specific neoplasm markers for
improving the prediction of the clinical outcomes and
chemotherapy sensitivity of patients with NSCLC.

In the past years, a series of related breakthroughs have found
the relationship between the regulation mechanism of the cell cycle
and the development of a tumor. The major cause of tumorigenesis
is the unrestricted cell proliferation after the cell cycle disorder and
therefore, the tumor could be regarded as a cell cycle disease (5-7).
It is well known that the driving mechanism and the regulatory
mechanism of the cell cycle play important roles during cell
proliferation. When the regulatory mechanism of the cell cycle is
damaged, there can be uncontrolled cell growth, which may lead to
the transformation of tumor cells. As there is a close association
between the cell cycle and the tumor, the cell cycle could be
considered one of the primary cellular mechanisms in the
occurrence and development of cancer (8). Several studies have
reported that therapy targeting cell cycle could serve as a reasonable
treatment option to delay tumor progression by inhibiting tumor
cell proliferation and inducing its apoptosis (6, 9, 10). As the vital
genes related to the cell cycle might act as markers for pre-
cancerous lesions or early-stage cancers, doctors could choose the
best treatment for cancer patients to prolong their survival (11).
Hence, it is necessary to investigate the key molecular signatures
participating in cell cycle regulation in cancer cells. Furthermore,
the cell cycle-related genes have not been found to predict the
clinical outcomes and chemotherapeutic strategies in NSCLC
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patients. Therefore, the development of an NSCLC risk
stratification tool and exploring the key gene from the cell cycle-
related genes are important.

In this study, the roles of cell cycle-related genes in NSCLC were
investigated by obtaining samples from the Cancer Genome Atlas
(TCGA) database. Moreover, the cell cycle-related genes were
acquired from the MsigDb platform. We identified 93 cell cycle-
related genes that were associated with the tumor stage of NSCLC.
This study comprehensively highlighted the genome and
transcriptome characteristics of 93 genes in human tumors for
the first time. Based on the cell cycle scores and cell cycle-related
gene expression, we separated patients with NSCLC into three
distinct types and evaluated their association with prognosis,
metabolic reprogramming, immune microenvironments, and cell
death pathways. Finally, we identified the hub gene ZWINT using
bioinformatics. The association between ZWINT expression and
patient prognosis, its potential role in tumor immunity, the clinical
features of pan cancer, and the important pathways in cancer were
determined using R.

2 Materials and methods

2.1 Sample collection and acquisition of
genes associated with the cell cycle

The TCGA-LUAD and TCGA-LUSC cohorts were obtained
from the TCGA GDC website and recognized as NSCLC cohorts.
The data filtering and polishing were conducted using Perl and R
programming (12). The TCGA-LUAD cohort consisted of 539
tumor samples and 59 paracancerous samples, while the TCGA-
LUSC cohort consisted of 502 tumor samples and 49 paracancerous
samples. All these RNA-seq data were initially converted to log
format and then the sva package was applied to complete the bulk
rectification procedure. The clinical information about each patient
was also collected and compiled. Finally, the cell cycle-related
dataset was obtained and downloaded from the MsigDb platform
and the “REACTOME CELL CYCLE” dataset was compiled (13,
14). A total of 693 genes were present in this dataset, all of which
were considered to be related to the cell cycle.
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2.2 ldentification of the cell cycle genes
associated with the development
of NSCLC

The conversion of normal lung epithelial cells to NSCLC cells is
considered a typical example of carcinogenesis. Therefore, a
significant role played by genes in carcinogenesis has been a topic
worthy of scientific investigation. The cell cycle genes associated
with the development of NSCLC were identified by comparing the
malignant and noncancerous tissues from the TCGA-LUAD and
TCGA-LUSC cohorts. The cutoft values for differential expression
analysis were set as follows: | logFC | > 1.5 and FDR < 0.05. Finally,
the findings from the TCGA-LUAD and TCGA-LUSC cohorts were
intersected to provide a list of differentially expressed genes.

The patients with NSCLC who acquire a tumor eventually
progress from stage I to stage IV. Therefore, it is crucial to
determine the cell cycle genes that are associated with the clinical
stage of NSCLC patients. The GEPIA2 platform developed by
Peking University was applied to facilitate the analysis (15, 16).
The specific parameters used were as follows: “Expression DIY”
toolbar, “Stage Plot” interface, and “LUAD + LUSC” dataset. Only
the cell cycle genes with a P value of less than 0.05 were selected and
further evaluated using bioinformatics.

2.3 Pan-cancer analysis

The pan-cancer cohort of TCGA was downloaded and
integrated to analyze the involvement of the aforementioned cell
cycle-related genes in diverse human cancers. The gene expression,
prognostic value, mutation type, methylation level, and pathway
regulation, among other factors, were reviewed by referring to the
previously published pan-cancer analysis methods (17-19).

The differential expression analyses of cancer and
paracancerous tissues at the pan-cancer level were conducted
using R software packages, such as ggplot2, randomcoloR,
ggpubr, GSVA, clusterProfiler, impute, and ComplexHeatmap,
and the findings were represented as a heat map (20-22). The
color of the dot on the heat map indicated whether the gene was up-
regulated or down-regulated in the cancer tissue, and the size of the
dot indicated the statistical P value. The greater the size of the dot,
the greater the statistical significance of the finding.

The pan-cancer prognostic characteristics of the aforementioned
cell cycle-related genes were studied in detail using the R packages
survival and pheatmap, and a heat map was constructed. Red
represents a dangerous gene, indicating that the greater the level of
gene expression, the worse the prognosis of patients; blue shows a
protective gene indicating that the higher the level of gene expression,
the better the prognosis of patients. Gray suggests that the gene has
no predictive association in patients with this form of malignancy.

A series of R packages, such as ggplot2, randomcoloR, tidyverse,
magrittr, readxl, stringr, maftools, dplyr, reshape2, and
RColorBrewer were used for single nucleotide variant (SNV) and
copy number variant (CNV) analyses. The frequency of SNV
mutations in each gene in a tumor is represented as a heat map,
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and the type of mutation of each SNV is represented as a waterfall
map. Each hue in the CNV bar chart reflects a distinct type
of tumor.

The pan-cancer methylation levels of the cell cycle genes were
summarized using the R packages ggplot2, ChAMP, randomcoloR,
ggpubr, GSVA, clusterProfiler, impute, and ComplexHeatmap. A
red dot indicates a high amount of methylation of the gene in this
type of tumor, whereas the blue dot indicates a low level of
methylation. The size of the dot shows the P value; therefore, the
bigger the dot, the greater the statistical significance.

A comprehensive analysis of the association between the cell
cycle pathways and other traditional tumor pathways was
conducted using clusterProfiler, limma, ggplot2, ggpubr, GSVA,
and other R packages. Specifically, the relative score of each
pathway was calculated using the GSVA package to indicate the
relative activity of the pathway, and the correlation values between
the cell cycle pathway and other pathways were examined by the
correlation test, before being represented as a heat map.

2.4 Cluster analysis

First, univariate Cox regression analysis of the TCGA-LUAD
cohort was conducted to determine the cell cycle-related genes with
prognostic values, which were further used for conducting cluster
analysis. For both the TCGA-LUAD and TCGA-LUSC cohorts,
GSVA methods were used for calculating the cell cycle score of each
sample (23, 24). We performed cluster analysis based on the
expression levels of the samples using ward.D. Before classifying
the tumor tissues into three subtypes based on the distinct cell cycle
activities, we evaluated the mRNA expression levels in normal
tissues. The survival and survminer programs were used to
evaluate the prognosis of patients with different subtypes of
NSCLC to highlight the clinical value of cluster analysis.

2.5 Analysis of tumor metabolic
reprogramming, immune
microenvironment, and cell death status

42 conventional metabolic pathways, 33 immune-related
pathways, and 10 cell death pathways were classified using the
MsigDb platform. The metabolic score, immunological score, and
cell death score for each NSCLC sample were determined using the
GSVA program. The Kruskal test was used to assess the pathway
activity between the three subtypes of the cell cycle. Moreover, a
comprehensive analysis of the differences in immune cell
infiltration and gene expression at immune checkpoints was
conducted to exhaustively describe the changes in the immune
milieu across subtypes. The TIMER2.0 platform offers several
immunological algorithms, including TIMER, CIBERSOFT,
QUANTISEQ, EPIC, etc. (25, 26). The Kruskal test was used to
assess the differences in the immune cell infiltration and gene
expression at the immunological checkpoints across subtypes, and
only the findings with P < 0.05 were represented.
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2.6 Biological functional analysis of the
ZWINT gene

The expression patterns of the ZWINT gene in both healthy and
malignant tissues were obtained from Genotype-Tissue Expression
(GTEx), Cancer Cell Line Encyclopedia (CCLE), and The Cancer
Genome Atlas (TCGA) (27, 28). The information on ZWINT
mRNA expression in normal tissues was obtained from GTEx, a
dataset containing expression data of 31 healthy tissues, while the
information on the expression distribution across various cancer
cell lines was obtained from CCLE, a database containing
information on more than 1100 cancer cell lines. TCGA provided
information on the differential expression of genes between
malignant and noncancerous tissues. The GTEx and TCGA
databanks were accessed using the UCSC Xena platform.

Further, the linkages between ZWINT expression and clinical
outcomes were obtained using the information on patient survival
from the TCGA database. Disease-free interval (DFI), disease-specific
survival (DSS), overall survival (OS), and progression-free interval
(PFI) were used to evaluate the correlation between mRNA
expression levels and patient survival rates (29). ZWINT expression
and survival outcomes were analyzed using Kaplan-Meier (KM) and
Cox analyses for patients with different types of cancer. KM curves
and forest plots were created in R. Then, a correlation analysis of
clinicopathological data such as tumor grade, tumor stage, gender,
age, race, and tumor status was conducted using the “limma” and
“ggpubr” packages in R (30). Both the “survminer” and “survival”
packages in R were used to generate the survival curves. A P value of
0.05 was considered as the threshold of statistical significance.

The Tumor Immune Estimation Resource 2.0 online server is a
useful resource for systematically analyzing the immune infiltrates
across different cancer types. Initially, it was used to examine the
differences in ZWINT expression between the tumor and normal
tissues in all the TCGA cohorts. A correlation analysis between
ZWINT expression and immune infiltration was conducted using
several immunological deconvolution techniques. More
importantly, the correlation between ZWINT expression and
immune checkpoint levels was also evaluated in this study.

Biomarker Exploration of Solid Tumors website is a publicly
free web-based platform for omics data. It was used to further

TABLE 1 Basic information of the NSCLC patients.

Gender

Basic information

10.3389/fendo.2023.1147366

explore the contribution of ZWINT in NSCLC. The GO and KEGG
analyses for ZWINT were based on the TCGA-LUAD and TCGA-
LUSC cohorts. Based on the median value of ZWINT expression,
LUAD, and LUSC patients were stratified into high-ZWINT and
low-ZWINT subgroups. Then, the mutation profiles between high-
ZWINT and low-ZWINT subgroups were intensively studied.
Besides, the predictive ability of ZWINT in the immunotherapy
of NSCLC patients was also analyzed. Finally, the expression levels
of the ZWINT gene in different clinical subgroups of NSCLC
patients were comprehensively investigated.

To highlight the important roles of the ZWINT gene in tumor
immune microenvironment, metabolic remodeling, and cell
death, GSEA analyses were conducted in pan-cancer tissues
following the previously described methods. Based on the
expression levels of the ZWINT gene in pan-cancer tissues, it
was ranked from high to low. The first 30% of the tumor samples
were considered as ZWINT high expression subtype, and the last
30% of the tumor samples were regarded as ZWINT low
expression subtype. Further, the tumor samples of different
subtypes were analyzed by GSEA.

2.7 Clinical sample collection

We collected 30 NSCLC tissues and 30 paired paracancerous
tissues from our hospital from 2021-08 to 2021-10. The tissues were
immediately frozen in liquid nitrogen after surgically resecting
specimens to extract total RNA. Moreover, 50 pairs of paraffin-
embedded pathological specimens obtained from 2015-12 to 2016-
12 were collected in this study. The essential information and
clinically-relevant pathological information of patients with
NSCLC are shown in Tables 1, 2, respectively. All the patients
with NSCLC from whom the tissues were collected were
pathologically confirmed to have NSCLC and were treated in the
First Affiliated Hospital of Dalian Medical University. The informed
consent was provided by the First Affiliated Hospital of Dalian
Medical University. All the patients with NSCLC refused
chemotherapy and radiation treatment before surgery. The Ethics
Committee of the First Affiliated Hospital of Dalian Medical
University approved this study.

Female

Number 26

24 30 20

TABLE 2 Clinically-relevant pathological information.

Histological type

Pathological information

Squamous = Adenocarcinoma

High Middle

Differentiation Stage Lymphatic metastasis

Minor I+ 1 i+ v Yes No

Number 18 32

Frontiers in Endocrinology
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2.8 Isolation of the total RNA and
validation of the expression level of the
ZWINT gene by quantitative real-time PCR

Total RNA was extracted from the human NSCLC tissues by the
RNAex Pro RNA reagent based on the manufacturer’s instructions.
Subsequently, the total RNA was reverse-transcribed using the Evo
M-MLV RT Kit with gDNA Clean. The expression level of the
ZWINT gene was calculated by RT-PCR using SYBR® Green
Premix Pro Taq HS qPCR Kit. All the reagents above were
procured from Accurate Biology. The ZWINT gene was
normalized to B-actin. The AACt method was used for
quantifying the level of RNA expression. The primer sequences
for ZWINT and B-actin were as follows:

ZWINT, 5-AGGAGGACACTGCTAAGGG-3’(Forward),
5- AGGTGGCCTTCAGCTCTTTC-3" (Reverse); B-actin, 5’-
CATGTACGTTGCTATCCAGGC-3" (Forward), 5-
CTCCTTAATGTCACGGACGAT -3’ (Reverse).

2.9 Immunohistochemical staining

The protein expression of ZWINT was tested by
immunohistochemical staining (IHC). The paraffin-embedded
tissue slides were immune stained with anti-N-cadherin, anti-E-
cadherin, vimentin, and ZWINT. After dewaxing, hydration, and
epitope extraction, the sections were placed in 3% hydrogen
peroxide for 15 min to inhibit endogenous peroxidase activity.
Subsequently, the sections were incubated overnight with a solution
containing the appropriate primary antibody. Then, 50 pL of
secondary antibody was added in a sequence and incubated at
room temperature for 20 min. IHC staining was carried out
according to the manufacturer’s protocol. The results were blindly
assessed independently by two pathologists. Positive ZWINT-
staining rate was considered on a scale of 0 to 4, with 1 indicating
(0-25%), 2 (26-50%), 3 (51-75%), and 4 (76-100%). Staining
intensity was rated as follows: 0 (no staining), 1 (weak staining), 2
(moderate staining), or 3 (strong staining). IHC score was
calculated as a product of positive staining rate and intensity
score. The patients were divided into high and low-expression
groups, with a score of 2 or less considered as low expression,
and a score of more than 2 considered as high expression.

3 Results

3.1 Identification of the cell cycle genes
associated with the occurrence and
development of NSCLC

A total of 148 genes involved in the cell cycle were determined
to be differently expressed in LUAD and paracancerous tissues
(Supplementary Table 1). 210 cell cycle-related genes were
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identified to be differently expressed in malignant and
noncancerous LUSC tissues (Supplementary Table 2). The
intersection of the LUAD and LUSC results revealed 143
potential cell cycle-related genes strongly linked with NSCLC
(Supplementary Figure 1). There is a clinical progression of
NSCLC as the tumor grows (Stagel-StagelI-StagelIl-StageIV).
Further, the cell cycle genes associated with the stage of NSCLC
were identified. The findings from this study indicated that 93 out of
143 potential genes were linked with the tumor stage
(Supplementary Table 3). Therefore, these 93 genes were retained
and used for further analysis.

3.2 Pan-cancer characterization of the 93
cell cycle genes

To highlight the significance of the 93 genes in carcinogenesis
and tumor development, a pan-cancer investigation was
performed to exhaustively characterize their genomic and
transcriptome properties in different human cancers. Except for
NSCLC, practically all the genes showed highly up-regulated
expression in the cancerous tissues of CESC, CHOL, GBM,
LIHC, and UCEC (Figure 1A). However, a downregulated
expression trend was observed in the cancer tissues of COAD
and THCA (Figure 1A). This not only confirms the heterogeneity
among tumors but also indicates that these genes may play
different roles in different types of tumors. Importantly, our data
indicated that a majority of these 93 genes perform deleterious
functions in KIRC, SARC, PAAD, KIRP, LIHC, LUAD, LGG,
MESO, ACC, KICH, PCPG, BRCA, PRAD, SKCM, and UVM
(Figure 1B). In other words, as the expression of these genes
increases, there is a clinical worsening in patients with these
types of malignancies. For such cancer patients, gene-targeting
techniques may provide a novel therapeutic option. However, these
genes have a protective function in other types of cancer, including
THYM, STAD, READ, COAD, DLBC, and LUSC (Figure 1B).
Moreover, we also visualized their genetic characteristics.
Figure 2A shows the CNVs. In individuals with distinct types of
malignancies, several genes involved in the cell cycle exhibited
considerably distinct genomic features, particularly CNV levels.
The SNV mutations were more prevalent in patients with BLCA,
BRCA, CESC, COAD, LUAD, LUSC, SKCM, STAD, and UCEC
tumors (Figure 2B). It was evident that the degree of methylation
of genes might impact the level of gene expression. Therefore, the
methylation levels of these genes were examined in several tumor
types. The data indicated that the degree of methylation in
cancerous tissues is often lower than that in the surrounding
tissues (Figure 3A). In addition, pathway enrichment analysis
revealed that these cell cycle genes were significantly correlated
with several classical tumor-related pathways, indicating that
the cell cycle is intrinsically linked to tumor immune
microenvironment, metabolic reprogramming, cell death,

angiogenesis, and other biological phenomena (Figure 3B).
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FIGURE 1

Expression traits and prognostic values of the cell cycle-related genes in pan cancer. (A) mMRNA expression levels of the 93 cell cycle-related genes
in other human tumors (P < 0.05). (B) Clinical outcomes of the cell cycle in pan cancer. White color (P > 0.05) indicates no statistical difference. Red
color indicates the risk factor, while the blue color indicates the protective factor.

3.3 Cluster analysis of NSCLC patients
based on the cell cycle gene expression
characteristics and pathway activity

Previous pan-cancer research findings revealed that the cell
cycle influences LUAD and LUSC differently or possibly contrary
to each other (Figure 1B). To further elucidate the underlying
molecular heterogeneity of NSCLC patients, a cluster analysis was
performed followed by pattern characterization. First, a univariate
COX regression analysis was conducted to identify 75 genes
associated with prognosis. The identification of these prognostic
genes can be useful in distinguishing clinically meaningful molecular
subtypes more effectively (Supplementary Table 4). The clustering
results are shown in Figures 4A, B. All the cancer patients, both from
the TCGA-LUAD and TCGA-LUSC cohorts, were successfully
classified into three subtypes (Cl, C2, and C3). In the TCGA-
LUAD cohort, the trend of pathway enrichment score was C1 > C2
> C3, but in the TCGA-LUSC cohort, the pathway enrichment score
sequence was C2 > C1 > C3 (Figures 4C, D). Interestingly, in the

Frontiers in Endocrinology 06

TCGA-LUAD cohort, the survival times of patients followed the
trend C3 > C2 > C1, but in the TCGA-LUSC cohort, the trend was
C2 > C1 > C3 (Figures 4E, F). A comprehensive examination of
metabolic reprogramming, immunological microenvironment, and
cell death pathways was performed to completely identify the
intrinsic molecular properties of several subtypes of the cell cycle
(Figures 5, 6). The patients with LUAD and LUSC exhibited three
fundamental metabolic abnormalities associated with metabolic
reprogramming with a shift in their cell cycle activity, such as
alanine aspartate and glutamate metabolism, alpha-linolenic acid
metabolism, arachidonic acid metabolism, ether lipid metabolism,
histidine metabolism, nitrogen metabolism, glyoxylate and
dicarboxylate metabolism, and sulfur metabolism (Figures 5A,
6A). Innate immune response and adaptive immune response
exhibited notable differences among cell cycle subtypes, such as
antigen processing and presentation (Figures 5B, 6B). In addition,
several subtypes of the cell cycle were followed by distinct cell death
mechanisms, such as immunogenic cell death, necroptosis,
phagocytosis, and PANoptosis (Figures 5C, 6C).
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FIGURE 2

Genomics traits of cell cycle-related genes in pan cancer. (A) CNV outcomes of the 93 cell cycle-related genes in different types of cancers. The

length line represents the wave frequency of the cell cycle-related genes in human malignant tumors. (B) Heatmap representing the SNV mutations

for the 93 cell cycle-related genes

of immunological cells. As shown in Supplementary Figure 8, we also

3.4 Biological analysis of the ZWINT gene

studied the influence of the ZWINT gene on the expression levels of

different types of immune checkpoints. Immunotherapy targeting

As a traditional cell cycle-related gene, the ZWINT gene has been

immune checkpoints is an emerging research area in cancer

identified to regulate the onset and development of several types of

treatment, and the study results indicated that the ZWINT gene
can be used as a predictor of immunotherapy response to a certain

cancers; however, its association with NSCLC remains unknown.

Therefore, the expression of the ZWINT gene in pan cancer and the

).

GO analysis revealed that the ZWINT gene was involved not

extent (Supplementary Figure 9

possible functions of NSCLC were examined. Combining the

histology data from TCGA and GTEx established that ZWINT was
significantly overexpressed in several types of human cancers,

only in controlling the cell cycle development in LUAD and LUSC

but also in regulating processes such as cell division, chromosomal

indicating its significant role in carcinogenesis (Supplementary

segregation, nucleoplasm, cell periphery, etc. (Figures 8A, B).

Figures 2A, B). Comprehensive pan-cancer investigation based on

However, there are still some gaps that need attention. The

the univariate COX regression analysis and KM analysis indicated the

ZWINT gene has a stronger influence on the development and

prognostic significance of the ZWINT gene (Supplementary

stability of cell membranes in LUAD and a greater influence on the

Figures 3-7). Immune correlation research revealed a significant

extracellular matrix and some immunomodulatory responses in

relationship between the ZWINT gene and infiltrating immune

LUSC. KEGG analysis results further verified the influence of

cells, such as B cells, CD4+ T cells, cancer-associated fibroblasts,

ZWINT on the advancement of the NSCLC cell cycle

CD8+ T cells, macrophages, neutrophils, and NK cells (Figure 7).

(Figures 8C, D). In addition, the genomic mutation data of

Immune checkpoints are the primary limiting criteria for the activity
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FIGURE 3

Methylation levels and pathway correlation of the cell cycle-related genes in pan cancer. (A) DNA methylation of the 93 cell cycle-related genes in
different types of cancers (red to blue represents high to low). (B) 93 cell cycle-related genes were correlated with several classical tumor-related

pathways (red to blue represents high to low).

NSCLC patients with varying ZWINT expression levels were also
analyzed in this study. As shown in Figure 9, the ZWINT gene has a
stronger impact on the SNV and CNV mutations in LUAD when
compared to those in LUSC. NSCLC patients with different clinical
traits demonstrated distinct expression levels of the ZWINT gene
(Supplementary Figure 10). The male patients with LUAD had
considerably higher levels of ZWINT gene expression than the
female patients. The expression levels of the ZWINT gene were
substantially higher in patients with LUSC younger than or equal to
65 years than in those older than 65 years. For both LUAD and
LUSC patients, the expression of the ZWINT gene was significantly
associated with the tumor stage. Above all, ZWINT expression was
found to be significantly correlated with tumor immune-related
pathways, metabolism-related pathways, and cell death-related
pathways (Supplementary Figure 11). Specifically, ZWINT
expression was negatively associated with the activities of the T
cell receptor signaling pathway, B cell receptor signaling pathway,
toll-like receptor signaling pathway, and cytokine-cytokine receptor
interactions (Supplementary Figure 11A). A complex regulatory
relationship was observed between the ZWINT gene and the
classical metabolic pathways of the tumor. As shown in
Supplementary Figure 11B, a significant positive correlation
between the ZWINT gene and pyrimidine metabolism was
observed in all types of tumor tissues. However, a different

Frontiers in Endocrinology

correlation was observed with other metabolic pathways due to
tumor heterogeneity. In addition, ZWINT expression was positively
related to several cell death pathways in patients with KIRC and
THCA (Supplementary Figure 11C). ZWINT expression was
negatively related to several cell death pathways in patients with
CESC, ESCA, and GBM (Supplementary Figure 11C).

3.5 Expression validation of ZWINT gene in
patients with NSCLC

We identified the expression of the ZWINT gene in 30 samples of
NSCLC and nearby frozen tissues using RT-qPCR. Consistent with our
previous hypothesis, the RT-qPCR data demonstrated that the
expression of ZWINT in cancer tissues was much higher than that
in the neighboring tissues (Figure 10A). The immunohistochemical
results further elucidated the up-regulated expression of the ZWINT
gene in cancer tissues from the perspective of protein levels (Figure 10B
and Table 3). In addition, the immunohistochemistry studies
demonstrated that the expression of E-cadherin was significantly
down-regulated in cancerous tissues, while the expression of
Vimentin and Slug protein was significantly up-regulated in
cancerous tissues (Figure 10C). The protein expression levels of
ZWINT in NSCLC were negatively linked with E-cadherin, strongly
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Cluster analysis based on the cell cycle-related genes. The patients with NSCLC in the TCGA-LUAD and TCGA-LUSC cohorts were successfully
grouped into 3 clusters for LUAD (A) and LUSC (B). Pathway enrichment scores followed the trend C1 > C2 > C3 in LUAD (C) and C2 > C1 > C3in
LUSC (D). Three different clusters showed different survival curves. Cluster 1 has the worse survival rate in LUAD (E). However, Cluster 1 has the
worse survival rate in LUSC (F). x indicates survival time and y indicates survival rate.

associated with Vimentin, and positively correlated with Slug
protein (Table 4).

4 Discussion

Cell growth and differentiation are the essential phases of the
cell cycle. The control of the cell fate through the cell cycle enables
the development and self-renewal of mammalian cells. In other
words, signaling pathways involved in the cell cycle regulate cell
growth, proliferation, and differentiation. Each of the four phases
of the cell cycle, namely, G1, S, G2, and M, occur sequentially and
are rigorously controlled. The cell cycle checkpoint is the cell’s
feedback control mechanism that decides whether the cell can
progress to the subsequent phase. When aberrant events (such as
DNA damage) occur, cell cycle checkpoints are involved in halting
cell transitions to the next stage, accruing repairs, and promoting

Frontiers in Endocrinology

the release of a series of repair-functioning proteins. According to
tumor research, the formation and progression of tumors are
closely connected to the aberrant composition of the control point
in the G1/S phase. With the expansion of scientific research, it is
generally accepted that cyclin-dependent kinase and cyclin are
potential therapeutic targets of anti-tumor medicines. However, it
is apparent that the cell cycle is an excellent and intricate network,
in which each cell cycle regulator is closely connected, interacts
with each other, regulates or inhibits the progression of the entire
cell cycle, and ultimately leads to cancer. Therefore, there is an
urgent need to use more cutting-edge analytical tools for
investigating the possible intermolecular interactions and
regulation of gene expression, which can enhance the
understanding of the intrinsic characteristics of tumors.
Moreover, it may provide a novel alternative therapeutic method.

In this study, 693 cell cycle regulators were identified, among which
93 were differentially expressed in NSCLC and surrounding tissues, and
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Correlation of the cell cycle-related gene scores with metabolic reprogramming, immunological microenvironment, and cell death pathways in
LUAD. (A) Activity of well-recognized metabolic reprogramming in the three clusters for LUAD. (B) Activity of well-recognized immune pathways in
the three clusters for LUAD. (C) Correlation between the cell cycle-related gene scores and cell death pathways for LUAD. * indicates p < 0.05;
** indicates p < 0.01; *** indicates p < 0.001; and **** indicates p < 0.0001.

were associated with the clinical stage of the tumor. With the rapid
development of the bioinformatics field, people have gradually reached
a consensus that differentially expressed genes between cancer and
paracancerous tissues are often related to tumorigenesis, while genes
related to the clinical stages are often involved in tumor progression.
Therefore, the 93 cell cycle regulators identified in this study can be
considered to be involved in controlling the incidence and progression
of NSCLC to a certain extent, which is of tremendous research
significance, and the further bioinformatics analysis and experimental
verification in this study were also based on this.

The pan-cancer multi-group properties of these cell cycle
regulators are systematically elucidated for the first time in this
study, which is one of its novel contributions. The study findings
implied that cell cycle signals may have contrasting regulatory
effects on different subsets of NSCLC patients since the majority
of genes play risk roles in LUAD but protective roles in LUSC. The
phenomena have been documented for the first time in this study.
Moreover, cell cycle signals are closely associated with other
conventional tumor-associated signals, such as metabolic signals,
immunological signals, cell death signals, etc. In addition to the
consensus clustering of the transcriptome, we conducted a
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comprehensive analysis of the genomic characteristics of the
regulators, such as CNV and SNV.

More importantly, cell cycle signal activity was used for the first
time in this study for the effective classification of NSCLC patients into
three subgroups. For patients with LUAD, the active cell cycle signal
often led to unfavorable clinical results. However, for patients with
LUSC, the longer their survival time, the more active the cell cycle
signal. Consistent with our previous pan-cancer analysis findings, it
was observed that there is evident molecular heterogeneity in patients
with NSCLC, the reason for heterogeneity may be related to its
pathological type, and cell cycle signaling, as the most fundamental
process in cell survival, plays nearly opposite roles in LUAD and LUSC.
In NSCLC patients with distinct cell cycle activity, the immunological
microenvironment, metabolic reprogramming, and cell death
mechanisms are often distinct. This further validates the connection
between these complex networks and promotes the progression and
development of malignancies.

ZWINT is a protein that interacts with ZW10 and is encoded by
the ZWINT gene. This protein is essential for chromosomal mobility
and spindle checkpoint regulation, as well as mitosis and cell
proliferation (4, 31). It is generally accepted that mitotic
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abnormalities are characteristic of a majority of malignant tumors.
Although the precise function of the molecular composition of the
centromere and the interactions between various components of the
centromere are unknown, there is growing evidence that ZWINT is
frequently over-expressed in several tumors and associated with poor
clinical prognosis and early recurrence (32). ZWINT has been
demonstrated to diminish chromosomal stability during the
development of cancer, indicating that it may function as an
3). The high expression of ZWINT is strongly
associated with tumor recurrence, which is a possible risk factor for

oncoprotein (3

the high recurrence rate and poor survival rate in patients with liver
cancer (34). Endo et al. revealed that the high expression of ZWINT is
associated with the overall poor survival rate of LUAD, and ZWINT
has a high sensitivity for early screening of lung cancer (35). Mou
et al. have shown that ZWINT may affect the proliferation and
migration of melanoma cells by regulating the expression of c-Myc
(36). Kim et al. observed that ZWINT is abundantly expressed in
pan-cancer cells and tissues and enhances pan-cancer cell
proliferation and invasion through NF-kB signal transduction (37).

Frontiers in Endocrinology

PCR and immunohistochemistry results indicated that the
expression levels of the ZWINT gene were considerably higher in
NSCLC cancer tissues than that in the surrounding tissues, and the
ZWINT gene may contribute to disease progression by increasing
the epithelial-mesenchymal transition (EMT). E-cadherin
(cadherin), which is completely expressed on the membrane
surface of epithelial cells, is the primary hallmark of EMT
epithelioid cells, and a decline in the E-cadherin expression
reduces the adhesion between cells (38). Vimentin and Slug are
the primary markers of EMT interstitial-like cells (39). Slug
overexpression may activate ERK2 in the nucleus, decrease E-
cadherin production, and enhance the incidence of EMT (40, 41).
In this study, ZWINT protein expression in NSCLC was negatively
connected with E-cadherin and strongly correlated with Vimentin
and Slug proteins. It is hypothesized that elevated ZWINT
expression may upregulate the Vimentin and Slug proteins and
downregulate the E-cadherin protein, thereby promoting the
occurrence of EMT. This plays a significant role in the metastasis
and development of NSCLC.
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FIGURE 8

Pathway enrichment analysis of the hub ZWINT gene by GO and KEGG in LUAD and LUSU. (A, B) GO and KEGG analysis for investigating the relationship between the classic cancer pathways and the hub ZWINT
gene in LUAD. (C, D) GO and KEGG analysis for evaluating the relationship between the classic cancer pathway and the hub ZWINT gene in LUSC.

TCGA-LUAD cohort, GO analysis

Detected Genes  Enriched Genes  Description

s cell cycle
ass mitotc cell cycle

s mitotc cell cycle process

s cell cycle process

ass chromosome organization

s cell division

s hromosome segregation

ass nuclear diision

s anatomical structure development

ass mulicellular organism development
as actomyosin structure organization

s negalive regulation of cellular process
ass flament-based process

P developmental process

s System development

ass atomical structure morphogenesis
s nuceoplasm

ass romosomal region
P embrane-enciosed lumen
as organelle lumen
ass intracellular organelle lumen
s sclear lumen
ass chromosome
P feus
ass brane
as cell periph
s anchoring junction
ass elastic iber
P membrane raft
ass embrane microdomain
ass o
P exracelluiar exosome
as protein binding
s binding
P heterocyelc compond binding
s rganic oyclic compound binding
s single-stranded DNA helicase activty
ass nucleic acid bindin
s single-stranded DNA binding
ass catalytic activiy, acting on DNA
as primary amine oxidase actiity
s actin binding
a5 Sodium ion bindin
s extracelluiar matrix structural constiuent
P DNA-binding fransripton factor activity
P calcium ion binding
ass monoamine oxidase activity
e

TCGA-LUSC cohort, GO analysis

Detected Genes  Enriched Genes  Description
0 [

chromosome organization

mitoc cell cycle process

mune system process

positive regulation of Immune system process

response (o stimulus.

call actvation

regulation of response o stimuus

leukocyte activation

nucleoplasm

chromosomalregion

Meombrane- -endosed lumen

organelle

infaceldar organells lumen

callpariphery

plasma membrane

external encapsulating siructure

faining extracelular matrix

extracalluar region

ol bindng

taytc acty, acting on a nucleic acid

clic-compound binding

organic cy i compound Binding

nucteic acid bir

oyt acity acing on ONA

ATP binding

single-stranded DNA helicase activity

Inaun fecpirachy

fipd bindin

MHC class Il roein complex binding

MHC protein complex binding

enzyme regulator actvity

protei contaiing complex inding

molecular function regulator

signaling receptor actiity

Ontoloty. |

Biological Process I

Detected Genes.

Molecular Function

Ontoloty |

Biological Process I

Enriched Genes

TCGA-LUAD cohort, KEGG analysis

Descrpton(Leve 3

fin medted proteclysis:
Base excison repalr

A repicaton
Homolegos ecamiinan

RNA survellance pathvay
Ribosome biogenesis i eukaryotes

Pancreate cancer
Prostate cancer

Sl cel ung cancer

mogeni gt venticarcadamyopaty (AR

Histdine meltabolir

Bhenyalanine met MLo\ sm
Tryplophan metabolsr

Tyfosine metabolsm

Cystine and methonne mtaboism

d
Tabo

" Aanine metabalism

Gitaone metabal

Terpenoid backbone biosythesis

Fyrmine metaolsm

Brg melabolam - octvome P45

Reong:

medated ooofte mauration
rone-reguited sodum reabSOTpIo

Category (Level 2)
cetl growtn and ceatn

Cetlar community - eukaryotes
[signa vansaucton

Signaling molecuies and nteraction
Folaing, sortng and degradaton

[Repicaton and repair

Transcription

ransiation
Cancer: specifc tyes

Cordiovascuiar disease.

Ifectious discase: parasiic

amino acid metabotsm

EES—

Lo ool

e —

el ofonr s o

s
il

e ton el

oo

igesive systr
ndocrine sysiem

Complement and coagulaton cascades

Timmune system

TCGA-LUSC cohort, KEGG analysis

Sgnaing patniay

mm Mu\m pathway
e sukaryotes

Spem upis arpherosys

metaboism

Category (Level 2)
el growth and deatn
Transport and catabolism

Category (Level 1)

elluar Processes.

EnvironmentalInormation Processing

‘Geneti Information Processing

Human Diseases

Metabolism

Orgarismal Systems

Category (Lovel 1)

Cotuar Processes

Foldng, sortng and degradaton
Replcation and repsic
Tanserpton

Tansiston.

Cancer: specc types

Cardoraseuiar discase
Endocrne and metabole diease

Immune ciseaze
Infectious disease: bacerial
Infecious disease: parasic
Neurodegeneratie dissase.
‘Aming acd metaboism

Lpid metabolm

Upinane ndoer ane bosynihesis
i bac

Progeserone-madiaiescocye maraion
Aot ey s e
Chemokine agnaing s
Complement $na. w. .»m cascades

coling

Wetabolism o erpencics and polketides.
N

Greutatory sysem
Deveiopment and regeneration
Endoctne sysem.

Immune system

Genetic Informatin Processing

Human Diseases

Metabolsm

Organismal Systems

‘le 1o oed

99¢/1TT'£202°0PUS4/68¢S 0T


https://doi.org/10.3389/fendo.2023.1147366
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

opu3 ul sJ

KBojound

T

A TCGA-LUAD cohort H B TCGA-LUSC cohort

RRRRR
LLLLL
ZZZZZ

11q13.3
128127

1p36.13
";p13.1 il (N |
2q22.

35&73’?52;? | || (RN l I| ”l § Al

Wf | “l

|,\ MW

10p15.3 ‘ II Il ’ !
i

|
11p15.5 ]
}1* il g
il

2588,

DU
=N

s\s\mﬂ —e) ~
SORSSRS S SR8

8338

|

i
"z%iz-;dl
11111 2

-
)

ST

T} Hl
csi
ineit ]}

|
||'I
FA i
AT
I
I
I
xggg J|'|
P i
PRADTL
Al
3325.33| 1
/ |
o
p61|
Y
a2 |
877
3
12, |
iq' ml'
1égridl |
28391
kil
p 1
L
|
;1'
523\\
j'\
I
i
%%ﬁ |
3
2| il
o
.

g:%
== =

N
IO mtmtiaaes
B

1991333

2111.2

23q1352 |l
Xp22.2

0 — — — = = — e "— — =I|
T e e e e

FFFFFFF
(A) Genomic mutation data of LUAD patients with varying ZWINT expression levels. (B) Genomic mutation data of LUSC patients with varying ZWINT expression levels. * indicates p < 0.05; ** indicates p < 0.01;
o

** indicates p < 0.001; and **** indicates p < 0.0001.

99¢/1TT'£202°0PUS4/68¢S 0T


https://doi.org/10.3389/fendo.2023.1147366
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Cao et al. 10.3389/fendo.2023.1147366

>

B ZWINT expression ZWINT expression

25 1

ZWINT relative expression
3

> . . B . .
‘@’ é}’o Carcinoma tissue Para-carcinoma tissue
0 B

(¢}

Slug expression

Carcinoma tissue

Para-carcinoma tissue

FIGURE 10

Expression validation of the ZWINT gene in NSCLC. (A) RT-gPCR analysis of 30 paired frozen cancerous and paracancerous tissues. (B) IHC
experiments verified the expression levels of the ZWINT gene in cancerous and paracancerous tissues. (C) IHC experiments verified the expression
levels of EMT pathway-associated markers in cancerous and paracancerous tissues. *** indicates p < 0.001.

TABLE 3 Protein expression of ZWINT in NSCLC and paracancer tissues (%).

Protein expression levels of ZWINT

High(%) Low(%)
NSCLC 50 36(72%) 14(28%) 34.313 0.000
Para cancer 50 7(14%) 43(86%)

Red value means that the p-value is less than 0.05, indicating statistical significance.
TABLE 4 Correlation between ZWINT and E-cadherin, Vimentin, and Slug protein expression (n).

E-cadherin Vimentin

High High

r -0.332 0.318 0.338

P 0.020 0.026 0.018

Red values means that the p-value is less than 0.05, indicating statistical significance.

5 Conclusions molecular heterogeneity in patients with NSCLC based on the cell cycle

activities. ZWINT has been proven to be significantly up-regulated in

This study comprehensively characterized the pan-cancer cell cycle ~ NSCLC tissues compared to paracancerous tissues, which might promote
regulatory landscape for the first time. We successfully identified the  the progression of tumors through activation of the EMT pathway.

Frontiers in Endocrinology 15 frontiersin.org


https://doi.org/10.3389/fendo.2023.1147366
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Cao et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by The Ethics Committee of the First Affiliated Hospital
of Dalian Medical University. The patients/participants provided
their written informed consent to participate in this study.

Author contributions

All the authors bear full responsibility for the content of this
manuscript. All the authors were involved in the conception of this
study, data gathering and analysis, manuscript drafting, and
manuscript revision. All authors contributed to the article and
approved the submitted version.

Acknowledgments

We thank Bullet Edits Limited for the linguistic editing of
the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin (2018) 68(6):394-424. doi: 10.3322/
caac.21492

2. Torre LA, Siegel RL, Jemal A. Lung cancer statistics. Adv Exp Med Biol (2016)
893:1-19. doi: 10.1007/978-3-319-24223-1_1

3. Molina JR, Yang P, Cassivi SD, Schild SE, Adjei AA. Non-small cell lung cancer:
Epidemiology, risk factors, treatment, and survivorship. Mayo Clin Proc (2008) 83
(5):584-94. doi: 10.1016/50025-6196(11)60735-0

4. Chan GK, Jablonski SA, Starr DA, Goldberg ML, Yen TJ. Human Zw10 and ROD
are mitotic checkpoint proteins that bind to kinetochores. Nat Cell Biol (2000) 2
(12):944-7. doi: 10.1038/35046598

Frontiers in Endocrinology

10.3389/fendo.2023.1147366

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2023.1147366/
full#supplementary-material

SUPPLEMENTARY FIGURE 1
Venn diagram highlighting the shared differentially expressed cell cycle-
related genes in both LUAD and LUSC cohorts.

SUPPLEMENTARY FIGURE 2

MRNA expression levels of ZWINT in different types of cancers (A) ZWINT
expression traits in cancerous and normal samples based on the TCGA
cohort. (B) ZWINT expression traits in cancerous and normal samples based
on the TCGA and GTEx cohorts.

SUPPLEMENTARY FIGURE 3
Prognostic significance of ZWINT gene in pan cancer by univariate COX
regression analysis.

SUPPLEMENTARY FIGURE 4
Overall survival of the ZWINT gene in pan cancer by KM analysis.

SUPPLEMENTARY FIGURE 5
Progression-free interval of ZWINT gene in pan cancer by KM analysis.

SUPPLEMENTARY FIGURE 6
Disease-specific survival of ZWINT gene in pan cancer by KM analysis.

SUPPLEMENTARY FIGURE 7
Disease-free interval of ZWINT gene in pan cancer by KM analysis.

SUPPLEMENTARY FIGURE 8
Relationship between the expression levels of ZWINT and immune checkpoints.

SUPPLEMENTARY FIGURE 9
Relationship between ZWINT and immunotherapy.

SUPPLEMENTARY FIGURE 10
Association of ZWINT expression with clinical characteristics of
NSCLC patients.

SUPPLEMENTARY FIGURE 11
Association of ZWINT expression with (A) immune pathways, (B) metabolic
pathways, and (C) cell death pathways in pan cancer.

5. Evan GI, Vousden KH. Proliferation, cell cycle and apoptosis in cancer. Nature.
(2001) 411(6835):342-8. doi: 10.1038/35077213

6. Liu J, Peng Y, Wei W. Cell cycle on the crossroad of tumorigenesis and cancer
therapy. Trends Cell Biol (2022) 32(1):30-44. doi: 10.1016/j.tcb.2021.07.001

7. Sherr CJ. Cancer cell cycles. Science (1996) 274(5293):1672-7. doi: 10.1126/
science.274.5293.1672

8. Zangouei AS, Zangoue M, Taghehchian N, Zangooie A, Rahimi HR, Saburi E,
et al. Cell cycle related long non-coding RNAs as the critical regulators of breast cancer
progression and metastasis. Biol Res (2023) 56(1):1. doi: 10.1186/s40659-022-00411-4

9. Otto T, Sicinski P. Cell cycle proteins as promising targets in cancer therapy. Nat
Rev Cancer (2017) 17(2):93-115. doi: 10.1038/nrc.2016.138

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1147366/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1147366/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21492
https://doi.org/10.1007/978-3-319-24223-1_1
https://doi.org/10.1016/S0025-6196(11)60735-0
https://doi.org/10.1038/35046598
https://doi.org/10.1038/35077213
https://doi.org/10.1016/j.tcb.2021.07.001
https://doi.org/10.1126/science.274.5293.1672
https://doi.org/10.1126/science.274.5293.1672
https://doi.org/10.1186/s40659-022-00411-4
https://doi.org/10.1038/nrc.2016.138
https://doi.org/10.3389/fendo.2023.1147366
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Cao et al.

10. Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell
(2011) 144(5):646-74. doi: 10.1016/j.cell.2011.02.013

11. Loud JT, Murphy J. Cancer screening and early detection in the 21st century.
Semin Oncol Nurs (2017) 33(2):121-8. doi: 10.1016/j.soncn.2017.02.002

12. Ren J, Zhang H, Wang J, Xu Y, Zhao L, Yuan Q. Transcriptome analysis of
adipocytokines and their-related LncRNAs in lung adenocarcinoma revealing the
association with prognosis, immune infiltration, and metabolic characteristics.
Adipocyte (2022) 11(1):250-65. doi: 10.1080/21623945.2022.2064956

13. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. The
molecular signatures database (MSigDB) hallmark gene set collection. Cell Syst (2015) 1
(6):417-25. doi: 10.1016/j.cels.2015.12.004

14. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P,
Mesirov JP. Molecular signatures database (MSigDB) 3. 0. Bioinf (2011) 27
(12):1739-40. doi: 10.1093/bioinformatics/btr260

15. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: A web server for cancer and
normal gene expression profiling and interactive analyses. Nucleic Acids Res (2017) 45
(W1):W98-W102. doi: 10.1093/nar/gkx247

16. Yuan Q, Ren ], Wang Z, Ji L, Deng D, Shang D. Identification of the real hub
gene and construction of a novel prognostic signature for pancreatic adenocarcinoma
based on the weighted gene Co-expression network analysis and least absolute
shrinkage and selection operator algorithms. Front Genet (2021) 12:692953. doi:
10.3389/fgene.2021.692953

17. Yuan Q, Zhang W, Shang W. Identification and validation of a prognostic risk-
scoring model based on sphingolipid metabolism-associated cluster in colon
adenocarcinoma. Front Endocrinol (Lausanne) (2022) 13:1045167. doi: 10.3389/
fendo.2022.1045167

18. Yuan Q, Deng D, Pan C, Ren ], Wei T, Wu Z, et al. Integration of transcriptomics,
proteomics, and metabolomics data to reveal HER2-associated metabolic heterogeneity in
gastric cancer with response to immunotherapy and neoadjuvant chemotherapy. Front
Immunol (2022) 13:951137. doi: 10.3389/fimmu.2022.951137

19. Chen X, Yuan Q, Liu J, Xia S, Shi X, Su Y, et al. Comprehensive characterization of
extracellular matrix-related genes in PAAD identified a novel prognostic panel related to
clinical outcomes and immune microenvironment: A silico analysis with in vivo and vitro
validation. Front Immunol (2022) 13:985911. doi: 10.3389/fimmu.2022.985911

20. Hinzelmann S, Castelo R, Guinney J. GSVA: Gene set variation analysis for
microarray and RNA-seq data. BMC Bioinf (2013) 14:7. doi: 10.1186/1471-2105-14-7

21. Yu G, Wang LG, Han Y, He QY. clusterProfiler: An r package for comparing
biological themes among gene clusters. OMICS (2012) 16(5):284-7. doi: 10.1089/
omi.2011.0118

22. GuZ, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in
multidimensional genomic data. Bioinformatics (2016) 32(18):2847-9. doi: 10.1093/
bioinformatics/btw313

23. Qi X, Che X, Li Q, Wang Q, Wu G. Potential application of pyroptosis in kidney
renal clear cell carcinoma immunotherapy and targeted therapy. Front Pharmacol
(2022) 13:918647. doi: 10.3389/fphar.2022.918647

24. Che X, LiJ, Xu Y, Wang Q, Wu G. Analysis of genomes and transcriptomes of
clear cell renal cell carcinomas identifies mutations and gene expression changes in the
TGF-beta pathway. Front Genet (2022) 13:953322. doi: 10.3389/fgene.2022.953322

25. LiT, FuJ, Zeng Z, Cohen D, Li ], Chen Q, et al. TIMER2.0 for analysis of tumor-
infiltrating immune cells. Nucleic Acids Res (2020) 48(W1):W509-14. doi: 10.1093/nar/
gkaa407

Frontiers in Endocrinology

17

10.3389/fendo.2023.1147366

26. Miao Y, Liu J, Liu X, Yuan Q, Li H, Zhang Y, et al. Machine learning
identification of cuproptosis and necroptosis-associated molecular subtypes to aid in
prognosis assessment and immunotherapy response prediction in low-grade glioma.
Front Genet (2022) 13:951239. doi: 10.3389/fgene.2022.951239

27. Chen G, Luo D, Zhong N, Li D, Zheng J, Liao H, et al. GPC2 is a potential
diagnostic, immunological, and prognostic biomarker in pan-cancer. Front Immunol
(2022) 13:857308. doi: 10.3389/fimmu.2022.857308

28. Cui G, Wang C, Lin Z, Feng X, Wei M, Miao Z, et al. Prognostic and
immunological role of ras-related protein Raplb in pan-cancer. Bioengineered (2021)
12(1):4828-40. doi: 10.1080/21655979.2021.1955559

29. Chai D, Zhang L, Guan Y, Yuan J, Li M, Wang W. Prognostic value and
immunological role of MORF4-related gene-binding protein in human cancers. Front
Cell Dev Biol (2021) 9:703415. doi: 10.3389/fcell.2021.703415

30. Zhang L, Li M, Cui Z, Chai D, Guan Y, Chen C, et al. Systematic analysis of the
role of SLC52A2 in multiple human cancers. Cancer Cell Int (2022) 22(1):8. doi:
10.1186/s12935-021-02432-7

31. Sharp DJ, Rogers GC, Scholey JM. Cytoplasmic dynein is required for poleward
chromosome movement during mitosis in drosophila embryos. Nat Cell Biol (2000) 2
(12):922-30. doi: 10.1038/35046574

32. Wang HJ, Wang L, Lv J, Fu LQ, Wang Z, He XL, et al. Decreased expression of
zwint-1 is associated with poor prognosis in hepatocellular carcinoma. Int J Clin Exp
Pathol (2017) 10(10):10406-12.

33. Woo Seo D, Yeop You S, Chung WJ, Cho DH, Kim JS, Su Oh J. Zwint-1 is
required for spindle assembly checkpoint function and kinetochore-microtubule
attachment during oocyte meiosis. Sci Rep (2015) 5:15431. doi: 10.1038/
srep15431

34. Ying H, Xu Z, Chen M, Zhou S, Liang X, Cai X. Overexpression of zwint predicts
poor prognosis and promotes the proliferation of hepatocellular carcinoma by
regulating cell-cycle-related proteins. Onco Targets Ther (2018) 11:689-702. doi:
10.2147/OTT.S152138

35. Endo H, Ikeda K, Urano T, Horie-Inoue K, Inoue S. Terf/TRIM17 stimulates
degradation of kinetochore protein ZWINT and regulates cell proliferation. J Biochem
(2012) 151(2):139-44. doi: 10.1093/jb/mvr128

36. Mou K, Zhang J, Mu X, Wang L, Liu W, Ge R. Zwint facilitates melanoma
progression by promoting c-myc expression. Exp Ther Med (2021) 22(2):818. doi:
10.3892/etm.2021.10250

37. Kim JH, Youn Y, Lee JC, Kim J, Hwang JH. Involvement of the NF-«B signaling
pathway in proliferation and invasion inhibited by zwint-1 deficiency in pancreatic
cancer cells. J Cancer (2020) 11(19):5601-11. doi: 10.7150/jca.46173

38. Nieto MA. Epithelial plasticity: A common theme in embryonic and cancer cells.
Science (2013) 342(6159):1234850. doi: 10.1126/science.1234850

39. Sinh ND, Endo K, Miyazawa K, Saitoh M. Ets1 and ESE1 reciprocally regulate
expression of ZEB1/ZEB2, dependent on ERK1/2 activity, in breast cancer cells. Cancer
Sci (2017) 108(5):952-60. doi: 10.1111/cas.13214

40. Serrano-Gomez SJ, Maziveyi M, Alahari SK. Regulation of epithelial-
mesenchymal transition through epigenetic and post-translational modifications. Mol
Cancer (2016) 15:18. doi: 10.1186/512943-016-0502-x

41. Horiguchi K, Sakamoto K, Koinuma D, Semba K, Inoue A, Inoue S, et al. TGF-B
drives epithelial-mesenchymal transition through 8EF1-mediated downregulation of
ESRP. Oncogene (2012) 31(26):3190-201. doi: 10.1038/0nc.2011.493

frontiersin.org


https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.soncn.2017.02.002
https://doi.org/10.1080/21623945.2022.2064956
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.3389/fgene.2021.692953
https://doi.org/10.3389/fendo.2022.1045167
https://doi.org/10.3389/fendo.2022.1045167
https://doi.org/10.3389/fimmu.2022.951137
https://doi.org/10.3389/fimmu.2022.985911
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.3389/fphar.2022.918647
https://doi.org/10.3389/fgene.2022.953322
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.3389/fgene.2022.951239
https://doi.org/10.3389/fimmu.2022.857308
https://doi.org/10.1080/21655979.2021.1955559
https://doi.org/10.3389/fcell.2021.703415
https://doi.org/10.1186/s12935-021-02432-7
https://doi.org/10.1038/35046574
https://doi.org/10.1038/srep15431
https://doi.org/10.1038/srep15431
https://doi.org/10.2147/OTT.S152138
https://doi.org/10.1093/jb/mvr128
https://doi.org/10.3892/etm.2021.10250
https://doi.org/10.7150/jca.46173
https://doi.org/10.1126/science.1234850
https://doi.org/10.1111/cas.13214
https://doi.org/10.1186/s12943-016-0502-x
https://doi.org/10.1038/onc.2011.493
https://doi.org/10.3389/fendo.2023.1147366
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Identification of the cell cycle characteristics of non-small cell lung cancer and its relationship with tumor immune microenvironment, cell death pathways, and metabolic reprogramming
	1 Background
	2 Materials and methods
	2.1 Sample collection and acquisition of genes associated with the cell cycle
	2.2 Identification of the cell cycle genes associated with the development of NSCLC
	2.3 Pan-cancer analysis
	2.4 Cluster analysis
	2.5 Analysis of tumor metabolic reprogramming, immune microenvironment, and cell death status
	2.6 Biological functional analysis of the ZWINT gene
	2.7 Clinical sample collection
	2.8 Isolation of the total RNA and validation of the expression level of the ZWINT gene by quantitative real-time PCR
	2.9 Immunohistochemical staining

	3 Results
	3.1 Identification of the cell cycle genes associated with the occurrence and development of NSCLC
	3.2 Pan-cancer characterization of the 93 cell cycle genes
	3.3 Cluster analysis of NSCLC patients based on the cell cycle gene expression characteristics and pathway activity
	3.4 Biological analysis of the ZWINT gene
	3.5 Expression validation of ZWINT gene in patients with NSCLC

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


