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CDCA3 is a prognostic
biomarker for cutaneous
melanoma and is connected
with immune infiltration

Tianhao Li', Liquan Wang', Nanze Yu, Ang Zeng,
Jiuzuo Huang* and Xiao Long*

Department of Plastic and Cosmetic Surgery, Peking Union Medical College Hospital, Chinese
Academy of Medical Sciences & Peking Union Medical College, Beijing, China

Introduction: Dysregulation of cell cycle progression (CCP) is a trait that
distinguishes cancer from other diseases. In several cancer types, CCP-
related genes serve as the primary risk factor for prognosis, but their role in
cutaneous melanoma remains unclear.

Methods: Data from cutaneous melanoma patients were acquired from The
Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO). Using a
Wilcoxon test, the level of CCP-related gene expression in cutaneous melanoma
patient tissues was compared to that in normal skin tissues. Logistic analysis was
then utilized to calculate the connection between the CCP-related genes and
clinicopathological variables. The important functions of the CCP-related genes
were further investigated using Gene Ontology (GO), Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis, and single-sample Gene Set Enrichment
Analysis (ssGSEA). Univariate and multivariate Cox analyses and Kaplan—Meier
analysis were used to estimate the association between CCP-related genes and
prognosis. In addition, using Cox multivariate analysis, a nomogram was
constructed to forecast the influence of CCP-related genes on survival rates.

Results: High expression of CCP-related genes was associated with TNM stage,
age, pathological grade, and Breslow depth (P < 0.05). Multivariate analysis
demonstrated that CCP-related genes were an independent factor in overall
survival and disease-specific survival. High levels of gene expression originating
from CCP were shown by GSEA to trigger DNA replication, the G1-S specific
transcription factor, the mitotic spindle checkpoint, and the cell cycle. There
was a negative association between CCP-related genes and the abundance of
innate immune cells. Finally, we revealed that knockdown of cell division cycle-
associated gene 3 (CDCA3) significantly suppressed the proliferation and
migration ability of cutaneous melanoma cells.

Conclusion: According to this study, CCP-related genes could serve as
potential biomarkers to assess the prognosis of cutaneous melanoma
patients and are crucial immune response regulators.
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Introduction

Cutaneous melanoma is a lethal cutaneous cancer with a poor
5-year survival rate, the frequency of which has been increasing
yearly (1). The management of advanced cutaneous melanoma
has undergone a revolutionary change as a result of better
knowledge of the mutational landscapes of cutaneous
melanoma, the immunological response to cutaneous
melanoma, and the related signaling pathways (2). However,
drug resistance to signaling molecule inhibitors eventually
develops and has a negative impact on the median progression-
free survival of patients (3). In addition to the tumor staging
system, there is an urgent need for biomarkers capable of
identifying cutaneous melanoma, determining prognosis and
monitoring the risk of metastases (4). Despite significant
research and the identification of several clinical indicators and
gene signatures to determine the prognosis of cutaneous
melanoma (5-8), meta-analysis findings have shown that the
prognostic ability of the gene expression profile is poor and varies
by tumor stage (8), and the mechanisms underlying the effect of
specific genes on prognosis in tumors remain elusive.

Cell cycle progression is a crucial biological process that is
tightly regulated in healthy cells but almost always becomes
aberrant or dysregulated in tumor cells (9, 10). There is
evidence that CCP-related genes may be valuable biomarkers
for predicting cancer recurrence and metastasis (11, 12). Cell cycle
progression-related genes play a major role in controlling the
progression of the cell cycle. Different human tumor processes
frequently exhibit abnormalities in CCP-related gene expression,
and their expression patterns have extensive prognostic value.

Cell division cycle-associated gene 3 (CDCA3) was first
identified as a modulator of cell cycle progression for initiation of
mitosis from G2 phase (13). The cell cycle is modulated by a family
of genes associated with cell division. A number of studies have
indicated that dysfunction of CDCA genes can influence the
infiltration of immune cells in tumors as well as cell proliferation,
leading to carcinogenesis (14). Studies have suggested increased
CDCA3 expression in many cancer types (14-16). However, the
effect of CDCA3 on prognosis in cutaneous melanoma
remains unclear.

This study aimed to clarify the association of CCP- related
genes with cutaneous melanoma based on comprehensive
bioinformatics analysis and in vitro experiments. We applied
RNA-seq data from TCGA and GEO datasets to conduct
statistical and bioinformatics analyses, such as differentially
expressed gene (DEG) analysis, KM survival analysis, Cox and
logistic regression analysis, a nomogram, GO/KEGG analyses, and
GSEA. Moreover, we knocked down the expression of CDCA3 in
vitro to detect the impact on the proliferation and migration of
cutaneous melanoma cells. Our findings contribute to uncovering
the multifaceted roles of CCP-related genes and provide evidence
for future gene-based therapy against cutaneous melanoma.
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Methods
Data acquisition

RNAseq datasets of cutaneous melanoma from The Cancer
Genome Atlas (https://portal.gdc.cancer.gov/), Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo), Genotype-Tissue
Expression (https://www.gtexportal.org/home), and MSigDB
database (http://software.broadinstitute.org/gsea/index.jsp)
were used in this study. A total of 469 samples of cutaneous
melanoma from TCGA, 812 samples of normal skin from GTEx,
528 CCP-related genes from MSigDB database and the GEO
datasets GSE15605 (16 normal skin and 58 cutaneous
melanoma) and GSE19234 (44 samples of cutaneous
melanoma) were retrieved.

Differences in gene expression

Gathering the TCGA, GTEx, GSE15605 and CCP- related
gene data, the Limma program was used to identify differentially
expressed genes (DEGs). |Fold change| >1.5 and false discovery
rate (FDR)<0.05 were set as the cutoffs for the DEGs. Venn
diagrams were used to display the three datasets, and the
overlapping DEGs were chosen as potential genes.

Enrichment analysis

We performed Gene Ontology (GO) enrichment analysis
(BP: biological process; CC: cellular component; MF: molecular
function) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis on the screened prognosis-
associated genes using the R package cluster profiles. To
identify functional categories and pathways, a P<0.05 cutoff
value was employed. We used GSEA to analyze CDCA3-
associated pathways and phenotypes by comparing the
biofunction pathways between CDCA3-low and -high patients.
A permutation test was used 1,000 times to assess relevant
signaling pathways. Significantly related genes were defined by
FDR<0.25 and adjusted P<0.01. R package ClusterProfiler was
used to create graphic plots and conduct statistical analyses.

Construction and validation of a risk
signature associated with survival in
cutaneous melanoma patients

The best gene combination for creating the risk signature
was further identified using least absolute shrinkage and
selection operator (LASSO) regression analysis. Genes that
were substantially related to the overall survival (OS) of
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cutaneous melanoma patients were found using univariate Cox
regression. The risk signature was constructed using regression
coefficient-weighted pseudogene expression as follows: Risk
score (RS) = (each variable gene’s expressionx corresponding
regression coefficient) + (expr2 x Coef2) + ... + (exprn x Coefn).
According to the median value of the RS, cutaneous melanoma
patient subgroups were divided into high- and low-risk
categories. Using the survminer program, the overall survival
rates of the two subgroups were compared. By adjusting
clinicopathological factors, Cox regression models were created
to evaluate the gene signature’s prognostic independence. To
assess the gene signature’s prediction ability using the survival
ROC program, time-dependent ROC curve tests were carried
out. The GEO dataset GSE19234 was used for external validation
of the CCP- related gene signature.

Establishment of a prognostic
nomogram of clinical relevance

The rms package was used to construct a nomogram. The
sum of the stage points, the total points, and the RS were used to
evaluate 2- and 4-year overall survival. By using ROC,
calibration, and conclusive curves, the predictive ability of this
nomogram was confirmed. The clinical correlation analysis of
TNM stage, age, race, pathological grade, and Breslow depth was
obtained based on the risk score.

Evaluation of immune-related
cell infiltration

The relative infiltration levels of 24 different types of immune
cells were quantified using expression data from published gene
lists to more thoroughly study the tumor infiltration levels of
immune cells. The applicable signatures consist of 509 genes and
include a variety of innate and adaptive immune cell types (17). To
evaluate the association between the infiltration levels of immune
cells and CCP-related genes and the correlation of the different
CCP-related gene expression groups with the infiltration of
immune cells, Spearman correlation and Wilcoxon tests were used.

Cell culture and transfection

Human skin melanoma cell lines (A375 and SK-MEL-2) were
purchased from the American Type Culture Collection (Virginia,
USA). Dulbecco’s modified Eagle’s medium (DMEM; HyClone)
was used to cultivate melanoma cell lines at 37°C with 5% CO®. The
DMEM was supplemented with fetal calf serum (10%, Thermo
Fisher Scientific), penicillin (100 U/mL), and streptomycin (0.1 mg/
mL). Cells in log phase were subsequently digested by trypsin and
seeded into 6-well plates. Cell transfection experiments were
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conducted when cells reached 80% confluence according to the
instructions for the Lipofectamine 3000 transfection kit. A375 cells
were transfected with si-CDCA3 (5'-TGAAGACAGTG
TCCTCATA-3’) to knock down CDCA3. Cells transfected with
si-control were used as a negative control. The expression level of
CDCA3 was measured 48 h after transfection.

Western blotting

Total protein was isolated from cell lines and then separated
via 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE). Following transfer of the
separated protein to a polyvinylidene fluoride membrane, the
membrane was incubated for one hour with 5% nonfat dry milk
to block nonspecific binding. Primary antibodies against
CDCA3 (PTG: 15594-1-AP), C-Myc (PTG: 10828-1-AP),
CydclinD1 (PTG: 60186-1-Ig), and Vinculin (PTG: 66305-1-Ig)
were incubated with the membranes overnight at 4°C. The
membranes were then incubated with secondary antibody for
1 hour after being washed with TBST three times (each time for
5 min). Finally, the membranes were visualized using ECL
reagent (Thermo Fisher Scientific), and QUANTITY ONE
software was used to scan the gray value and determine the
target protein expression level relative to that of vinculin.

Cell proliferation and migration assays

Colony formation tests and the Cell Counting Kit-8 (CCK-8)
were used to examine the capacity of cancer cells in various groups
to proliferate. Each well of a 96-well plate was filled with 2,500
cancer cells for the CCK-8 experiment. After incubation at 37°C for
two hours, 100 pl of CCK-8 solution was added to each well of the
96-well plates (Beijing Solarbio Science & Technology Co., Ltd,
Beijing, China), and the absorbance of each well was measured at
450 nm. Briefly, one thousand cells in a cell suspension were seeded
in each well of a 6-well plate. After 12-15 days, the cells were fixed
with 3.7% formaldehyde (Sigma—Aldrich) and stained with 0.4%
crystal violet (Sigma—Aldrich). Each plate was thoroughly washed 3
times in pure water and then scanned. For colony formation
experiments, a six-well plate with 1,000 cells in each well was
used. Every 72 hours, the culture medium was replaced. When
colonies could be seen, crystal violet and 4% paraformaldehyde
were used to stain and fix the cells. Transwell assays were conducted
to explore the cellular migration ability.

Statistical analysis
The DEG analysis, univariate and multivariate Cox regression

analyses, LASSO regression analysis, correlation analysis,
clinicopathological factor analysis, ROC curve analysis, and K-M
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survival analysis were carried out using R studio (version 4.1.0),
GraphPad Prism 8 (version 8.0.1) and R software (version 3.8.0).
One-way analysis of variance (ANOVA) and a two-tailed Student’s
t test were applied to analyze the data. Statistical significance of
differences was set at a P value <0.05.

Results

Expression level of CCP-related genes in
cutaneous melanoma

First, the limma program was used to examine the DEGs in
normal and tumor samples in the TCGA-GTEx (812 normal
skin and 469 cutaneous melanoma) and GSE15605 (16 normal
skin and 58 cutaneous melanoma) datasets. Comparing the two
groups, a total of 6249 DEGs from TCGA-GTEx and 1811 DEGs
from GSE15605 were found to be statistically significant
(adjusted p value <0.05 and absolute log2-fold change > 1.5).
CCP- related genes were integrated from the MSigDB database
(Supplement Table 1). After that, we combined the three
differential gene sets and identified 51 common DEGs
(Figure 1A). A heatmap displaying information on the 51
genes with the greatest differences in the TCGA-GTEx cohort
was then constructed (Figure 1B) (Supplement Table 2).

GO analysis and KEGG analysis of CCP-
related genes

We conducted an enrichment analysis of these 51 genes to
investigate the molecular processes of cutaneous melanoma
CCP-related genes. The 51 genes have significant involvement
in DNA replication and positive regulation of cell cycle

TCGA-DEGs

VAV

Cell Cycle Progression Gene GSE15605-DEGs

FIGURE 1

10.3389/fonc.2022.1055308

processes, chromosomal area, and condensed chromosomes,
according to GO analysis results. The 51 genes have significant
functions in the cell cycle, according to KEGG enrichment
findings (Supplement Figures 1A, B).

Construction of a CCP-related
prognostic signature in
cutaneous melanoma

LASSO regression analysis was further performed on the
CCP-related genes to avoid overfitting problems and construct a
risk signature, and four genes (HSD11B1, NDRG1, CDCA3 and
CHI3L1) were finally screened out according to the optimal
lambda value (Figures 2A, B). In addition, we performed a
multifactorial COX regression analysis of the four genes in the
risk-based scoring using the following formula: Riskscore =
(-0.2066) * HSD11B1 + (-0.1294) * NDRGI + (0.2203) *
CDCA3). Next, we calculated the riskscore of patients with
cutaneous melanoma, and all patients were divided into low-
and high-risk groups. The results of multifactorial Cox
regression showed that among the four genes, HSD11Bl
(HR=0.813, 95%CI=0.715-0.926, P=0.002), NDRG1
(HR=0.879, 95%CI=0.804-0.960, P=0.004) and CDCA3
(HR=1.246, 95%CI=1.038-1.497, P=0.018) were independent
prognostic factors (Table 1).

Construction and validation of the risk
signature based on CCP-related genes
for OS

The cohort served as a validation cohort to assess the
predictive effectiveness of the CCP-related gene signature. The

Screening out CCP-related DEGs for construction of a risk signature. (A) Venn plot of the intersection of three dataset. (B). Heatmap of CCP-

related DEGs in TCGA-GTEx cohort.
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FIGURE 2

Identification of CCP-related genes in cutaneous melanoma and their biological functions. (A). LASSO coefficient profiles of 51 prognostic CCP-
related genes. (B). Cross-validation for tuning parameter selection in the LASSO model.

patients in datasets were split into high-risk and low-risk groups
using the same criteria by computing the risk scores for each
patient using the algorithm indicated above. In the high-risk
category, there were more fatal cases. High-risk patients
consistently exhibited increased expression of HSD11B1 and
NDRGI and reduced expression of CDCA3 (Figure 3A). The
distribution of this risk model in KM survival curves showed a
significantly lower survival status for high-risk patients than for
patients in the low-risk group (Figure 3B; HR=1.84, 95%
CI=1.40-2.41, p<0.001). AUC values (AUC=0.678, 0.664) were
found for the ROC curves of this risk model at two and four
years, as shown in Figure 3C. For HSD11B1 (HR=0.53, 95%
CI=0.40-0.69, P<0.001) and NDRGI1 (HR=0.74, 95%CI=0.56-
0.97, P=0.027), we found that low-RS patients had worse clinical
outcomes than high-RS patients, however CDCA3 (HR=1.57,
95%CI=1.20-2.06, p=0.001) exhibited the exact opposite
tendency (Figures 3D-F). DSS analysis produced the same
results (Supplement Figure 2).

The risk signature in the GSE19234 dataset (n = 44) was then
externally validated. Patients with cutaneous melanoma were
divided into two groups based on the median RS. Patients in the
high-risk group had considerably worse overall survival (OS)
than those in the low-risk group, which was in line with the
indings in the TCGA dataset (Figures 4A, B HR=2.7, 95%
CI=1.13-6.45, p=0.025). In the testing set, the AUCs of the
ROC curves for predicting the 2- and 4-year survival of PC
patients were 0.75 and 0.776, respectively (Figure 4C), We

observed that individuals with a low RS had poorer clinical
outcomes than those with a high RS for HSD11B1 (HR=0.44,
95%CI=0.13-1.42, P=0.169) and NDRG1 (HR=0.39, 95%
CI=0.16-0.94, P=0.035). However, CDCA3 (HR=3.24, 95%
CI=1.21-8.68, P=0.019) displayed the exact opposite tendency,
which was consistent with TCGA set results (Figures 4D-F).

These findings demonstrate that the gene profile established
from CCP-related genes can serve as an accurate prognostic
predictor separate from genetic mutation. The above results
indicate that the CCP-related RS performs well in terms of
cutaneous melanoma prognosis.

Establishment of a nomogram for
cutaneous melanoma OS prognosis

As shown in multivariate Cox regression models, we
analyzed the influence of CCP-related genes on prognosis (OS
and DSS) in subgroups. Patients with higher expression of CCP-
related genes demonstrated poor OS in the N stage N1&N2&N3
subgroup (HR: 4.009; CI: 1.414-11.366; P = 0.009), race white
subgroup (HR: 0.312; CI: 0.122-0.794; P = 0.015), and Breslow
depth >3 subgroup (HR: 2.05; CL: 1.309-3.211; P = 0.002)
(Figure 5A). We developed a nomogram based on
independent clinicopathologic variables and CCP-related genes
to more accurately predict the survival rates of cutaneous
melanoma patients (Figure 5B). The outcomes of multivariate

TABLE 1 Multi-factor COX regression analysis showing HSD11B1, NDRG1, and CDCA3 as independent prognostic factors.

Characteristics

Univariate analysis

Multivariate analysis

Hazard ratio (95% Cl) P value Hazard ratio (95% Cl) P value
HSD11B1 453 0.781 (0.702-0.869) <0.001 0.813 (0.715-0.926) 0.002
NDRG1 ‘ 453 0.854 (0.783-0.932) <0.001 ‘ 0.879 (0.804-0.960) ‘ 0.004
CDCA3 ‘ 453 1.362 (1.133-1.636) <0.001 ‘ 1.246 (1.038-1.497) ‘ 0.018
CHI3L1 ‘ 453 0.877 (0.823-0.935) <0.001 ‘ 0.969 (0.896-1.048) ‘ 0.431
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Cox regression were used to assign points to each variable using
the nomogram point scale. The points for each variable were
totalled together, and total scores were determined using the
modified range of 1 to 100. The likely prognosis of each
cutaneous melanoma patient at 2 and 4 years was established
by drawing a direct line from the total score line to the outcome
line. For example, a cutaneous melanoma patient with CCP-
related genes-high risk (80 points), N stage (0 points), race (0
points) and Breslow depth (40 points) could attain 120 total
points. The 2- and 4-year survival rates were approximately 70
and 40%, respectively. Additionally, the nomogram’s
effectiveness was assessed, and the calibration curve using a
Hosmer test of the nomogram in the TCGA-LIHC cohort was
0.761, indicating that the nomogram had a reasonably accurate
prediction efficiency (Figure 5C). Increased expression of CCP-
related genes was associated with a lower survival rate in
subgroups of other variables, according to the results of the
DSS subgroup analysis (Supplement Figure 3).

Correlation of the expression of
CCP-related genes and
clinicopathological features of
cutaneous melanoma patients

Concurrently, additional studies were conducted on the
relationship between patient clinicopathological data and the
expression of CCP-related genes. As demonstrated in
Figures 6A-F, higher expression level of CCP-related genes
was significantly related to T stage (T1 vs. T4, P < 0.001), N
stage (NO vs. N1I&N2&N3, P < 0.001), M stage (MO vs. M1, P <
0.05), age (<=60 vs. >60, P < 0.001), pathologic stage (stageI&II
vs. stagellI&IV, P < 0.001), and Breslow depth (<=3 vs. >3, P <
0.001) (Figure 6).

CDCA3 is highly expressed and
correlated with an unfavorable prognosis
in cutaneous melanoma

Due to its high proportion in the risk signature, we tended to
consider that CDCA3 occupied the core position in the risk
signature. A pancancer analysis of CDCA3 was performed,
showing that cutaneous melanoma experienced one of the
most remarkably increases in CDCA3 expression among all
cancer types (Supplement Figure 4A). To be specific, a joint
analysis of TCGA and GTEx and GSE15605 databases
confirmed that the expression of CDCA3 in cutaneous
melanoma tissues was significantly higher than that in normal
tissues (Supplement Figure 4B, C). Furthermore, we constructed
receiver operating characteristic (ROC) curves, and the area
under the curve (AUC) for CDCA3 was 0.867, which indicates
that CDCA3 is significantly differentially expressed in tumor and
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normal tissue (Supplement Figure 4D). Kaplan—Meier analysis
of overall survival, disease-specific survival and progression-free
interval data revealed that patients with high CDCA3 expression
suffered a poorer prognosis than those with low CDCA3
expression (Supplement Figure 5A-C). Then, based on the OS
information, we performed subgroup analyses of prognosis,
which demonstrated that the survival rates of patients with
cutaneous melanoma with higher CDCA3 expression was poor
in the T stages I-II, NO, MO, race of white, age > 60, female,
Breslow depth< 3 and pathologic stage I-II subgroups
(Supplement Figure 5D-K).

Potential mechanism by which
CDCA3 regulates cutaneous
melanoma progression

We compared 236 cutaneous melanoma CDCA3-high
samples with 236 CDCA3-low samples. Between the two
groups, a total of 228 DEGs, including 166 downregulated
genes and 62 upregulated genes, were found to be significantly
differentially expressed (adjusted p value < 0.05 and absolute
Log2-fold change > 1.5).

To better analyze the enrichment of the biological function
of CDCA3-associated genes, we applied Metascape to explore
GO enrichment, which demonstrated that CDCA3-associated
genes were involved in a number of biological functions. For
instance, differential CDCA3 expression can modulate skin
development, epidermal cell differentiation, epithelial cell
proliferation, and keratinocyte development. Moreover,
antigen binding, immunoglobulin receptor binding and
immunoglobulin complex also showed a relationship with
CDCA3-related genes (Supplement Figures 6A, B).

To evaluate significant differences in the enrichment in
MSigDB, we used GSEA to compare the CDCA3-high and
-low expression data. In accordance with their normalized
enrichment score, we selected the top substantially enriched
pathways (NES). GSEA enrichment plots revealed that cell cycle
(NES=2.959, P value=0.031), mitotic spindle checkpoint
(NES=3.315, P value=0.025), G1-S specific transcription
(NES=3.016, P value=0.006), and DNA replication
(NES=3.016, P.adj=0.008) were significantly enriched in
patients with CCP-related genes (Figures 7A-D).

CDCA3 predicts immune cell infiltration
into the cutaneous melanoma
microenvironment

Next, the CIBERSORT method was used to determine the
percentages of 22 different types of immune cells among the total
accumulated cells (Figure 8A). Additionally, the immunological
microenvironment was scored using the ESTIMATE program,
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FIGURE 3
Clinical relevance of CCP-related genes in cutaneous melanoma patients

in TCGA. To assess OS outcome, (A) distribution of risk score, survival

status and the expression of prognostic CCP-related genes; (B) Kaplan—Meier plot of the CCP-related gene signature and overall survival; and (C)
ROC curves for 2- and 4-year survival prediction. Kaplan—Meier plot for the expression of (D) HSD11B1, (E) NDRG1 and (F) CDCA3. The hazard ratios
(HRs) were evaluated using Cox proportional hazard models. OS: overall survival; ROC curve: receiver operating characteristic curve.

which showed that the group with high CDCA3 expression had a
considerably lower immune score than the group with low CDCA3
expression (Figure 8B). These findings demonstrate that the high
CDCA3 expression group had a comparatively greater number of
22 different immune cell types than the group with low CDCA3
expression (Figure 8C). As shown in Figures 8D-G, the expression
of CDCA3 was negatively associated with the abundance of innate
immune cells, including macrophages (r = -0.623, P < 0.001), T
cells (r = -0.516, P < 0.001), Th1 cells (R = —0.548, P < 0.001), and
aDCs (R = 0.5, P < 0.001).

Knockdown of CDCA3 suppresses the
malignant phenotype of cutaneous
melanoma In vitro

To gain insight into how CDCA3 affects the course of
cutaneous melanoma, we inhibited the expression of CDCA3
in cutaneous melanoma cells by transfecting them with si-
CDCA3. CDCA3 was confirmed to be downregulated in A375
and SK-MEL-2 cells transfected with si-CDCA3 compared with
the level in cells transfected with si-control (Figures 9A, B).
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These findings demonstrate that CDCA3 knockdown
significantly reduced cutaneous melanoma cell growth. After

CCK-8 assys were used to gauge ‘the effect of CDCA3 on cell
proliferation. The OD values for A375 and SK-MEL-2 cells
transfected with si-CDCA3 were obviously lower than that of
cells transfected with si-control, as shown in Figures 9C, D.

that, an investigation of plate colony development was
conducted to confirm these findings. The colonies produced
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by A375 and SK-MEL-2 cells transfected with si-CDCA3 were
much smaller than those produced by cells transfected with si-
control (Figures 9E, F). Collectively, CDCA3 promotes the
viability of cutaneous melanoma cells. Transwell experiments
revealed that the number of migratory cells in the si-CDCA3
group was much lower than that in A375 and SK-MEL-2 cells
transfected with si-control (Figures 9G, H). These results
indicate that CDCA3 can significantly improve the migration
capacity of cutaneous melanoma cells. In addition, we
determined the relative expression levels of C-Myc and
CyclinD1 because we hypothesized that CDCA3 is involved in
the control of cell cycle-related proteins to carry out its biological
role in cutaneous melanoma. The findings indicated that
suppression of CDCA3 in cutaneous melanoma cells
noticeably reduces the expression of C-Myc and CyclinD1
(Figures 91, J). These findings suggest that CDCA3 controls
cell cycle-related protein expression in cutaneous melanoma.

Frontiers in Oncology

Discussion

Oncological biomarkers with diagnostic, prognostic, and
predictive significance will likely become more important in
this new era of precision medicine (18). The prevalence of
cutaneous melanoma has been increasing yearly. Cutaneous
melanoma has a terrible prognosis after it has invaded through
the dermis, and the death rate is not expected to decrease in the
upcoming years (19). At present, pathological clinical
information plays a role in assessing prognosis. Researchers
have found that age, histological regression, a larger Breslow
thickness, ulceration, neurotropism, and mitogenicity are
important predictors of sentinel prognosis in cutaneous
melanoma (20-22). In addition, appropriate biomarkers
should enable not only monitoring of the disease progression
and response to treatment but also the early identification of
individuals at high risk of metastases who may benefit from
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Correlation analysis of the expression of CDCA3 and immune cell infiltration. (A) The abundance ratio of the 22 types of immune cells in the
entire TCGA set. (B) Differences in immune scores between high and low CDCA3 expression groups. (C) Differential immune cell type
abundance between high and low CDCA3 expression groups. (D—G) Correlation diagrams and scatter plots indicating differences in
themacrophage, T cell, Thl cell, and aDC infiltration levels between the high and low CDCA3 expression groups. *p < 0.05; **p < 0.01; ***p

<0.001; NS, no significance

closer surveillance and adjuvant medicines (18, 23). A study
reported by Huang and Han et al. primarily identified five
chemokine members (CCL4, CCL5, CXCL9, CXCLI0,
CXCL13) as relevant biomarkers in cutaneous melanoma
tumorigenesis and progression (24). Alimohammadi et al.
revealed that CXCR4 is implicated in the progression and
metastasis of cutaneous melanoma (25). Serum lactate
dehydrogenase (LDH) and S100B protein levels are also
associated with a poor prognosis and a diminished response to
therapy in cutaneous melanoma patients (26). These studies
evaluated chemokines and specific proteins as indicators;
however, to date, gene-level prognostic markers related to
cancer cell division and differentiation, which are most closely
associated with tumor growth, are still needed.

In the MSigDB database, 528 CCP-related genes have been
identified, but only a small proportion of them have been
thoroughly investigated. Recent investigations have shown that
CCP-related genes play a significant role in the development of
many cancer types via a variety of pathways.

The type 1 isoform of 11-hydroxysteroid dehydrogenase,
which transforms glucocorticoids into their active form and is
crucial for controlling immunological response, cell
proliferation, and differentiation, is encoded by the HSD11B1
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gene. Numerous studies have investigated the connections
between HSD11B1 polymorphisms and human cancer risk in
recent years (27-29). According to Feigelson et al., areas of the
genome that may contain risk alleles for breast cancer are
marked by tagging SNPs in HSD11B1 and IRS2, and these
relationships are likely independent of obesity (30). Research
conducted to evaluate the connections between HSD11B1
polymorphisms and the cancer risk have thus far produced
conflicting findings. The high expression of this gene observed in
our study was found to be a positive predictive sign. We
hypothesize that this is connected to differences among cancer
types and the adaptability brought on by the polymorphism of
this gene given the disparate results from the prior research.
N-myc-downregulated gene 1 (NDRGI1) interacts with
several established tumor signaling pathways; has significant
anticancer properties; and prevents cell growth, survival,
metastasis, and angiogenesis. According to the findings of Lim
et al., NDRGI plays a crucial role in androgen signaling and has
the potential to serve as a major therapeutic target and
biomarker in prostate cancer (31). According to studies by
Chang et al., DNMT family DNA methylation may be the
cause of the downregulation of NDRGI expression in gastric
cancer. Patients with stomach cancer may benefit from using a
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demethylating agent as a targeted medication (32). NDRGI has
significant scientific implications in both prostate cancer and
glioblastoma (33, 34).

Cell division cycle-associated gene 3, also known as trigger of
mitotic entry 1 (TOME-1), was initially discovered as a modulator
of cell cycle progression for entrance into mitosis from the G2 phase
(13). The cell cycle is regulated by a gene family related to cell
division. Numerous studies have shown that CDCA gene
malfunction can affect immune cell infiltration in tumors and
unchecked cell proliferation that results in carcinogenesis (14).
There has also been evidence of increased CDCA3 expression in
many cancer types. High CDCA3 mRNA expression is
substantially linked with several clinicopathologic characteristics
in individuals with renal papillary kidney disease, according to Li
et al. High CDCA3 mRNA expression has been reported to be
related to shorter overall survival, progression-free interval, and
disease-specific survival (35). Similar results were discovered for
malignancies of the lung, prostate, and nasopharynx (14-16).
Overall, CDCA3 is an effective prognostic marker and a
promising target for the development of novel anticancer therapies.

Previous studies have described different molecular markers
or gene expression profiles with independent prognostic
significance for the prediction of survival or metastasis risk
associated with cutaneous melanoma (5-7). However, meta-
analysis findings have shown that the prognostic ability of
DecisionDx-Melanoma and MelaGenix varies by American
Joint Committee on Cancer stage (36). To conduct more in-
depth research and develop an accurate prediction model, we
screened the gene signature of cutaneous melanoma compared
with normal skin via bioinformatics analysis. Due to the close
correlation between CCP-related genes and tumors, the
intersection of CCP-related genes and cutaneous melanoma
gene signatures was selected for risk assessment and
prognostic analysis, and the most representative gene was
singled out and verified in vitro.

In our study, CCP-related genes were found to be a major
risk factor for the prognosis of cutaneous melanoma patients.
Effective bioinformatic techniques were used for accurate
candidate variable screening and to develop a unique gene
signature generated from CCP-related genes to assess the
prognosis of patients with cutaneous melanoma. We first
subjected the differentially expressed genes to enrichment
analysis, and the results showed that the gene functions are
focused on DNA replication and positive regulation of cell cycle
processes, chromosomal area, and condensed chromosomes,
according to the results of the GO and KEGG analyses. In
terms of controlling tumor progression, cell cycle is a critical
regulatory step to inhibit the unlimited proliferation of tumor
cells. Then, we used the LASSO approach to create a reliable
gene signature for cutaneous melanoma prognosis generated
from CCP-related genes. The three CCP-related gene
signatures-HSD11B1, NDRG1 and CDCA3-may each
independently predict the clinical outcomes of cutaneous
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melanoma patients, according to our prognostic study (both in
OS and DSS). Patients who had high RS had a poor prognosis.
ROC curves for 2- and 4-year survival had a relatively high ROC
score and supported the accuracy of the prediction. The external
validation demonstrated the clinical usefulness of this gene
signature produced from CCP-related genes. We created a
nomogram by combining stage and the CCP-related gene
signature to provide a personalized score for respective factors.
After ROC, calibration, and conclusive curves were confirmed,
this nomogram showed promise as a clinical tool for cutaneous
melanoma prognosis prediction in the future.

Previous studies have demonstrated that there are diverse
associations between clinical pathological factors and prognosis
in cutaneous melanoma (8, 20-22). According to the findings of our
investigation, high levels of CCP-related gene expression are
associated with advanced clinical pathologic features and a poor
prognosis in cutaneous melanoma. In a stratified analysis, we
discovered that the expression of CCP-related genes was a
significant predictor of prognosis for specific subgroups,
including T1 and T2 vs. T3 and T4 stage, NO vs. N1, N2 and N3
stages, MO vs. M1 stage, pathologic stage I and II vs. stages IIT and
IV, and in different Breslow depth groups, showing that CCP-
related genes are independent of these important
clinicopathological criteria.

Recent studies have demonstrated that tumor-infiltrating
immune cells can influence how a tumor develops and progresses
(37). Our results indicated that CCP-related gene expression in
cutaneous melanoma is negatively associated with infiltration of
multiple types of immune cells, such as macrophages, T cells, Thl
cells and aDCs, which have a significant impact on the initiation
and regulation of cancer immune responses. Our findings
confirmed previous results that describe functional correlations
of melanoma-specific CD4" T cells, macrophages and dendritic
cells with cancer phenotypes, suggesting that these cells may be used
to alter the tumor microenvironment (38, 39). Previous studies
have also demonstrated increased T helper 1 and Type 1 CD8+ T-
cell activity, suggesting that the enhanced antitumor efficacy of
combination immunotherapy is primarily due to an increase in
CDB8+ T-cell capacity to mediate antitumor cellular immunity (40).

Given that CDCA3 accounted for a large fraction of the risk
signature and held the most important position in the analysis of
DEGs based on the risk signature, we tend to believe that
CDCA3 holds the central position in the risk signature.
Therefore, in the subsequent investigation, we focused on
CDCA3. As shown by the GSEA results, high levels of CCP-
related gene expression were shown by GSEA to trigger DNA
replication, the G1-S specific transcription factor, the mitotic
spindle checkpoint, and cell cycle progression, which
demonstrates that CDCA3 is a regulator of tumor cell cycle
progression. The effects of CDCA3 on cutaneous melanoma cell
proliferation and migration were subsequently evaluated. As
anticipated, we discovered that knocking down CDCA3
decreased the malignant phenotype of cutaneous melanoma
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cells, verifying that CDCA3 expression is a promising target for
cutaneous melanoma treatment. The underlying processes of
CDCA3 in cutaneous melanoma should be clarified in further
investigations. C-Myc and CyclinD1 are involved in cell cycle
regulation, which might encourage metastasis of tumor cells
(41). In the present study, western blot analysis was used to
determine the relationship between CDCA3 and the expression
of cell cycle protein markers. The results showed that CDCA3
suppression might decrease C-Myc and CyclinD1 expression
levels. These findings indicate that CDCA3 affects cutaneous
melanoma via cell cycle protein regulation.

Our investigation has various limitations. First, in cutaneous
melanoma samples from TCGA and GEO, the differentiation of
samples with or without resistance to targeted therapy and
immune therapy was not considered, nor were BRAF/NRAS
mutations in patient tumors. Second, although three genes
(HSD11B1, NDRGI and CDCA3) showed a robust prognostic
effect based on validation of the expression of screened
prognostic genes in TCGA and GEO datasets, regrettably,
some other upstream and downstream signals with predictive
values were not considered in this study, and further biological
evidence—such as animal experimentation—is required given
that the prognostic signature was developed and verified only by
utilizing data from open databases.

Conclusion

Despite recent advances in innovative targeted medicines
and immunotherapy, ensuring a good prognosis remains an
unfulfilled goal. As a result, developing improved treatment
targets and prognostic biomarkers is an important objective in
cutaneous melanoma research. In our study, the progression of
cutaneous melanoma was discovered to be closely correlated
with cell division cycle-associated gene 3, which may contribute
to the proper evaluation of patient prognosis and an
improvement in clinical decision-making.
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SUPPLEMENTARY FIGURE 1

Identification of CCP-related genes in cutaneous melanoma and their
biological functions. (A). Histogram showing the significant biological
process, cellular component, molecular function, and KEGG pathways
enriched by CCP-related genes. (B). Networks showing the significant
biological process, cellular component, molecular function, and KEGG
pathways enriched by CCP-related genes.

SUPPLEMENTARY FIGURE 2

Clinical relevance of CCP-related genes in patients with cutaneous
melanoma in TCGA. To assess DSS outcome, (A) distribution of risk
score, survival status and the expression of prognostic CCP-related
genes; (B) Kaplan—-Meier plot of the CCP-related gene signature and
overall survival; and (C) ROC curves for 2- and 4-year survival
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prediction. Kaplan—Meier plot for the expression of (D) HSD11B1, (E)
NDRG1 and (F) CDCA3. The hazard ratios (HRs) were evaluated using
Cox proportional hazard models. OS: overall survival; ROC curve: receiver
operating characteristic curve.

SUPPLEMENTARY FIGURE 3

The prognostic value of CCP-related genes (disease-specific survival) in
diverse cutaneous melanoma (A). Forrest plot showing the results of
multivariate Cox regression analysis. (B). Nomogram integrating the 3
CCP-related gene-based risk score, N stage, race, and Breslow depth. (C).
Calibration plots of the nomogram for evaluating the probability of OS at 2
and 4 years. OS, overall survival.

SUPPLEMENTARY FIGURE 4

The expression levels of CDCA3 in different cancer types and in cutaneous
melanoma. (A) Increased or decreased CDCA3 expression in different
cancer types compared with normal tissues in TCGA and GTEx databases.
(B—D) The expression levels of CDCA3 in cutaneous melanoma. (E) ROC
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