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A B S T R A C T   

This study aimed to identify a novel disease-associated differentially co-expressed mRNA-microRNA (miRNA) 
that is associated with vasculogenic mimicry (VM) and epithelial-to-mesenchymal transition (EMT) network at 
different stages of melanoma. By applying weighted gene co-expression network analysis, we constructed a 
VM+EMT biological network with the available microarray dataset downloaded from a public database. 
Quantitative real-time PCR, immunohistochemical staining, and CD31-periodic acid solution dual staining were 
performed to confirm the expression of genes associated with EMT and VM formation in subjects with malignant 
melanoma (n = 18) and primary melanoma (n = 13) and in healthy subjects (n = 10). Our findings suggested that 
phosphatidylserine-specific phospholipase A1-alpha (PLA1A) and dermokine (DMKN) genes function as onco-
genes that trigger VM and EMT processes during melanomagenesis on interaction with miR-370, miR-563, and 
miR-770–5p. PLA1A and DMKN genes can be considered potential VM+EMT network-based diagnostic bio-
markers for distinguishing between melanoma patients. We postulate that a network with altered PLA1A/miR- 
563 and DMNK/miR-770–5p/miR-370 may contribute to melanomagenesis by triggering the EMT signaling 
pathway and VM formation. This study provides a potentially valuable approach for the early diagnosis and 
prognosis of melanoma progression.   
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NOTCH1, notch homolog 1 translocation-associated; EMT-TFs, epithelial-to-mesenchymal transition-inducing transcription factors; PAS, periodic acid solution; 
MVD, microvessel density; VMD, vasculogenic mimicry density, DSC3, desmocollin 3; DEMs, differentially expressed mRNAs. 
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Introduction 

Metastatic melanoma (MM) is the most aggressive type of skin can-
cer, with an estimated global incidence of approximately 200,000 new 
cases per year and 50,000 cancer-related deaths reported in 2018 [1,2]; 
there is no curative therapy for advanced stages of melanoma. Thus, new 
prognostic and therapeutic biomarkers are urgently needed for MM. 
More than 50% of MM patients have been estimated to display cytoge-
netic abnormalities, including chromosomal translocation, inversion, 
and deletion, and have significantly heterogeneous outcomes. Some 
chromosomal abnormalities have a better prognosis than others in MM. 

Thus, various research groups have investigated the genetic risk 
factors of MM with the aim to identify genes associated with the 
epithelial-to-mesenchymal transition (EMT) network and, tumor cell 
vasculogenic mimicry (VM) [3]. EMT is defined as the process wherein 
epithelial cells lose the apical-basal polarity and cell-cell adhesion and 
transition to invasive mesenchymal cells, which can promote melanoma 
cell progression and metastasis [4]. EMT and its reverse mesen-
chymal-to-epithelial transition (MET) play critical roles during number 
of pathological disorders, including fibrosis, inflammation, wound 
repair, and metastatic dissemination of carcinomas. In carcinoma cells, 
the EMT/MET plasticity triggers the metastasis and consequently pro-
poses alternative mechanisms for successful dissemination and metas-
tases [5,6]. During various stages of the metastatic cascade, the 
EMT/MET hybrid and its molecular underpinning phenotype in each 
tumor are slightly different and unique [5,7,8]. Further, VM is charac-
terized by vascular-like structures that can mimic the embryonic 
vascular network pattern to nourish the MM tissue [8]. VM is associated 
with tumor perfusion and formation of de novo vascular networks in 
aggressive cancer cells [9]. VM-associated tumor cell plasticity have 
been introduced as a novel paradigm and potential therapeutic targets in 
antitumor therapy in association with EMT/MET vascular and 
hypoxia-related signaling pathways [10,11]. Many studies show that 
high expression of VM and underlying molecular pathways supporting 
VM is associated with a high tumor grade, short survival duration, in-
vasion, and MM [8,10,12]. Melanoma cells can form networks of 
vessel-like fluid conducting channels through EMT-accelerated VM and 
subsequently remodel the extracellular matrix (ECM) and EMT/MET 
plasticity, connecting VM channels with host blood vessels and trig-
gering the melanoma tumor perfusion [3,8,13]. These pathways are the 
novel target approaches for the new treatment of melanoma, and play a 
crucial role in melanomagenesis by increasing the functional metastatic 
burden [3,8,11,13–15]. 

Although previously there was little agreement between tran-
scriptomic studies on melanoma, many currently available EMT and VM 
biomarkers depend on the differential expression of these biomarkers in 
different melanoma states [16]. The most common analytical tools used 
for biomarker identification are clustering methods, artificial neural 
networks, and differential expression-based analysis. These methods are 
typically data-driven and do not consider any biological information of 
the component genes as input; nonetheless, they have the advantage of 
identifying the distinguishing features without having any biological 
information about those features. In this regard, weighted gene 
co-expression network analysis (WGCNA) is a new biological construc-
tion method offering an alternative approach to discover new bio-
markers for melanoma based on the known functions and interactions of 
individual molecules [17,18]. Furthermore, WGCNA has the added 
advantage of combining condition-specific transcriptome data and 
allowing the understanding of the functional role of individual genes 
and other biological molecules such as microRNAs (miRNAs), which 
have the capability of discriminating between diseased and healthy cells 
or between different melanoma stages [18]. Bioinformatics methods 
such as differentiation and enrichment analysis, clustering class dis-
covery, mechanistic analysis, and class prediction of targeted 
mRNAs-miRNAs in VM+EMT network can help us in the discovery of the 
complexity of the melanomagenesis. 

Here, we aimed to re-analyze the available transcriptomic micro-
array dataset of patients with melanoma to identify comparable bio-
markers based on disrupted mRNA-miRNA regulation with the help of 
VM and EMT network. Using the cooperative mRNA-miRNA network, 
we aimed to determine whether the network-based exploration of mel-
anoma intervention opportunities can be a rich source for target dis-
covery given the sufficient resolution of EMT and VM correlates, while 
conducting a systematic search and network meta-analysis. Subse-
quently, the diagnostic value of the targeted mRNAs-miRNAs was 
confirmed at different stages in subjects with melanoma. After multiple 
integrative and large-scale WGCNA, we identified that 
phosphatidylserine-specific phospholipase A1-alpha (PLA1A) and der-
mokine (DMKN) oncogenes trigger VM and EMT processes on interac-
tion with miR-370, miR-563, and miR-770–5p during melanomagenesis. 
We then confirmed the biological function of PLA1A and DMNK in 
VM+EMT network in subjects with MM and primary melanoma and 
healthy subjects. This may provide a potentially valuable approach for 
the genetic characterization of patients with melanoma. 

Materials and methods 

Ethics statement 

This study was granted approval by the “Ethics Review Board” at the 
Affiliated Hospital of Southwest Medical University (No. KY2019041). 
Written informed consent that conformed to the tenets of the Declara-
tion of Helsinki (1983 Revision) for use of their clinical and pathology 
information, as well as for mutation analysis, was obtained from all 
participants or their guardians before study initiation. Prospective vol-
unteers were informed about study goals and protocols. Additionally, all 
clinical assessments were performed according to the local Ethics 
Committee guidelines of Pathology Department and Oncology Depart-
ment at the Affiliated Hospital of Southwest Medical University in 
Luzhou, Sichuan, China. 

Search strategy and dataset selection 

Transcriptomic datasets were retrieved from the National Center of 
Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) 
database (NCBI; http://www.ncbi.nlm.nih.gov/geo/), an international 
public functional data repository including data from two platforms, 
Affymetrix and Agilent Whole Human Genome microarray platforms, 
following Preferred Reporting Items for Systematic Reviews and Meta- 
analysis (PRISMA) statement guideline recommendations. All articles 
published until May 15, 2020 were included in the analysis [19,20]. 
Data collection was reviewed according to the population, intervention, 
control, and outcomes (PICO) framework [21]. The search was per-
formed using a combination of the following keywords: melanoma, 
basal cell carcinoma, squamous cell carcinoma, cancer, neoplasms, MM, 
neoplasm, basal-cell skin cancer, squamous-cell skin cancer, skin neo-
plasms, and skin cancer. Different spellings and synonyms were com-
bined using the Boolean “OR” and main terms were linked using the 
Boolean “AND” to identify all relevant studies. The search strategies 
were separately retrieved and screened by two investigators (SI and 
MM). 

Pre-processing data 

Raw data were pre-processed using the Limma package in R/Bio-
conductor (version R 2.14.0). The expression data were normalized 
using the quantile normalization method, as implemented in the Limma 
R package. We used the microarray probe sets to match with the cor-
responding genes using an annotation file released by Affymetrix and 
Agilent for each platform. Probes mapped to more than one gene were 
removed, and the average expression level of multiple probes mapped to 
the same gene was considered. We subsequently performed hierarchical 
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clustering to remove the noisy data. 

Gene co-expression network reconstruction 

The co-expressed gene modules were identified using unsupervised 
hierarchical clustering by dynamic branch cut methods (WGCNA: an R 
package for weighted correlation network analysis) [22,23]. We 
reconstructed three biological co-expression networks of EMT and VM 
pathways at the system level based on the expression levels of DEGs 
among all three group matrices (matrix NP: between histologically 
non-neoplastic nevus (Nevi) patients and primary melanoma patients, 
matrix NM: between Nevi patients and MM patients, and matrix PM: 
between primary melanoma and MM patients). We used the web-based 
EMTome portal (EMTome: www.emtome.org) for identifying 
metastasis-related features, exploring EMT-related markers, and 
analyzing the relevance of EMT and VM signatures in the diagnosis or 
prevention of cancer metastasis [24,25]. Furthermore, the 
soft-thresholding power beta parameter was used to adjust the scale-free 
property of the networks to remove the weakly correlated genes and 
retain the strongly correlated ones. Following this, the biweight mid-
correlation (bicor) measure was calculated for all VM+ and EMT+ genes 
in the dataset, and the correlation matrices for all pairs of genes were 
evaluated across all samples. We also considered network type as a 
parameter. The process produced a weighted network called “adjacent 
matrix” that was transformed into a topological overlap matrix (TOM) 
network, a biologically meaningful measure that could evaluate the 
network connectivity of a gene [23,26]. Other parameters in WGCNA 
were considered based on their default values. The VM+ and EMT+

module was defined as a cluster of closely interconnected mRNAs based 
on the cluster dendrogram of expression data. Therefore, in this study, 
each co-expression network was clustered via average linkage hierar-
chical clustering in WGCNA to classify genes with similar expression 
profiles into different modules. In addition, the cutreeDynamic (min-
ModuleSize = 30) function was used to identify the functional modules 
in each group. Each module was summarized using the module eigen-
genes after the detection of modules, and similar modules were com-
bined using the eigengene. Subsequently, the module–trait association 
in each group was analyzed based on the disease state and modules with 
a correlation of ≥|0.6| were selected. Furthermore, we used the Dis-
GeNET (version 7.0) online database to determine the number of EMT+

and VM+ genes in each group within the modules. Finally, Chi-square 
test was performed to assess the significance of EMT+ and VM+ mod-
ule genes in each group (P < 0.05). 

Enrichment analysis 

The Gene Ontology (GO) function and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analyses were performed to determine the cellular 
components, molecular functions, and biological processes among 
others using ToppGene online database and package clusterProfiler 
(version 3.2.14) of R (version 3.3.3), as described previously [27,28]. 

Protein–protein interactive (PPI) network construction 

The Search Tool for the Retrieval of Interacting Genes (STRING; htt 
ps://string-db.org/) was used to construct a PPI network from genes in 
the enriched modules [29,30]. PPI networks were visualized using 
Cytoscape (version 3.8.2), as described previously. In the PPI network, a 
gene with a node connectivity of ≥ 5 was defined as a hub gene. 

mRNA–miRNA bipartite network reconstruction 

The miRWalk v3.0 tool (http://mirwalk.umm.uni-heidelberg.de/) 
was used to determine the mRNA-miRNA interaction. We used this tool 
to obtain the miRNAs of target genes. During this step, the miRNAs, the 
targets of which were genes of candidate modules, were identified using 

target prediction tools TargetScan (http://www.targetscan.org; release 
5.1), PicTar (http://pictar.mdc-berlin.de), and miRanda (http://www. 
microrna.org). Only experimentally validated mRNA–miRNA in-
teractions were considered. Consequently, three mRNA–miRNA bipar-
tite networks were reconstructed from the miRNAs and target genes in 
each group. In the miRNA–miRNA synergistic network, two miRNAs 
were connected if they significantly coregulated common mRNAs, 
which were significantly enriched in at least one biological process GO 
term. We used Cytoscape (version 3.8.2) for visualizing the bipartite 
network of candidate modules in each group. 

Melanoma patient selection 

This analytical study was conducted during an 6-month period from 
April 2020 to September 2020. The participants were adult patients who 
were referred to the Dermatology and Oncology department of Affiliated 
Hospital of Southwest Medical University, Luzhou, Sichuan, China. Pa-
tients with melanoma who were preliminarily selected for this pro-
spective study were confirmed as having the disease by two expert 
oncologists (SI and QW), as well as a pathologist (CZ). The diagnosis was 
made according to the world health organization (WHO) guidelines and 
the Tumor-Node-Metastasis (TNM)-based staging criteria of the Union 
for International Cancer Control (UICC) pathological staging criteria in 
the Department of Dermatology at the Affiliated Hospital of Southwest 
Medical University, Luzhou, China. Disease stages were classified ac-
cording to the AJCC 8th edition [31]. The participants were excluded if 
clinically diagnosed with any significant medical condition, preexisting 
cardiac conditions, and/or acute gastrointestinal bleeding. Furthermore, 
we excluded any patient who had undergone a major surgery within 14 
days of study enrollment and/or was diagnosed with or treated for 
another malignancy within 3 years of enrollment. In addition, patients 
with any evidence of severe or uncontrolled systemic diseases, such as 
peripheral neuropathy ≥grade 2 or an active infection, requiring chronic 
maintenance of red blood cell, white blood cell, or granulocyte counts 
and those with a previous history of seizures were excluded. In our 
study, all patients were required to have tumors accessible for core bi-
opsy with 5–6 passes of a 16 or 18 gauge needle (defined as at least 1 cm3 

tumor/50 mg accessible for biopsy. Furthermore, we considered mela-
noma, metastatic or locally advanced and unresectable BRAF, and NRAS 
wild-type melanoma as a minimum inclusion criteria. All included pa-
tients were able to comply with the protocol for the duration of the 
study, including attending scheduled visits, undergoing examinations, 
undergoing the biopsy procedure, and having their tumor and blood 
molecularly characterized. A histological section was made for each 
sample, and diagnosis was confirmed via a different pathologist than the 
one who made the initial diagnosis. They were suspected to have a 
primary tumor and the potential local, regional, and distant extension 
diagnosis of MM was assessed by Fluorine-18-fluorodeoxyglucose posi-
tron emission tomography/computed tomography (18F-FDG PET/CT) 
imaging [28,32]. In all, 41 patients were selected for the study based on 
the inclusion/exclusion criteria. The participants were divided into 
three groups; 10 patients with histologically non-neoplastic nevus 
(melanocytic Nevi, stage 0-I melanoma), 13 with primary melanoma 
(stage II-III melanoma), and 18 with MM (stage III-IV melanoma). We 
categorized patients in the non-neoplastic nevus group if they had any 
abnormal, congenital formation or mark on the skin or neighboring 
mucosa that did not show neoplastic growth. A total of 41 cases were 
sequenced from 22 patients (53% female) with a median age at diag-
nosis of 55 years. Moreover, melanomas were mostly isolated from the 
lower limb and hip (52%), as well as the trunk and neck (22%). Histo-
logically, the median thickness of melanomas was 3.8 mm in the primary 
and 5.4 mm in the metastatic group. As expected, the most common 
clinically apparent sites of distant metastases were lymph nodes (67.8%) 
and lungs (19.4%) (Supplementary Table S1). Paraffin-embedded or 
formalin-fixed tissue samples from the tumor biopsies in all three groups 
were obtained from the pathology sample bank at our hospital. The 
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serum samples used in this study were residual samples that were ob-
tained from all subjects when they did not undergo any treatment, with 
the exception of palliative care. To obtain serum samples, 2 mL blood 
specimens were allowed to clot at room temperature for at least 30 min, 
and then centrifuged at 1200 × g for 8 min. The serum was collected and 
subsequently divided into 500 µL aliquots, which were then stored at 
− 80 ◦C until future DNA and RNA extraction. All patients underwent 
standard treatments according to each treating physician’s practice. 
Serum and melanoma tissue samples were obtained from adult mela-
noma patients who were referred to the Department of Dermatology and 
Oncology at the Affiliated Hospital of Southwest Medical University, 
Luzhou, China. The demographic and histopathological variables of all 
subjects, including medical, reproductive, family history, tumor site, 
histological type, treatment, and survival, are described in Supplemen-
tary Table S1. Written informed consent to use the clinical and pathol-
ogy information of patients was obtained from all participants or their 
guardians before inclusion in the study. This study is in agreement with 
the requirements specified in the Declaration of Helsinki (1983 Revi-
sion). A histological section was made for each sample, and diagnosis 
was confirmed by a different pathologist than the one who made the 
initial diagnosis. Detailed information on patient population, clinical 
assessment, and sample preparation has been reported previously [33]. 

Quantitative real-time PCR (qRT-PCR) 

To quantify and compare the expression of targeted mRNAs-miRNAs, 
qRT-PCR was performed based on the standard protocols as described 
previously [33–35]. The expressions of target genes and mRNA in MM 
tissues were quantified using predeveloped TaqMan assay kits from 
Applied Biosystems (Life Technologies, Foster City, CA) [27, 34–36]. In 
a 10-μl RT reaction system, 2 μl of 5 × RT buffer, 1 μl of dNTPs, 0.5 μl of 
random primer, 0.5 μl of revers. Ace, 0.25 μl of super RI, 0.25 μl of 
RT-enhancer, 2.25 μl of RNase-free water, and 3.25 μl of RNA (150 
ng/μl) were added. The reaction was completed in a thermocycler 
(Mastercycler gradient, Eppendorf, Germany) with the following steps: 
10 min at 30 ◦C, 30 min at 42 ◦C, 5 min at 99 ◦C, and 5 min at 4 ◦C, 
followed by final holding at 16 ◦C. The RT reaction was performed using 
the TaqMan® MicroRNA Reverse Transcription Kit (PN 4,366,597, 1500 
reactions). Following the RT step, 0.8 μl of the RT reaction mixture was 
combined with 0.5 μl of a TaqMan MicroRNA Assay mix (20 ×; forward 
primer, reverse primer, and probe) and 5 μl of TaqMan® Universal PCR 
Master Mix, No AmpErase® UNG (PN 4,324,018) to make the final 
volume 10 μl. The synthesized cDNAs were then diluted by adding 40 μl 
ddH2O, and used as templates for quantitative PCR (qPCR). In a 10 μl 
reaction system, 5 μl of 2 × PCR-probe mix, 0.02 μl of probe, 1 μl of 
primers, 2 μl of H2O, and 2 μl of cDNA were mixed, and the reaction was 
completed in StepOne plus Thermocycler (Applied Biosystem) with 40 
amplification cycles, according to the manufacturer’s protocol. Ac-
cording our previous setting, we used the most reliable reference genes, 
18S RNA and RNU6B snRNA from ABI (Cat# 4,427,975), to normalize 
targeted mRNA and miRNA expression data, respectively [27,34,35,37, 
38]. After normalization, relative contents of targeted mRNA and 
miRNA were calculated and expressed according the 2− ΔΔCT method. 
For the confirmation of EMT+ samples, we examined the expressions for 
zinc-finger E-box-binding-1 (ZEB1), zinc finger protein SNAI2 (SLUG), 
and Notch homolog 1, translocation-associated (NOTCH1), as selected 
epithelial-to-mesenchymal transition-inducing transcription factors 
(EMT-TFs) responsible for promoting tumor metastasis, by qRT-PCR in 
MM tissues and their adjacent normal tissues. Correspondingly, the 
EMT-TF expression levels were compared between group tissues after 
normalization to β-actin housekeeping gene. Specific forward and 
reverse primer sequences are listed in Supplementary Table S2. 

CD31-periodic acid solution (PAS) dual staining and VM identification 

The assays performed to test VM positivity according to standard 

CD31-PAS dual staining protocols as described previously [3,39]. 
Endogenous peroxidase activity was blocked with 3% hydrogen 
peroxide in 50% methanol for 10 min at room temperature. Sections 
were rehydrated and washed with PBS and then pretreated with citrate 
buffer (0.01 M citric acid, pH 6.0) for 20 min at 100 ◦C in a microwave 
oven. Non-specific binding sites were blocked with 2% normal goat 
serum in PBS for 20 min at 37 ◦C. Sections were then incubated over-
night at 4 ◦C with anti-CD34 at a dilution of 1:200 (Dako, USA). Sub-
sequently, sections were rinsed with PBS and incubated with 
biotinylated goat anti-mouse IgG for 20 min at 37 ◦C, followed by in-
cubation with 3,3′-diaminobenzidine (DAB) chromogen for 10 min at 
room temperature. Sections were then rinsed with water for 1 min to 
stop the DAB-staining reaction. Formalin and melanin granules were 
then removed following the abovementioned methods. Finally, the 
sections were treated with 0.5% PAS for 8–10 min and rinsed with 
distilled water for 3 min. All of the mucous sites were stained cherry red, 
which proved the reliability of the quality of the PAS reagents. After 
rinsing with distilled water, the sections were counterstained with he-
matoxylin, and five fields at a magnification of × 200 were selected for 
counting of the number of endothelial-dependent vessels and VM. 
Microvessels were defined as any CD31+ endothelial cell cluster with or 
without a viable lumen. Also, large anastomosing sinusoidal vessels 
were considered as single vessels. According the standard method, VM is 
indicated by CD31 and PAS staining, with CD31-negative and 
PAS-positive vascular-like patterns [40]. The average number of 
endothelial-dependent vessels and VM, which quantify the microvessel 
density (MVD) and the vasculogenic mimicry density (VMD) in tumors, 
were calculated blindly, according to consensus guidelines [41,42]. The 
average of the 10 counts was considered as the final expression of MVD 
and VMD. 

Immunohistochemistry 

Melanoma tissues were sampled from patients at the Pathology 
Department and Oncology Department, The Affiliated Hospital of 
Southwest Medical University in Luzhou, Sichuan, China. Expert 
pathologist (WQ) and dermatologist (CW) resected the primary tumors 
and the metastases and confirmed clear margins on the samples. For the 
analysis of PLA1A, desmocollin 3 (DSC3), and DMKN, the representative 
tissue sections from all three groups were transferred into 10% neutral 
buffered formalin; fixed and embedded in Tissue Tek II OCT (Miles 
Scientific, Naperville, IL, USA); frozen for 15 min in isopentane; pre- 
cooled in liquid nitrogen; and finally stored at − 80 ◦C for future he-
matoxylin and eosin (H&E) staining and immunostaining assays. He-
matoxylin (HHS16, Sigma-Aldrich) and eosin (HT110232, Sigma- 
Aldrich) staining of samples was performed according to the manufac-
turer’s instructions. The best frozen sample was used for immunostain-
ing of PLA1A, DSC3, and DMKN, which was performed following the 
streptavidin-biotin alkaline phosphatase complex method using the 
Vectastain ABC-AP standard kit (Vector Laboratories; Burlingame, CA) 
as previously described (59,60). Complete information about the pri-
mary monoclonal antibodies and secondary monoclonal antibodies has 
been provided in Supplementary Table S3. 

Quality assessment 

Pearson’s correlation coefficients were calculated for all genes in the 
dataset and the correlation matrices for all pair-wise comparisons of the 
known VM+ and EMT+ genes were evaluated across samples. Power β 
was used to remove the weakly correlated genes and retain the strongly 
correlated ones. The gene modules were represented by different colors, 
and the gray module indicated genes that could not be merged into any 
other module. Median powers of β = 2.5, 20, and 20 (scale-free R2 =
0.9) were used to construct the scale-free network modules between 
Nevi and MM patients, Nevi and primary melanoma patients, and pri-
mary melanoma and MM patients, respectively. Furthermore, a 
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threshold of ≥ 0.7 was applied to export the network to Cytoscape. The 
process produced a weighted network called "adjacent matrix" that was 
transformed into a TOM network, a biologically meaningful VM and 
EMT measure that can determine the network connectivity of a gene 
[26]. Subsequently, average linkage hierarchical clustering was per-
formed to classify genes with similar expression profiles into different 
modules. Using quantile normalization, pre-processor, and SVA pack-
ages in "R" statistical software (version 3.3.3), we removed the batch 
effects [43,44]. If multiple probes corresponded to one gene, the average 
expression value was considered as the gene expression value. Subse-
quently, DEGs were extracted following the Linear Models for Micro-
array Data (LIMMA) method, and the gene with |log2 fold change 
(FC)|>1 and adjusted P value of < 0.05 was considered to be statistically 
significant [44]. A heatmap was visualized using the heatmap package 
of R, based on standard methods [18,44]. 

Data analysis 

All statistical analyses were performed using "R" software (version 

3.3.3). For the variables following normal distribution, data are pre-
sented as mean ± standard deviation (SD). For non-normally distributed 
variables, data are reported as medians (ranges). Qualitative variables 
are presented as numbers and percentages. Data were analyzed via t-test 
(two-tailed) or one-way analysis of variance (ANOVA). The qRT-PCR 
data were analyzed using the Applied Biosystem 7500 Software 2.0.5. 
The expression levels of the genes of interest were calculated following 
the ΔCt method and normalized to 18SRNA and β-actin housekeeping 
gene or RNU6B snRNA. For identifying the effect of the cut-off threshold 
and constructing the receiver operating characteristic (ROC) curve, 
Spearman’s rank correlation coefficient test was performed and the 
relationship between sensitivities (ordinate) and specificity (abscissa) 
[45] in all three groups was determined. An adjusted P of <0.05 was 
considered statistically significant. 

Fig. 1. Schematic representation and experimental design of the study. The workflow protocol of the mRNA-miRNA co-expression network analysis among Nevi, 
primary melanoma, and metastatic melanoma samples. Nevi refers to patients diagnosed with any abnormal, congenital formation or mark on the skin or neighboring 
mucosa that does not show neoplastic growth. The bioinformatic tools used along the analysis pipeline were indicated by italic square brackets []. miRNAs, 
microRNAs; MM, malignant melanoma; VM, vascular mimicry; EMT, epithelial-to-mesenchymal transition, WGCNA, weighted gene co-expression network analysis; 
PRISMA, preferred reporting items for systematic reviews and meta-analysis; PICO, population, intervention, control, and outcomes framework; GO, gene ontology; 
KEGG, function and kyoto encyclopedia of genes and genomes; STRING, the search tool for the retrieval of interacting genes; PPI, protein–protein interactive. 
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Results 

Search results and pre-processing data 

Fig. 1 illustrates the schematic representation of the workflow of the 
mRNA-miRNA co-expression network analysis in detail. We extracted 
and analyzed six microarray datasets: GSE34460, GSE18509, 
GSE24996, GSE7553, GSE15605, and GSE19234. The detailed infor-
mation of microarray datasets extracted according to PRISMA guidelines 
with regard to study identification, screening, eligibility, inclusion 
process, and exclusion process are sorted in Supplementary Table S4. 
The data analyzed in this study were obtained from the supplementary 
material of the original article [46–51]. In all, 244 samples were 
analyzed in this study, including 44 Nevi melanocyte samples (stage 0-I 
melanoma), 84 primary melanoma samples (stage II/III), and 116 MM 
samples (stage IV). All samples were diagnosed more than 2 years ago. 
The studies were conducted mostly in USA (3 studies, 50%) and Canada 
(2 studies, 40%), and one study was conducted in Germany (10%). All 
datasets were publicly available between 2008 and 2013. The Affyme-
trix and Agilent platforms were the major platforms of included datasets. 

Furthermore, during the combination of both platforms, no significant 
bias and unconvertable data were found in any of the selected datasets. 
The basic information of all included datasets is presented in Supple-
mentary Table S4 in the order of the year of publication. 

Differential co-expressions of mRNA during melanomagenesis 

We constructed a VM+, EMT+ biological network at the systems’ 
level of the available microarray data downloaded from the public 
database. We performed WGCNA with 862 genes, which were the most 
significant genes from 6543 genes, as key modules of highly positively 
correlated genes with melanoma (Fig. 2). We reconstructed three net-
works using group matrices in WGCNA. Optimal β parameters for 
obtaining a scale-free network were computed as 20, 25, and 10 for 
Nevi-primary melanoma (NP), Nevi-metastatic melanoma (NM), and 
primary melanoma-metastatic melanoma (PM), respectively. Modules 
were extracted in each network, and each module was marked with a 
unique color. Thus, a total of 24, 22, and 18 modules were obtained for 
NP, NM, and PM, respectively. Moreover, we extracted a list of mela-
noma genes from DisGeNET, and performed chi-square test to exclude 

Fig. 2. Weighted gene correlation network analysis (WGCNA). The average linkage hierarchical clustering and module-trait analysis between Nevi and metastatic 
melanoma groups (A); Nevi and primary melanoma groups (B), and primary melanoma and metastatic melanoma groups (C). Different colors of the column indicate 
different hub modules. Nevi refers to patients diagnosed with any abnormal, congenital formation or mark on the skin or neighboring mucosa that does not show 
neoplastic growth. 
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those modules in three groups (Table 1). 

Key module identification between different stages of melanoma 

To identify the potential candidate VM+ and/or EMT+ key genes 
associated with melanoma tumorigenesis, we performed the dimen-
sionless topological network analysis between all three groups, which 
was used to scale the adjacency matrix. As indicated in Fig. 2A, the most 
significant module associated with NM was the magenta module, which 
comprised 862 mRNAs identified as candidates for further analysis (P =
0.004). Also, the gene co-expression modules between NM groups 
determined by average linkage hierarchical clustering are illustrated in 
Fig. 2A. Furthermore, Supplementary Fig. S1 ranks the correlation 
analysis between modules and clinical characteristics, which were 
significantly correlated with melanoma tumorigenesis. The heatmap of 
module-trait analysis in the magenta module suggested the highest 
correlation between NM groups. Fig. 2B presents the data of WGCNA 
between NP groups within the melanoma groups. Following WGCNA, 
we found that 558 of 3965 genes were significantly correlated with 
melanoma in the light cyan module, which was the key module between 
NP groups (P = 0.035, Supplementary Fig. S1B). As shown in Fig. 2C, 
four gene modules were divided by dynamic tree cutting: brown, blue, 
midnight blue, and light cyan. Each module was independently con-
formed to the other modules based on the correlation and significance 
between two modules. After investigating their eigengene co- 
expression, we merged these dynamic modules into three with a 
threshold of 0.5, confirming the reliability of the brown module (Sup-
plementary Fig. S1C). The correlation of the brown module with other 
modules was significant (P = 0.002). This module had 33 most signifi-
cant genes of the 139 genes that were highly correlated to melanoma. 

Differential co-expressions of miRNA during melanomagenesis 

We identified miRNAs of target genes in each group using miRWalk 
v3.0 tool based on the genes of candidate modules. To reduce analysis 
complexity and select the most effective miRNAs, the top 20 highest 
degree (hub) miRNAs between different groups were shortlisted and are 
listed in Fig. 3. A total of 78 differentially expressed miRNAs (DEmi-
RNAs), 46 upregulated miRNAs, and 32 downregulated ones, were 
identified between three groups (Adj-p value < 0.05 and log2FC ≥| 
0.7|). As presented in Fig. 3, the top significantly regulated miRNAs 
between NM groups were miR-21 and miR-370 (blue chart). Further, 
miR-21 was upregulated between PM groups with log2 FC ≥ 0.7 (green 
chart). Fig. 3 shows that miR-211 and miR-22 were top significantly 
regulated miRNAs between NP groups with log2 FC ≥ 0.7 (orange 
chart). However, miR-200c was upregulated between NM and also be-
tween PM groups (Fig. 3; Adj-p-value < 0.05 and log2FC ≥ 0.7). 

The mRNA-miRNA bipartite network during melanomagenesis 

To better understand the role of mRNAs and miRNAs during mela-
noma tumorigenesis, we constructed an mRNA-miRNA bipartite 
network between the three groups. This bipartite network can represent 
the progression of melanogenesis, when naïve pigment melanin is pro-
duced in melanosomes by melanocytes and then melanocytes initiate 
VM and transition from epithelial to mesenchymal forms, finally shifting 
to aggregative and metastatic stages [52]. We predicted the overlaps 
(intersection) between mRNA/miRNAs using the miRWalk 3.0 database. 
These targeted mRNAs were cross-checked against the DEmiRNAs 
retrieved from the TCGA database. These data indicated that 36 DEMs 
were involved in the miRNA network. Finally, we constructed a bipartite 
network based on 19 miRNA nodes and 36 mRNA nodes between NM 
groups (Fig. 4A), NP groups (Fig. 4B), and PM groups (Fig. 4C). Fig. 4D 
shows the common mRNAs-miRNAs between the three groups. Notably, 
PLA1A, DSC3, and DMKN were the novel cancer driver genes in mela-
noma, exhibiting regulatory functions on interaction with miR-563, 
miR-363, miR-770–5p, and miR-370. The enriched pathways were re-
ported to exhibit critical roles in the development of other cancers. In 
contrast, ECM-receptor interaction, cell cycle, cytokine-cytokine recep-
tor interaction, and T cell receptor signaling pathways were found to be 
enriched in patients with high expression levels of PLA1A, DSC3, and 
DMKN. Collectively, these data indicated that these three hub genes may 
play comparable and critical roles in melanoma development and pro-
gression. After considering the common mRNAs-miRNAs between all 
three groups, we presented the relative expression levels of the targeted 
novel cancer driver mRNAs (Fig. 4D). Together, these data suggested 
that PLA1A, DSC3, and DMKN genes function as oncogenes that trigger 
melanomagenesis on interaction with miR-563, miR-363, miR-770–5p, 
and miR-370. 

The pathway enrichment analysis 

We enriched the EMT+ and VM+ modules obtained in the previous 
steps to identify the most significant module in each group. The pathway 
enrichment analysis indicated that the differentially expressed mRNAs 
(DEMs) predominantly targeted 36 pathways, mainly associated with 
protein digestion and absorption and ECM-receptor interaction (Fig. 5). 
Furthermore, top-ranked pathway terms enriched by genes in each 
module for all three groups are sorted in Table 2. As clearly shown in 
Fig. 5A, enrichment analysis of the core genes between NM groups 
revealed that the magenta module was significantly enriched in genes 
involved in the regulation of cytokinesis (GO:0032465), cell cycle G2/M 
phase transition (GO:0044839), regulation of mitotic cell cycle phase 
transition (GO:1901990), mitotic sister chromatid segregation 
(GO:0000070), and positive regulation of mitotic cell cycle phase tran-
sition (GO:1901992). Fig. 5B represents the functional analysis of the 
light cyan module genes between NP groups. In all, 558 DEMs were 

Table 1 
The results of DEGs and significant gene-modules among groups.  

Groups (matrices) Total VM+,EMT+
DEGs No. 

Up-regulate 
No. 

Down-regulate 
No. 

Total 
module 

Top module- 
trait** 

Total genes of 
module 

Associated gene- 
disease*** 

P- 
value 

Nevi*-Primary (NP) 3965 1805 2160 22 Brown 533 113 0.0003      
Green 348 75 0.0015      
Lightcyan 48 13 0.0351 

Nevi-Metastasis 
(NM) 

6543 3237 3306 24 Brown 199 40 0.0162      

Magenta 75 20 0.0047 
Primary-Metastasis 

(PM) 
2380 1406 974 18 Brown 139 33 0.0226 

Abbreviations: VM, vascular mimicry; EMT, epithelial to mesenchymal transition; DEGs, differentially expressed genes. 
* Nevi refers to patients diagnosed with any abnormal, congenital formation or mark on the skin or neighbouring mucosa that does not show neoplastic growth. 
** Top- module-trait suggested the highest correlation in adjacency matrices according to the dimensionless topological network analysis. 
*** Associated gene-disease of EMT+ and VM+ genes in each group were determined by applying on DisGeNET online database. 
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significantly enriched during the development of ECM organization 
(GO:0030198), collagen fibril organization (GO:0030199), regulation of 
intrinsic apoptotic signaling pathways in response to DNA damage 
(GO:1902229), negative regulation of calcium ion transmembrane 
transport (GO:1903170), and regulation of cell migration 
(GO:0030334). Notably, cytokine-mediated signaling pathway 
(GO:0019221), regulation of inflammatory response (GO:0050727), 
inflammatory response (GO:0006954), cellular response to interferon- 
gamma (GO:0071346), and cellular response to cytokine stimulus 
(GO:0071345) were the most significant biological functions that 
exhibited brown module genes in NM groups (Fig. 5C). These three 
crucial modules, i.e., magenta, light cyan, and brown modules, con-
tained 862, 558, and 139 cancer-driver genes, respectively, that were 
significantly associated with VM and EMT processes during melanoma 
progression. Furthermore, our data shows the main pathway networks 
between all three groups. 

Diagnostic accuracy analysis 

We analyzed the relative expression levels of targeted novel cancer 
driver mRNAs and miRNAs that have interacted with EMT and VM 
pathways in Nevi, primary, and MM groups to determine any possible 
relationship between the expressions of these genes (Fig. 6A). Further-
more, receiver operating characteristic (ROC) curves for PLA1A, DSC3, 
and DMKN expressions among the NM group (red line), NP group (green 
line), and PM group (blue line) are presented in the Fig. 6B. The area 
under the ROC curve (AUC) for PLA1A in between the three groups was 
0.99, 0.99, and 0.67, respectively. We also found DMNK to be a signif-
icant distinctive biomarker among NM, NP, and PM groups with AUCs of 
1, 0.98, and 0.86, respectively. Taken together, these data suggest that 
PLA1A and DMKN genes can be used as strong diagnosis biomarkers to 
distinguish melanoma patients, enabling the identification of new, 
network-based candidate diagnostic biomarkers. 

Epithelial-to-mesenchymal transition and formation of vasculogenic 
mimicry variables in patients with melanoma 

In this study, assays for counting the number of endothelial- 
dependent vessels were performed following CD31-PAS dual staining 
methods and quantification of MVD and VMD in tissue samples of 41 
melanoma patients. These patients were subdivided into three groups: 
10 patients with non-neoplastic nevus (stage 0-I) diagnosed more than 2 
years ago, 13 patients with primary melanoma (stage II-III), and 18 
patients with MM (stage III-IV). The CD31/PAS and VM expression 
levels in each case are shown in Supplementary Table S5. VM was 
observed in 27 of 41 melanoma samples (65.9%). In the Nevi group, the 
presence of VM was observed in 7 of 10 (70%) patients, whereas in the 
primary group, VM was detected in 11 of 13 (84.6%) patients (Table 3). 
Further, among the 18 MM patients, 16 (88.9%) were VM+. As expected, 
the difference in the presence of VM between NM and NP groups was 
significant (P < 0.0001). Fig. 7A shows the traditional endothelial- 
dependent vessels and VM with CD31-PAS double staining among 
Nevi, primary melanoma, and MM groups, which clearly shows that the 
VM status significantly increased during melanomagenesis. As is clear in 
Fig. 7A, the presence of PAS+/CD31+ endothelial-dependent vessels 
(yellow arrow) was surrounded by PAS+ “patterned structures” that 
have been speculated to represent VM (black arrow). This in vivo 
experiment results show that VM tends to increase in patients with a 
high stage or grade of melanoma. The MVD and VMD levels were 
significantly higher in patients with late-stage melanoma than in those 
with Nevi (Table 3). As a shown in Fig. 7B, compared with the primary 
melanoma group (19.62 ± 4.23, p < 0.05) and the MM group (29.67 ±
5.48, P < 0.001), the Nevi group (16.90 ± 5.74) formed fewer VM 
channels. To confirm the EMT expression, we determined the relative 
levels of EMT-TF NOTCH1, SLUG, and ZEB1 by conducting of qRT-PCR 
(Fig. 7C). Interestingly, the average EMT-TF NOTCH1, SLUG, and ZEB1 
expression levels were consistently and significantly higher in MM tis-
sues (n = 18) than in Nevi tissues (n = 10). In addition, EMT-TF levels 

Fig. 3. The top 20 differentially expressed miRNAs between Nevi 
and metastatic melanoma groups (blue chart), Nevi and primary 
melanoma groups (orange chart), and primary melanoma and 
metastatic melanoma groups (green chart). Nevi refers to patients 
diagnosed with any abnormal, congenital formation or mark on the 
skin or neighboring mucosa that does not show neoplastic growth 
(For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.).   
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were significantly higher in primary melanoma tissues (n = 13) than in 
Nevi tissues. ECM deformation and angiogenesis are the primary path-
ological pathways when naïve melanocytes initiate VM and transition 
from epithelial to mesenchymal forms. As excepted, cell cycle and 
meiosis re-programming are the main phytological pathways that are 
implicated when naïve cells incline to shift to the primary stage. The 
tumor microenvironment and misbalancing of immune mediators are 
the main biological reason leading to mesenchymal cell metastases and 
preparation of a physical scaffold for extending VM. Thus, our study 
suggests that both VM and EMT pathways trigger angiogenesis and the 
formation of VM in during melanomagenesis. 

In vivo confirmation of targeted mRNAs-miRNAs during melanomagenesis 

To confirm targeted mRNA-miRNA expression, we determined the 
relative levels of PLA1A and DMKN genes on interaction with miR-563, 
miR-770–5p, and miR-370 in 41 melanoma patients (Fig. 8). Also, the 
details of the expression levels of targeted mRNAs-miRNAs from each 
patient are shown in Supplementary Table S5. Our previous bioinfor-
matics screenings for PLA1A, DSC3, and DMKN expressions among pa-
tients of different sexes and at stages of melanoma revealed that high 
gene expression levels of PLA1A and DMKN were associated with 

different clinical stages of melanoma. Therefore, both gene and protein 
expression levels of targeted PLA1A, DSC3, and DMKN were measured in 
our collected melanoma tissue and serum samples via qRT-PCR and 
immunohistochemistry, respectively. In line with ROC findings, PLA1A 
and DMKN mRNA expression significantly increased during melano-
magenesis (Fig. 8A). The average PLA1A and DMNK expression level 
was consistently and significantly higher in EMT+/VM+ tissues of MM 
(n = 15) than in tissues of patients with non-neoplastic nevus (n = 10). 
On conducting immunohistochemical analysis, we found that PLA1A 
and DMNK levels were significantly higher in EMT+/VM+ melanoma 
tissues (n = 27) than in Nevi tissues (n = 7) (Fig. 8C and D). Therefore, 
we conclude that a significant relationship exists between PLA1A and 
DMNK levels and melanoma stage. As shown in Fig. 8B, the miR-770–5p 
levels, as a typical onco-miRNA, were significantly increased during 
melanomagenesis. In contrast, the miR-563 and miR-370 expression 
levels were significantly lower in patients with late-stage melanoma 
than in those with Nevi . With regard to the ratio of DMNK to miR-370 
and miR-770–5p, the expression of DMNK/miR-770–5p/miR-370 
significantly increased during melanomagenesis. 

Fig. 4. The mRNA-miRNA bipartite network analysis between Nevi and metastatic melanoma groups (A), Nevi and primary melanoma groups (B), and primary 
melanoma and metastatic melanoma groups (C). (D) Common mRNA-miRNA networks between all three groups. The circle indicates mRNA, and the triangle in-
dicates miRNA. The nodes highlighted in blue and green represent up-regulation and those highlighted in pink represent down-regulation. The nodes highlighted in 
green and pink represent up-regulation and down-regulation, respectively. The node highlighted in light blue shows no change (logFC=0) (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.). 
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Discussion 

In this study, we first performed a multidimensional pipeline of 
mRNA/miRNA analysis to identify targeted mRNAs-miRNAs that were 
associated with EMT and formation of VM in patients with MM. In the 
second approach, we tried to identify new potential candidate bio-
markers distinguishing MM from primary melanoma in an unbiased 

fashion. In this regard, we applied WGCNA to identify the DEGs in the 
EMT+/VM+ key modules in melanoma that were associated with 
disease-related variables and melanomagenesis. Additionally, with re-
gard to overall survival validation and mRNA/miRNA expression level, 
we expanded the scope of comparison range in tumor groups, with 
primary and metastasis groups against the Nevi group. Following this, 
we chose overlapping genes between EMT+/VM+ modules and DEGs for 

Fig. 5. Pathway enrichment analysis. (A) Enrichment analysis and main pathway networks between Nevi and metastatic melanoma groups in the magenta module. 
(B) Pathway analysis of the light cyan module genes between Nevi and primary melanoma groups. (C) The significant pathway enrichment analysis of brown module 
genes between primary melanoma and metastatic melanoma groups. 

Table 2 
Top-ranked pathway terms enriched by genes in each module and group.  

Groups Module EMT/VM+ cancer driver gene/ 
whole gene (%) 

Biological term P-value Genes 

Nevi*-Primary (NP) Lightcyan 558/3965 (14.1) Cell cycle 0.00047 CCNA2;PTTG1;E2F1;PKMYT1;CDC25B    
Progesterone-mediated oocyte 
maturation 

0.03363 CCNA2;PKMYT1;CDC25B    

Oocyte meiosis 0.04279 PTTG1;PKMYT1;AURKA 
Nevi-Metastasis 

(NM) 
Magenta 862/6543 (13.2) Protein digestion and absorption 0.00022 COL15A1;COL1A2;COL5A1;COL14A1;COL6A2    

ECM-receptor interaction 0.01304 COMP;COL1A2;COL6A2;CD36 
Primary-Metastasis 

(PM) 
Brown 33/139 (23.7) Cytokine-cytokine receptor 

interaction 
0.00006 CX3CR1;IL4R;IL1R2;IL18;CSF2RB;TNF;IL18RAP;CXCR2; 

CCL19;CCL18;IL7R;IL18R1    
NF-kappa B signaling pathway 0.00546 LCK;BLNK;CCL19;TNF;BIRC3    
T cell receptor signaling 
pathway 

0.00021 ITK;LCK;MAP3K8;ICOS;TNF;RASGRP1;CD3D;MAPK13    

Hematopoietic cell lineage 0.00007 CD2;IL4R;IL1R2;CD24;IL7R;CD1C;TNF;CD3D  

* Nevi refers to patients if they diagnosed with any abnormal, congenital formation or mark on the skin or neighbouring mucosa that does not show neoplastic 
growth. 

Abbreviations: VM, vascular mimicry; EMT, epithelial to mesenchymal transition. 
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identifying biologically relevant modules that may serve as targets for 
diagnosis and therapeutic modulation in an unbiased fashion. We then 
confirmed the biological function of targeted mRNAs-miRNAs in 
VM+EMT network in subjects with MM and primary melanoma and 
healthy subjects in vivo. We identified a total of 64 co-expression mod-
ules constructed by 6543 genes from 75 human melanoma samples, 
which were used to detect the relationship between EMT and VM for-
mation in melanoma transcriptome and clinical traits. Among these hub 
genes, we found that PLA1A and DMKN genes function as novel onco-
genes that trigger VM and EMT processes during melanomagenesis on 
interaction with miR-370, miR-563, and miR-770–5p. We showed that 
PLA1A and DMKN genes can be considered as potential VM+EMT 
network-based diagnostic biomarkers to distinguish melanoma patients, 
with high sensitivity and specificity. With regard to personalized mel-
anoma, this study provides a potentially valuable approach for the early 
diagnosis and prognosis of melanoma progression; besides, the study 
also unravels the crucial molecular mechanisms underlying MM pro-
gression via EMT and VM pathways. 

It is generally accepted that WGCNA has many advantages over 
traditional methods for differential expression analysis and discovery of 
biologically relevant biomarkers [18,53–55]. WGCNA identifies 
powerful co-expression patterns that help detect new hub genes that 
may eventually serve as targets for diagnosis and therapeutic modula-
tion of complex diseases such as MM [54,55]. With this approach, we 
applied WGCNA to detect novel VM+EMT network-based diagnostic 
biomarkers for the diagnosis and prognosis of melanoma. In particular, 
we found that PLA1A can be considered as a potential diagnostic marker 
for advanced and BRAF-mutated melanomas. This finding may provide a 

Fig. 6. Diagnostic accuracy analysis of targeted mRNAs-miRNAs. (A) The boxplot of targeted novel cancer drivers PLA1A, DMKN, and DSC3C between three groups. 
Collectively, these three genes were overexpressed in the metastatic groups. Similar results were obtained in all three independent experiments. Horizontal bars 
represent mean ± SD. (B) Receiver operating characteristic (ROC) curve for PLA1A, DMKN, and DSC3C expression between Nevi and metastatic melanoma groups 
(red line), Nevi and primary melanoma groups (green line), and primary and metastatic melanoma groups (blue line). The diagnostic values were calculated by 
considering both PLA1A mRNA expression and serum levels. PLA1A, phosphatidylserine-specific phospholipase A1-alpha; DSC3, desmocollin 3; DMKN, dermokine; 
NM, Nevi and metastatic melanoma; NP, Nevi and primary melanoma; PM, primary melanoma and metastatic melanoma; AUC, area under the curve. Nevi refers to 
patients diagnosed with any abnormal, congenital formation or mark on the skin or neighboring mucosa that does not show neoplastic growth (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.). 

Table 3 
VM and EMT variables in study patients.  

Pathways Variable Control group Melanoma patients   
Nevi (n =
10)&& 

Primary (n =
13) 

Metastasis (n =
18) 

VM VM n (%)&     

Positive 7 (60) 11 (53.8)** 16 (33.4)**, ##  

Negative 3 (40) 2 (46.2) 2 (66.6)  
MVD 1.80 ± 0.79 6.38 ± 1.14** 9.5 ± 2.3**, #  

VMD 16.90 ± 5.74 19.62 ± 4.23 29.67 ± 5.48**, 

## 

EMT ZEB1 5.10 ± 0.23 1.00 ± 0.42** 1.85 ± 0.43**, ##  

NOTCH1 0.21 ± 0.06 0.65 ± 0.37* 2.69 ± 0.52**, ##  

SLUG 0.78 ± 0.47 1.73 ± 0.44* 2.98 ± 0.45**, # 

Data are presented as mean ± SD for all others. 
& The VM positive assays were performed according to standard CD31-PAS dual 
staining protocols. 
&& Nevi refers to patients if they diagnosed with any abnormal, congenital 
formation or mark on the skin or neighboring mucosa that does not show 
neoplastic growth. 
Abbreviation: VM, vasculogenic mimicry; EMT, epithelial-to-mesenchymal 
transition; MVD, microvessel density; VMD, vasculogenic mimicry density; 
ZEB1, zinc-finger E-box-binding-1; NOTCH1, Notch homolog 1, translocation- 
associated (Drosophila); SLUG, zinc finger protein SNAI2. 

* : p < 0.05 and. 
** : p < 0.001 vs the Nevi group. 
# : p < 0.05 and. 
## : p < 0.001 vs the primary group. 
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novel insight into the physiological characteristics of melanomagenesis 
and a potentially valuable approach for the early diagnosis and prog-
nosis of melanoma by unravelling the molecular mechanisms underlying 
melanomagenesis. 

Previous reports have indicated that DMKN was deregulated in 
metastatic cancer cell lines and correlated with tumor grade in many 
cancer patients [56, 57]. Huang et al. show that DMKN silencing slightly 
inhibited proliferation and induced cell cycle arrest in pancreatic cancer 
cell lines by altering cell cycle-related genes [57]. Their findings sug-
gested that the knockdown of DMKN and PLA1A suppressed human 
tumor growth and metastasis in vivo [57,58]. In line with our finding, 
recent analysis of the oncogenic pathway regulated by DMKN shows that 
DMKN can modulate the ERK1/2/STAT3/EMT and AKT/STAT3/EMT 
signaling pathways [57]. Importantly, high expression of these genes 
may enhance the migration and invasion potential in pancreatic cancer 
cells by regulating partial EMT-associated proteins [57]. In addition, it 
plays an important role in promoting or inhibiting cancer cell pro-
liferation/migration depending on the origin and type of cancer cell, and 
the outcome may be associated with expression levels of PLA1A and 
DMKN in the tumor [59,60]. A literature review revealed that the field is 
filled with inconsistent findings that make it difficult to ascertain the 

roles of PLA1A and DMKN in neoplasia and immunity associated with 
melanoma [37,57,59,61]. Nonetheless, this pilot study warrants a larger 
analytical study in transcriptomic and post-transcriptomic levels to 
confirm the findings. To fully determine whether PLA1A and DMKN are 
involved in melanoma progression, whole sequencing and scanning are 
needed for assessing expression patterns of circRNA–miRNA–mRNA 
regulatory networks [62,63]. However, this warrants another compre-
hensive study in the future with comprehensive in vitro and in vivo 
studies on the mechanism of PLA1A and DMKN in cancer cell growth 
suppression. 

For the further confirmation of these results, in our recently pub-
lished study, we detailed the use of PLA1A as a marker for thre effective 
prediction of advanced melanoma with subcutaneous metastases 
following BRAF or NRAS mutation [37]. We confirmed that the upre-
gulation of PLA1A in the serum of patients with advanced MM could 
represent an excellent distinguishing and diagnostic marker in 
BRAF/NRAS-driven melanomagenesis. Furthermore, PLA1A mRNA, 
which is upregulated in tissue samples of advanced MM patients, rep-
resents a more accurate diagnostic marker [59, 64]. The PLA1 family is 
not just associated with tumorigenesis but also detectable across most 
inflammatory diseases, including systemic lupus erythematosus, 

Fig. 7. Characterization of VM formation and EMT pathways in study groups. (A) Representative micrographs of CD31/PAS dual staining of VM during melano-
magenesis in non-neoplastic nevus patient No. NN06, primary melanoma patient No. PM08, and metastatic melanoma patient No. MM05 tissues (Supplemental 
Table S5). The CD31 staining is shown in brown color (yellow arrow) and PAS staining is shown deep blue color (black arrow). Melanoma cross-section shows the 
presence of a PAS+/CD31+ endothelial-dependent vessels (black cycle) and the presence of PAS+ “patterned structures” that have been speculated to represent VM 
(yellow cycle). This in vivo experiment results show that VM tends to increase in patients with a high stage or grade of melanoma. Original magnification, × 200. 
Black arrow: structure of VM; Yellow arrow: structure of endothelial-dependent vessels. (B) The quantification of vasculogenic mimicry density (VMD) in different 
groups by comparing the microvessel density (MVD) and VMD in tumors. The MVD and VMD levels were significantly higher in patients with late-stage melanoma 
than in those with non-neoplastic nevus. (C) EMT-TFs, NOTCH1, SLUG, and ZEB1 expression levels were detected in melanoma tissues and matched with the 
corresponding paired adjacent normal tissues through qRT-PCR. The average EMT-TFs NOTCH1, SLUG, and ZEB1 expression levels were significantly higher in 
tissues of metastatic melanoma than in tissues of Nevi and primary melanoma. EMT-TF expression levels were compared between primary cancer and paired adjacent 
tissues in each case after normalization to β-actin housekeeping gene via the 2− ΔΔCT method. Nevi refers to patients diagnosed with any abnormal, congenital 
formation or mark on the skin or neighboring mucosa that does not show neoplastic growth. ZEB1, zinc-finger E-box-binding-1; SLUG, zinc finger protein SNAI2; 
NOTCH1, Notch homolog 1, translocation-associated (Drosophila). *p < 0.05 and **p < 0.001 vs the Nevi group; #p < 0.05 and ##p < 0.001 vs the primary group 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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hepatitis, and hyperthyroidism [65–67]. Recently many studies have 
shown that PLA1A is significantly involved in regulating different stages 
of carcinogenesis, which are associated with angiogenesis, differentia-
tion, proliferation, invasion, apoptosis, and metastasis [68]. PS-PLA1, 
the sole substrate of LysoPS, is detectable across several physiological 
states and is restricted to the inner surface of cellular membranes, 
apoptotic cells, antigen-activated lymphocytes, and immunological 
escape of melanoma cells [69]. It is clear that the cause of MM is mostly 
associated with mutagenesis, with the involvement of several onco-
genes, including BRAF and NRAS [70]. It is possible that PLA1A, with 
the highest sensitivity, specificity, and AUC, could be used as a single 
indispensable biomarker for the diagnosis, screening, and prognosis of 
BRAF mutation melanoma. 

Evidence implies that miR-564 suppresses migration, invasion, and 
EMT in melanoma cells [71–73]. Our results hypothesized that 
PLA1A/miR-563 regulatory pathways may stabilize epithelial and 
mesenchymal states and suppress the formation of VM. We have 
consequently revealed that miR-563 is downregulated in MM tissues, 

and it suppresses cancer metastasis by affecting several malignancy 
endpoints via the downregulation of multiple EMT-TFs. The epigenetic 
inactivation of the PLA1A/miR-563 pathway can potentially push the 
equilibrium of these regulations toward EMT, thereby contributing to 
metastasis [74–76]. Thus, in future research investigations of our lab-
oratory, we will conduct luciferase reporter assays by co-transfection of 
different amount of pre-miR-563 (along with PLA1A wild-type 3′-UTR 
reporter genes) in advanced melanoma cells to confirm the contribution 
of PLA1A/miR-563 interaction in the regulation of EMT and VM 
pathways. 

DMNK is a glycoprotein expressed in epithelial cells, as one of 
spinous layer-specific genes that is abundant in stratified epithelia and 
in differentiating primary human keratinocytes [77,78]. DMNK encodes 
three different classes of isoforms, namely α, β, and γ. The pathology of 
DMNK in tumorigenesis has not yet been revealed fully. However, many 
studies have demonstrated that DMNK-β activates Rab5 and is involved 
in early endosomal trafficking, EMT, and tumor invasion [57,79]. 
Although, DMNK-α and -γ expressions were not observed in 

Fig. 8. Targeted mRNA-miRNA expression in subjects with melanoma. (A) The expression levels of PLA1A, DSC3, and DMKN in EMT+/VM+ melanoma tissues in 
different groups, Nevi (n = 7), primary melanoma (n = 11), and metastatic melanoma (n = 16). PLA1A and DMKN expression levels were associated with different 
clinical stages of melanoma. (B) Comparison of miR-563, miR-770–5p, and miR-370 levels among Nevi (n = 7), primary melanoma (n = 11), and metastatic 
melanoma (n = 16) tissues. The miR-770–5p levels were significantly increased during melanomagenesis. In contrast, the miR-563 and miR-370 expression levels 
were significantly lower in patients with late-stage melanoma than in those with Nevi. (C) Quantification and (D) representative microscopic images showing the 
relative expression levels of PLA1A, DSC3, and DMKN in EMT+/VM+ tumor sections in various groups following immunohistochemical staining. Targeted PLA1A, 
DSC3, and DMKN expressions were increased in EMT+/VM+ melanoma tissues and serum samples. The immunohistochemical staining of PLA1A, DSC3, and DMKN 
were represented in one specific case; non-neoplastic nevus patient No. NN06, primary melanoma patient No. PM08, and metastatic melanoma patient No. MM05 
tissues (Supplemental Table S5). The expressions of target mRNA in all three groups were quantified using predeveloped TaqMan assay kits from Applied Biosystems 
(Life Technologies, Foster City, CA) and normalized by the 18S RNA housekeeping gene. Also, the expressions of target miRNA were quantified using predeveloped 
TaqMan® MicroRNA Reverse Transcription Kit (PN 4366597, 1500 reactions) and normalized using the RNU6B. The elative contents of target mRNAs-miRNAs were 
calculated and expressed according the 2− ΔΔCT method. Nevi refers to patients diagnosed with any abnormal, congenital formation or mark on the skin or neigh-
boring mucosa that does not show neoplastic growth.*p < 0.05 and **p < 0.001 vs the Nevi group; #p < 0.05 and ##p < 0.001 vs the primary group. PLA1A, 
phosphatidylserine-specific phospholipase A1-alpha; DSC3, desmocollin 3; DMKN, dermokine. 
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keratinocyte-derived tumor cells such as malignant melanoma, kera-
tosis, basal cell carcinoma, and cutaneous T cell lymphoma cells, but 
researchers found that DMNK-β expressed in cultured human keratino-
cytes was associated with cell adhesion and inhibited cancer metastasis. 
A recent finding has suggested that DMNK-β is involved in keratinocyte 
differentiation through the regulation of the 
extracellular-signal-regulated signaling pathway [80]. Using cultured 
normal human epidermal keratinocytes, Higashi et al., revealed that 
exogenous DMNK-β triggers epidermal terminal differentiation and 
EMT. The DMNK-β, as a pro-inflammatory marker during melanoma-
genesis, is regulated by many cytokines and growth factors [78, 80]. For 
the first time, we demonstrated that DMNK disruption in advanced 
melanoma increased invasive ductal carcinoma and the proliferation 
ability of melanoma. Defiantly, DMKN knockdown could reduce the 
invasion and migration of keratinocyte-derived tumor cells, partially 
reversing EMT. Although the roles of DMNK as a regulator in cutaneous 
inflammation or skin tumors have not been fully elucidated, future 
comprehensive molecular and cellular investigations in a xenograft 
animal model need to focus on the roles of the DMKN as a malig-
nancy-associated gene in skin carcinoma [57]. To further explore the 
potential mechanism, more investigations with regard to the interplay 
between the overexpression of DMNK and VM and EMT-dependent 
genes at different stages of melanoma are needed. Meanwhile, in vitro 
laboratory investigations need to continue to elucidate the inhibitory 
effects of the EMT pathway in response to the decrease of DMNK. In a 
single-gene panel model, current research data shows that serum DMNK 
is a potential diagnosis biomarker for early-stage detection of advanced 
malignant cancers, such as colorectal cancer and pancreatic carcinoma 
[81,82]. Our miRNA/mRNA biological network speculates the serolog-
ical and immunohistochemical markers of DMNK with the highest 
sensitivity, specificity, and AUC, and can be used as a single indispens-
able marker for diagnosis, screening and prognosis in advanced mela-
noma. Having identified novel miRNAs/mRNA network that could be of 
value for the understanding of melanoma development, we found out 
that DMNK/miR-770–5p/miR-563 significantly increased during mela-
nomagenesis and this mRNA/miRNA network could be used as a novel 
network-based candidate marker in the diagnosis and prognosis of 
melanoma. Of the 46 upregulated and 32 downregulated miRNAs 
associated with melanoma development and progression, we only 
identified miR-770–5p and miR-370 to be correspondingly regulated in 
our data set, with the strongly direct interaction site on DMNK and 
PLA1A. In contrast, our miRNA expression profiles in human melanoma 
samples at different stages were in good agreement with the results re-
ported by Wei et al., who used Invitrogen arrays to profile miRNA 
expression at different stage of melanoma [83]. Based on these findings 
and our results, miR-770–5p and miR-563 are the novel well-evaluated 
tumor suppressor-miRNAs that could effectively inhibit the invasion 
potential and migration of human cancer cells by directly targeting EMT 
pathways [84–87]. Many studies have indicated that miR-770–5p and 
miR-563 could downregulate EMT-TFs, such as Vimentin, ZEB1, and 
Snail expression levels, while increasing or restoring the expression 
levels of E-Cadherin, resulting in the inhibition of EMT phenotypes [71, 
88,89]. Here, we have observed that the expression levels of 
miR-770–5p were increased in advanced melanoma and negatively 
correlated with the mRNA expression of DMNK in MM tumor. Moreover, 
a higher miR-770–5p expression was associated with poorer melanoma 
patient survival. Collectively, our results revealed a new role of EMT 
downregulation in MM and suggested that miR-770–5p is a potential 
target in counteracting MM. Taken together, our findings support the 
hypothesis that two tumor suppressor miRNAs, miR-770–5p and 
miR-563, could reduce the tumorigeneses effect of DMNK. Undoubtably, 
future relative luciferase assays are needed to measure and normalize 
the downregulation of DMNK by miR-770–5p and miR-563 in clinical 
practice. Similarly, in vitro experiments using human melanoma cell 
lines wherein the miRNAs are altered to confirm changes in the targeted 
genes would significantly benefit the study and support their hypothesis. 

Considering the advantages and disadvantages of all existing methods 
for biological network, future analytical study is required to find 
promising techniques and methods that are all validated the EMT and 
VM pathways with more specifically genes, availability, and efficiency. 
Taking into account the different array platforms and confirmation 
miRBase versions are having different output. 

In precision oncology, our results proposed that PLA1A and DMNK, 
added to the routine diagnostic panel for melanoma, may serve as potent 
indicators in the prognosis and determination of the metastatic stage of 
melanoma. Correspondingly, it is important to keep in mind that vari-
able handling conditions of the sample, such as size, homogeneous 
distribution, and mutation parameters may directly influence the degree 
of RNA degradation, which in turn can affect expression levels of some 
miRNAs. Surely, this experimental research should be followed by 
further evaluation to standardize and characterize the clinical applica-
bility of candidate biomarkers identified in this study. 

In conclusion, we here for the first time showed alterations in PLA1A 
and DMNK expression patterns at different stages of melanoma. In 
addition, we obtained evidence that their expressions are regulated by 
EMT signaling pathway and formation of VE. Furthermore, we conclude 
that altered expression levels of PLA1A/miR-563 and DMNK/miR- 
770–5p/miR-370 may contribute to metastatic transformation, and may 
represent an optimal candidate biomarker, which in future, could be 
used as a non-invasive marker for the diagnosis and therapy of MM. Our 
findings suggest that PLA1A and DMKN genes function as oncogenes 
that trigger VM and EMT processes on interaction with miR-370, miR- 
563, and miR-770–5p during melanomagenesis. This study mining hel-
ped us identify potential novel biomarkers for the early diagnosis and 
better prognosis of MM. 
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