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Comprehensive analysis of IncCRNA and miRNA expression profiles
and ceRNA network construction in negative pressure wound
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Background: This study aims to explore the molecular mechanism of negative pressure wound therapy
(NPWT) at the transcriptome level through whole transcriptome sequencing and biometric analysis.
Methods: A rat skin defect model was constructed and randomly divided into a NPWT group and a gauze
group. The tissue in the center of the wound was used for whole transcriptome sequencing, and differentially
expressed messenger RNAs (DEmRNAs), long noncoding RNAs (DEIncRNAs), and microRNAs
(DEmiRNAs) were identified between the two groups. Quantitative real time-polymerase chain reaction
(qQRT-PCR) analysis was used to verify the sequencing results. Functional enrichment analysis, pathway
analysis, and protein-protein interaction (PPI) network analysis of DEmRNAs were conducted. Through
bioinformatics analysis, a IncRINA-associated competing endogenous RNA (ceRINA) network was identified
and constructed.

Results: We detected 896 DEmRNAs, 1,471 DEIncRNAs, and 20 DEmiRNAs between the two groups.
qRT-PCR verified the sequencing results. Functional analysis showed that DEmRNAs were mainly enriched
in immune system processes and the Notch signaling pathway. Protein tyrosine phosphatase receptor type C
(PTPRC) and signal transducer and activator of transcription 1 (STAT1) were the central hub nodes in the
PPI analysis. The ceRNA network contained 11 mRNAs, 15 IncRNAs, and 4 miRNAs.

Conclusions: We identified several DEmRNAs, DEIncRNAs, and DEmiRNAs between the NPWT
treatment group and the control group. These findings may provide new insights into the pathophysiological
mechanism of NPWT and wound healing.
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Introduction

Negative pressure wound therapy (NPWT) is a revolutionary
and innovative wound treatment for various complex wounds.
Since its development in the 1990s (1), the therapy is now
widely used in clinical treatment with favorable clinical results
(2-5). NPWT promotes wound healing through multiple
mechanisms. From a macro point of view, the benefits of
NPWT include reducing edema by draining excess fluid
from the wound, improving local blood flow, and reducing
the wound area through locally formed retractive force (1).
Further research has recognized that the physical effects
of NPWT cause changes, such as the local inflammatory
response state, oxygen concentration, and micromechanical
environment, in the microenvironment of the wound (6).
These series of changes affect the synthesis and secretion
of growth factors, inflammatory cytokines and chemokines,
ultimately promoting blood vessel formation and granulation
tissue hyperplasia (7-9). These pathophysiological changes
involve many genes. However, the molecular mechanism of
NPWT has not yet been fully revealed.

Analyzing the mechanism of NPWT at the genetic level
will provide not only a theoretical basis for the clinical use
of NPWT but also a new way to identify novel targets and
mechanisms for wound healing. Through whole genome
microarray surveys, Derrick et al. discovered that, compared
with those in moist wound healing and gauze under suction
therapy, more genes were upregulated and there were
increased healing-related pathways in wound tissue treated
with NPWT (10).

In the human genome, a large number of RNAs,
known as noncoding RNAs (ncRNAs), are not translated
into proteins (11). Studies have shown that ncRNAs
can account for more than 90% of the mammalian
genome, and they play an important role in the process
of proliferation, differentiation, and apoptosis (12,13).
Among them, microRNAs (miRNAs) are a class of ncRNAs
18-24 nucleotides in length that can bind to target
messenger RNA (mRNA) molecules, known as miRNA
response elements (MREs). These MREs reduce the
expression of specific proteins at the posttranscriptional
level by either preventing their translation or promoting
their degradation (14). Long noncoding RNAs (IncRNAs)
are ncRNAs that are more than 200 nucleotides in length.
According to the competing endogenous RNA (ceRNA)
hypothesis (15), IncRNAs can interact with mRINA by
competitively binding their common miRNA and then
regulating downstream gene expression at the translation

© Annals of Translational Medicine. All rights reserved.

Wu et al. Bioinformatics analysis of negative pressure wound therapy

level. The IncRNA-associated ceRNA network has been
studied in many fields, including oncology (16,17) and
orthopedics (18,19). However, there is currently no ceRINA
research focus in NPW'T.

To better understand the mechanism of NPW'T at the
transcriptome level, we established a rat skin defect model
and randomly divided the animals into an experimental
group and a control group, which were given negative
pressure treatment and conventional gauze therapy,
respectively. Whole transcriptome sequencing was used
to systematically identify differentially expressed mRNAs,
IncRNAs, and miRNAs between the two groups. We first
conducted functional and pathway analyses of differentially
expressed mRNAs and identified and constructed a
IncRNA-associated ceRNA network in NPW'T. We present
the following article in accordance with the ARRIVE
reporting checklist (available at https://dx.doi.org/10.21037/
atm-21-3626).

Methods
Animals

Experiments were performed under a project license
(No. 309201906230928) granted by the Medical Ethics
Committee of the Eighth Medical Center of PLA General
Hospital, in compliance with national guidelines for the
care and use of animals. A total of 6 male Sprague-Dawley
(SD) rats (age: 8 weeks; weight: 260-300 g) were obtained
from the Experimental Animal Center of the 8th Medical
Center of Chinese PLA General Hospital. The rats were
randomly assigned to the NPWT group and gauze group,
with 3 rats in each group. All rats were individually housed
in special cages under conventional conditions with free
access to food and water.

Wound creation and animal grouping

One day before the operation, a razor was used to shave the
entire back of the experimental rats. An appropriate amount
of depilatory agent was then evenly sprayed on the shaved
area to obtain smooth and hairless skin. After hair removal,
the rats was adaptively fed for 1 day. Rats were anesthetized
by intraperitoneal injection of 40 mg/kg pentobarbital
sodium (1%) 10 minutes prior to the operation. The backs
of all the rats were disinfected with povidone iodine solution
and 75% medical alcohol. A 3.0 cm diameter full-thickness
circular skin tissue was then excised down to the deep fascia
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to obtain skin defect models. All animals were randomly
divided into the NPWT group (experimental group) or
sterile gauze dressing group (control group). In the NPW'T
group, wounds were covered with a poly (vinyl alcohol)
shrink formaldehyde bubble dressing and sealed with a
biological semipermeable membrane (VSD Medical Science
and Technology Co., Ltd., Wuhan, China). Continuous
suction at a negative pressure of 125 mmHg was provided
by a portable negative pressure device. Negative pressure
tightness was checked twice every day, and the NPWT
dressings were changed every 48 hours, as per the
manufacturer's recommendations. In the gauze group,
wounds were covered with sterile gauze, and dressings were
checked and changed daily.

The rats were killed by cervical dislocation on the fifth
day after the operation. After removing the exudate on the
wound surface with sterile saline solution, a scalpel was
used to perform a biopsy in the center of the wound under
aseptic conditions. Samples were then harvested and stored
at -80 °C until time of analysis.

RNA extraction

According to the manufacturer’s instructions, TRIzol agent
(Invitrogen, USA) was used to extract total RNA. A trace
nucleic acid protein analyzer (Analytik Jena, Jena, Germany)
was used to detect the optical density (OD) value 260 nm/OD
280 nm to identify the RNA sample concentration
and eliminate the possibility of RNA contamination. A
Bioanalyzer 2100 (Agilent, USA) was used to assess total
RNA quality. RNA integrity number (RIN) >7 and 260/280
>1.8 were used as thresholds. RNase-free DNase I (Ambion
Inc., USA) was used to eliminate potential genomic DNA
contamination. RNAs were preserved at -80 °C.

Library preparation, examination, and clustering and
sequencing

RNA sequencing was performed by CapitalBio Technology
(Beijing, China). The researchers who sequenced the
samples were unaware of the treatment group assignment. A
total RNA amount of 3 pg per sample was used as initial
material for the RNA sample preparations. Epicentre Ribo-
Zero Magnetic Kits (Epicentre, USA) were used to remove
ribosomal RNA. According to the manufacturer’s procedure,
the Next Ultra RNA Library Prep Kit for Illumina (New
England Biolabs, USA) was used to generate the sequencing
libraries. A Qubit DNA HS Assay Kit (Invitrogen, USA)
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was used to accurately quantify polymerase chain reaction
(PCR) products. A cBot cluster generation system (Illumina,
USA) was used to cluster the index-coded samples. The
libraries were subsequently sequenced on an Illumina HiSeq

4000 platform (Illumina, USA).

Differential analysis of IncRNAs, mRNAs, and miRNAs

FastQC (v0.11.2) software was used to filter the original
sequencing results to obtain high-quality data suitable
for analysis. Limma (v. 3.32.10) software was used for
differential gene expression analysis. Differentially
expressed mRNAs (DEmRNAs), differentially expressed
IncRNAs (DEIncRNAs), and differentially expressed
miRNAs (DEmiRNAs) were determined according to the
following criteria: P<0.05 and |log fold change (FC)I >1.
Ggplot2 software was used to make the volcano maps and
heatmaps.

Quantitative real-time PCR analysis

Quantitative real-time PCR (qRT-PCR) was used to
validate the DEIncRNAs. Four DEIncRNAs were randomly
selected. A Prime-Script RT reagent kit (TaKaRa, Japan)
was used to reverse transcribe RNA to complement DNA
(cDNA). The supplementary table (available online: https://
cdn.amegroups.cn/static/public/atm-21-3626-1.xlsx) shows
the primers. GAPDH was chosen as an internal control
for the IncRNAs. The experiment was repeated 3 times
for each sample. The results were calculated by the 27*“"
method to compare the expression of IncRNAs between the

two groups.

Function and pathway analysis of DEmRNAs

Gene Ontology (GO) is the functional significance analysis
of genes and includes three major categories: biological
processes (BP), cellular components (CC), and molecular
functions (MF). Our research used BP within GO analysis
to obtain the main functions of the differentially expressed
genes. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis was used to identify the significant
pathways for differentially expressed genes.

The DAVID (the database for annotation, visualization
and integrated discovery) Database (v. 6.8) was used
to conduct GO analysis and KEGG pathway analysis.
Hypergeometric distribution was used to perform
hypothesis testing to obtain the P value of the enrichment
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Figure 1 General observation of wounds of in the gauze group (A) and NPWT group (B). NPWT, negative pressure wound therapy.

result. To reduce the false-positive rate, multiple hypothesis
testing was used to correct the P value to the obtain q value
(the corrected P value). A q value <0.05 indicated significant
enrichment.

Protein-protein interaction (PPI) network analysis of
DEmRNAs

Proteins are the biological basis of life and are responsible
for various functions within the body. STRING (search
tool for the retrieval of interacting genes/proteins) is a
protein interaction database that can be used to analyze
known and predicted protein interactions. The STRING
database was used for PPI analysis, and the results were
filtered based on the combined score. PPI pairs with a
combined score of >0.93 were identified. The PPI network
was then constructed using Cytoscape (v. 3.8.2). The top
20 relationship pairs with the highest network topology
property indicators were considered to be hub nodes and
were further analyzed.

Construction of a IncRNA-associated ceRNA network

The differentially expressed IncRNAs, miRNAs, and
mRNAs obtained from RNA-sequencing data of the
two groups were analyzed. The Pearson correlation
coefficient (PCC) of differential IncRNAs and mRNAs
was calculated, and significantly related IncRNA-mRNA
interaction pairs were identified. The default filtering
threshold was 0.99. The Holm algorithm was used for the
hypothesis test of the P value correction with a default
filtering threshold of 0.05. The miRanda tools were used to
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identify miRNA-mRNA and miRNA-IncRNA interaction
pairs. Based on the analysis results, a ceRNA network
of IncRNA-miRNA-mRNA was constructed and then
visualized via Cytoscape v. 3.7.0 software.

Statistical analysis

Data were analyzed by using SPSS software (v. 19.0, IBM
Corporation). The differences were compared through
independent samples #-tests. A P value of <0.05 was
regarded as statistically significant.

Results
General observations

The rat wound model was successfully established, with
two groups being treated (Figure S1). All 6 rats survived
until the completion of the experiment, and there were
no obvious signs of wound infection. Through general
observation, it was found that both groups of wounds had
granulation tissue formation, which was more apparent in

the NPW'T group (Figure I).

Differentially expressed mRNAs, IncRNAs, and miRNAs

We identified 896 DEmRNAs between the NPWT group
and gauze group, of which 473 were upregulated and
423 were downregulated (available online: https://cdn.
amegroups.cn/static/public/atm-21-3626-1.xIsx). A total of
1471 DEIncRNAs were found (715 upregulated and 756
downregulated) (available online: https://cdn.amegroups.
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Figure 2 The expression profiles of differentially expressed mRINAs, IncRNAs, and miRNAs between the NPWT group and gauze group.
Volcano plots of DEmRNAs (A), DEIncRNAs (B), and DEmiRNAs (C) between the NPWT group and gauze group. The heatmap
represents hierarchical clustering for DEmRNAs (D), DEIncRNAs (E), and DEmiRNAs (F) between the NPWT group and the gauze
group. DEmRNA, differentially expressed messenger RNA; DEIncRNA, differentially expressed long noncoding RNA; DEmiRNA,
differentially expressed microRNA; NPW'T, negative pressure wound therapy.

cn/static/public/atm-21-3626-2.xIsx). miRNA analysis also
identified 20 DEmiRNAs, including 11 upregulated and 9
downregulated DEmiRNAs (Table S1). Volcano maps and
heatmaps (Figure 2) were used to display the results.

Quantitative RT-PCR analysis

To verify the results of transcriptome sequencing
screening, we conducted RT-PCR experiments to confirm
the differential analysis at the molecular level, and
4 DEIncRNAs in the top 10 significantly DEIncRNAs
were randomly selected. The primer sequence is shown
in Table S2. The results showed that in the NPW'T
group, MERGE.27685.3 and NONRATT007883.2
were upregulated. Meanwhile, MERGE.6154.9 and
MERGE.18820.19 were downregulated in the NPW'T

© Annals of Translational Medicine. All rights reserved.

group (Figure 3). The RT-PCR results were consistent with
the RNA-sequencing results.

Functional enrichment analysis of differentially expressed
mRNAs

DEmRNAs underwent GO analysis and KEGG pathway
analysis. The top 10 significantly enriched biological
processes were determined using GO analysis with results
shown in Figure 44. The data indicated that DEmRNAs
were mainly enriched in RNA processing, virus response,
the Notch signaling pathway, negative regulation of T
cell proliferation, and immune response. The top 10
significantly enriched KEGG pathway terms are shown in
Figure 4B. Pathways were identified as markedly enriched
in viral myocarditis, systemic lupus erythematosus,
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phagosome, the Notch signaling pathway, and influenza A.
Construction of the PPI network

network (Figure 5). According to the ranking of network
topology property indicators of degree centrality,
The top 100 nodes ranked by degree and node relation betweenness centrality, and closeness centrality, the top

within these nodes were chosen to establish the PPI 20 nodes were separately identified as hub nodes (Table 1,
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Figure 5 PPI network of DEmRNAs between the NPWT group and gauze group. PPI, protein-protein interaction; DEmRNA,

differentially expressed messenger RNA; NPW'T, negative pressure wound therapy.

Figure 6). Among these hub nodes, Trip12, PTPRC, and
STAT'1 were the central hub nodes that had the most
neighboring connections to other coding genes.

Construction of the IncRNA-miRNA-mRNA ceRNA
regulatory network

After separately identifying IncRNA-mRNA, miRNA-
mRNA, and miRNA-IncRNA interaction pairs, the pairs
were integrated to construct the IncRNA-miRNA-mRNA
regulatory network. The ceRNA network contained
15 IncRNAs, 11 mRNAs, and 4 miRNAs (Figure 7).

Discussion

Studying the mechanisms of NPW'T at the genomic level
will help uncover the molecular processes involved in
wound healing, thereby improving NPW'T. Researchers
initially used gene microarrays to study NPWT at the gene
level (10). Borys et al. (20) assessed the effect of NPW'T
on gene expression using human gene expression arrays.
Genomics and transcriptomics have developed rapidly since
the emergence of high-throughput sequencing technology.

© Annals of Translational Medicine. All rights reserved.

This has allowed for the identification and annotation of
many ncRNAs. Some of these ncRNAs have been shown to
be involved in the regulation of inflammation, angiogenesis,
and other biological processes related to wound healing.
Zhang er al. (21) found that the downregulation of
IncRNA Gas5 can reduce protein expression of matrix
metalloproteinase 7 (MMP-7), cleaved caspase-3 and
interleukin 1B (IL-1), thereby reducing local inflammation.
Furthermore, Du et al. (22) proposed that IncRNA Mirt2
is a negative regulator of inflammation. miRNAs play a
role in inflammation by regulating cytokines such tumor
necrosis factor-a (I'NF-a), transforming growth factor-
(TGF-B), and IL-10 (23). In addition, IncRNAs (24,25) and
miRNAs (23) regulate angiogenesis by targeting factors
such as hypoxia-inducible factor (HIF) and vascular
endothelial growth factor (VEGF).

In this study, we explored the role of NPW'T in
promoting wound healing at the transcriptome level.
We used high-throughput sequencing to identify a large
number of mRNAs and IncRNAs that differed between the
two groups. The sequencing results were verified through
RT-PCR experiments. Functional enrichment analysis
was conducted to define the functions of DEmRNAs. The

Ann Transl Med 2021;9(17):1383 | https://dx.doi.org/10.21037/atm-21-3626
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Table 1 Top 20 nodes of the PPI network ranked by network
topology property indicators of degree centrality

Name Scores

Thyroid Hormone Receptor Interactor 12 (TRIP12) 42

Protein Tyrosine Phosphatase Receptor Type C (PTPRC) 37

Signal Transducer And Activator Of Transcription 1 37
(STAT)

Amyloid Beta Precursor Protein (APP) 35
DNA Methyltransferase 1 (DNMT1) 34

Phosphatidylinositol Glycan Anchor Biosynthesis Class 33
Z (PIGZ)

Histone Cluster 1 H3 Family Member C (HIST1H3C) 33
DEAD-Box Helicase 5 (DDX5) 32
RNA Binding Motif Protein 8A (RBM8A) 29
Cell Division Cycle 16 (CDC16) 28
Ubiquitination Factor E4A (UBE4A) 27
Cell Division Cycle 6 (CDC6) 26
Heterogeneous Nuclear Ribonucleoprotein H1 26
(HNRNPH1)

Deltex E3 Ubiquitin Ligase 3L (DTX3L) 25
Insulin receptor substrate 1 (IRS1) 25
MX Dynamin Like GTPase 1(MX1) 25
Clathrin Heavy Chain (CLTC) 25
Actin Beta (ACTB) 24
CD3g Antigen, Gamma Polypeptide (CD3G) 23
Ribosomal Protein L3 (RPL3) 23

PPI, protein-protein interaction.

results of GO analysis showed that DEmRNAs regulated
immune system processes, which are important and complex
biological processes in wound healing (26,27). Negative
regulation of T cell proliferation, another significantly
enriched biological process, was involved in wound repair
through immunological pathways. The Notch signaling
pathway was significantly enriched in both GO analysis and
KEGG analysis. The Notch signaling pathway is a highly
conserved intercellular signal transduction pathway, which
is widely involved in the differentiation, proliferation, and
apoptosis processes of various cells (28). It is associated
with T cell-mediated immune responses, inflammation,
and hematopoiesis (29). Chigurupati et 4/. (30) found that
Notch signaling affects multiple cell types involved in

© Annals of Translational Medicine. All rights reserved.
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wound healing, influencing the enhancement of vascular
endothelial cell proliferation, migration and tube formation,
the regulation of local inflammatory responses, and the
behaviors of keratinocytes and fibroblasts. Shi er a/. (31)
found that Notch signaling plays important roles in wound
repair by modulating the target genes hairy and enhancer of
split 1 (HESI). In addition, many studies have shown that
the Notch signaling pathway is related to wound healing
(32-34). Given the findings of previous studies, along with
our own results, we can surmise that the Notch signaling
pathway may be the key pathway by which NPWT
regulates wound healing.

Proteins interact with each other in all organisms. These
protein interaction networks form the basis of all biological
processes and include biological signal transmission, gene
regulation, energy and material metabolism, and cell cycle
regulation. PPI networks were constructed for DEmRNAs,
leading to the identification of hub genes. Protein tyrosine
phosphatase receptor type C (PTPRC; CD45) is a key
molecule of signal transduction in the cell membrane and
plays a key role in the development, maturation, functional
regulation, and signal transmission of immune cells (35,36).
There are no previous studies on the effect of PTPRC on
wound healing. We propose that PTPRC may affect wound
healing through immune regulation and inflammation.

Signal transducer and activator of transcription 1
(STAT1), an important signal transcription factor, can
be activated by a range of cytokines and growth factors,
including interferon-alpha, interferon-gamma, Epidermal
growth factor (EGF), platelet derived growth factor
(PDGF), and IL6 (37-39). STAT1 can promote apoptosis
and inflammation (40). Moreover, Medley et a/. found
that STAT'1 plays a role in wound repair as a fibroblast-
mediated inhibitor (41). Along with previous studies, our
findings indicate that STAT1 may participate in wound
repair through the inflammatory process and the regulation
of fibroblasts.

To further analyze the mechanism of NPW'T, we
constructed a ceRNA network through biometric analysis:
11 mRNAs, 15 IncRNAs, and 4 miRNAs were included
in the ceRNA. Among the genes which have been
previously studied and reported, miRNA-218 has been
found to be an important intron miRNA that regulates
angiogenesis in tumors (42,43). miRINA 3473 plays a role in
inflammation through the PI3K/Akt signaling pathway (44),
while miRNA-672-5p is involved in angiogenesis and
adipocyte regulation through ANGPT14 target genes (45).
IncRNAs can participate in the wound healing process by
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Figure 6 The top 20 nodes of the PPI network and their interrelationships. PPI, protein-protein interaction.
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Figure 7 The mRNA-miRNA-IncRNA ceRNA regulatory network. Triangles represent IncRNAs, circular nodes represent mRNAs, and
rectangular nodes represent miRNAs. mRNA, messenger RNA; miRNA, microRNA; IncRNA, long noncoding RNA; ceRNA, competing
endogenous RNA.
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competitively binding corresponding miRNAs.

It should be noted that we have conducted only a
preliminary exploration of the ceRNA network in NPWT.
Other limitations of this study include the insufficient
sample size and the use of rats as the experimental animals,
which restricted the comprehensiveness of the relevant
database and led to some IncRNAs being unannotated,
impacting result analyses. Finally, this study was conducted
on the fifth day of treatment. Because wound healing is a
continuously developing process, subsequent studies on the
entire progression of healing are still needed.

Conclusions

We identified a number of DEmRNAs, DEIncRNAs,
and DEmiRNAs between the NPW'T group and the
gauze group. The Notch pathway may be a critical signal
transduction pathway through which NPWT affects wound
healing. These findings may provide new insights into
the pathophysiological mechanism of NPW'T and wound
healing.
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