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Abstract. Current research indicates that epidermal stem cells 
(EpSCs) play an important role in promoting wound healing, 
but the mechanism of action of these cells during wound repair 
following thermal damage remains unclear. In the present 
study, the trypsin digestion method was used to isolate human 
EpSCs and the cells were incubated in a 51.5˚C water tank for 
35 sec to construct a thermal injury model. The differentially 
expressed miRNAs were identified using high‑throughput 
sequencing technology, and bioinformatic methods were 
used to predict their target genes and signaling pathways 
that may be involved in wound repair. A total of 33 miRNAs 
including, hsa‑miR‑1973, hsa‑miR‑4485‑3p, hsa‑miR‑548‑5p, 
hsa‑miR‑212‑3p and hsa‑miR‑4461 were upregulated, whereas 
21 miRNAs including, hsa‑miR‑4520‑5p, hsa‑miR‑4661‑5p, 
hsa‑miR‑191‑3p, hsa‑miR‑129‑5p, hsa‑miR‑147b and 
hsa‑miR‑6868‑3p were downregulated following thermal 
injury of the human EpSCs. The bioinformatic analysis indi-
cated that the differentially expressed miRNAs are involved in 
biological processes such as cell proliferation and differentia-
tion, cell growth apoptosis, cell adhesion and migration. The 
results showed that there is a differential expression pattern 
of miRNAs after thermal injury of human EpSCs and these 
differences are involved in the regulation of the wound healing 
process. These findings provide new clues for further study of 
the wound healing mechanism and targeted therapy.

Introduction

Burn is a common type of traumatic disease. Heat, chemicals, 
currents and radiation are the common causes of burn injury. 
Among the numerous injury factors, heat is the most common 
factor, and thermal damage is always combined with burns (1,2). 

The injury factors of thermal burns are usually directly or 
indirectly caused by individuals touching high‑temperature 
solids, liquids or gases (3). Cell morphology, metabolism and 
function are altered in the tissues at the burn site and the level 
of damage is related to many factors which are associated with 
the ratio between the level of the heat energy and the duration. 
The earliest cell histological changes after injury are found in 
the epidermis which reveals the redistribution of chromatin in 
the nucleus. With further damage, the cytoplasm of basal cells 
and the nuclei of full‑thickness cells begin to swell or even 
become necrotic. If the heat of injury further increases, the 
epidermis immediately undergoes coagulative necrosis and 
even carbonization, eventually causing serious damage to the 
local tissue and even to the entire body (4).

The skin is the largest organ, and healthy conditions of 
the skin can aid humans to prevent attacks from the external 
environment (5). Similar to other stem cells, epidermal stem 
cells (EpSCs), derived from skin tissue, display functions of 
self‑proliferation and differentiation and can maintain normal 
epidermal structure  (6). The proliferation, differentiation 
and apoptosis of EpSCs are coordinated by multiple gene 
pathways (7), thus EpSCs play an important role in promoting 
wound healing. Upregulation of the regeneration process of 
EpSCs and inhibition of their apoptotic processes can accel-
erate the repair of damaged wound tissue (8). EpSCs synthesize 
and secrete a variety of biologically active substances such as 
immunomodulatory factors, angiogenic factors, anti‑apoptosis 
factors, antioxidants and cell chemokines. Research has 
confirmed that cross‑linking between multiple signaling 
pathways forms a strict and orderly regulatory network, and 
any regulatory changes in the network may interfere with the 
wound healing process (8).

MicroRNAs (miRNAs) are important factors that regulate 
the proliferation, differentiation and apoptosis of EpSCs (9). 
miRNAs are small, non‑coding RNAs approximately 22 
nucleotides (nt) in length that are encoded by higher eukary-
otic genomes. miRNAs can degrade to mRNAs and inhibit 
mRNA transcription and enable post‑transcriptional regula-
tion (10). Studies have shown that miRNAs play an important 
role in skin tissue proliferation and wound healing (5). There 
have been studies confirming that miRNA‑203 is an epithe-
lial tissue‑specific miRNA that not only participates in skin 
development but also induces the differentiation of EpSCs into 
various specialized cells (11). In the present study, the trypsin 

Identification of differentially expressed miRNAs associated with 
thermal injury in epidermal stem cells based on RNA‑sequencing

HAO‑TIAN RONG1,2  and  DE‑WU LIU1

1Burns Institute, The First Affiliated Hospital of Nanchang University; 2First Clinical Medical College, 
Nanchang University, Nanchang, Jiangxi 330006, P.R. China

Received October 28, 2018;  Accepted November 6, 2019

DOI:  10.3892/etm.2020.8448

Correspondence to: Professor De‑Wu Liu, Burns Institute, The 
First Affiliated Hospital of Nanchang University, 17th Yongwai 
Street, Donghu, Nanchang, Jiangxi 330006, P.R. China
E‑mail: dewuliu@126.com

Key words: epidermal stem cells, microRNA profiling, thermal 
damage, high‑throughput sequencing



RONG  and  LIU:  miRNAs ASSOCIATED WITH THERMAL INJURY IN EpSCs 2219

digestion method was used to isolate human EpSCs. The 
cells were then incubated in a 51.5˚C water tank for 35 sec to 
construct a thermal injury model. The differentially expressed 
miRNAs were identified using high‑throughput sequencing 
technology, and bioinformatic methods were used to predict 
their target genes and signaling pathways that may be involved 
in wound repair.

Materials and methods

Sample collection. Normal skin samples were obtained from 
10 male patients, median age 25 years (range 18‑35 years) who 
underwent autologous grafting with epidermis at the Burn 
Center, The First Affiliated Hospital of Nanchang University 
from January  2016 to June  2016. The present study was 
conducted according to The Declaration of Helsinki and was 
approved by the Ethics Committee of Nanchang University. 
All patients provided written informed consent prior to the 
study start. 

Epidermal stem cell isolation and culture. Following simple 
treatment, the specimens were repeatedly rinsed three times 
with 1% penicillin‑streptomycin in phosphate‑buffered saline 
(PBS), added to a concentration of 0.25% trypsin + 0.02% 
ethylene diamine tetraacetic acid (EDTA), and allowed to 
stand at 4˚C for 8‑10 h. The epidermal and dermal layers of 
the epidermis were separated, and the separated epidermal 
layers were crushed into tissue homogenates and subsequently 
2 ml of 0.25% trypsin + 0.02% EDTA were added and diges-
tion was carried out at  37˚C for 10 min. Defined K‑SFM 
(2 ml) containing 10% fetal bovine serum was added to stop 
the trypsin digestion, followed by 200 mesh sieve filtration. 
The filtrate was collected in a 15‑ml centrifuge tube and 
centrifuged at 110 x g for 5 min at 37˚C. The supernatant 
was discarded. A total of 5 ml of 1% penicillin‑streptomycin 
in PBS was added, followed by centrifugation at 110 x g for 
5 min at 37˚C and the supernatant was removed. Following 
centrifugation, 10 ml of Defined K‑SFM (Gibco; Thermo 
Fisher Scientific, Inc.) was added to the cell layer to resuspend 
the cells, and after the count, the concentration was adjusted 
to 3x106 cells/ml. Subsequently, the cells were inoculated in a 
pre‑plated type IV collagen culture dish, and the culture dish 
was placed at 37˚C. Following incubation for 20 min in a CO2 
incubator, the upper unattached cell suspension was aspirated 
and washed twice with PBS, and 5 ml of the culture medium 
was added to the culture dish, which was then labeled and 
placed in an incubator. Subsequently, IV collagen was used to 
prepare for adherence screening, and the positive expression 
of ck19 and integrin β1 was confirmed by immunochemical 
staining (12,13).

Human epidermal stem cell heat injury treatment. The EpSCs 
were cultured at 5˚C in a 5% CO2 saturated humidity incubator 
and the culture fluid was changed every other day. When the 
cell density reached 90% and most of the cells grew well, the 
culture fluid was changed again. A thermostatic water tank 
was preheated for 30 min in advance; the temperature was 
set to 51.5˚C, sealing material and timer were prepared, and 
a Petri dish was sealed with sealing material. The cells were 
randomly divided into two groups, control group (group 1) and 

experimental group (group 2). For the experimental group, the 
sealed Petri dish was suspended in a 51.5˚C water tank and incu-
bated for 35 sec. The timer was set. The control dish was placed 
in a 37˚C water tank and also incubated for 35 sec. The proce-
dure was the same as above and as previously described (14). 
The treated cells were observed under a fluorescent inverted 
phase contrast microscope (magnification, x100) to detect cell 
morphology and the number of apoptotic cells. The samples 
were further collected after 6 h of culture to extract RNA.

Total RNA extraction and purification. Total RNA was isolated 
using Magzol reagent solution (Thermo Fisher Scientific, Inc.) 
and purified using the RNeasy Mini kit (Qiagen GmbH), 
according to the manufacturer's protocol. RNA quality and 
quantity were measured using a NanoDrop Spectrophotometer 
(ND‑1000; NanoDrop; Thermo Fisher Scientific, Inc.). RNA 
integrity was determined by electrophoresis on a denatured 
agarose gel prepared in house. On the denaturing gels, the 
28S and 18S ribosomal RNA bands were visible, indicating 
that the extracted total RNA was intact, the RNA degrada-
tion and contamination were low, and the extracted total RNA 
showed high purity levels. The A260/A280 ratio is a measure 
of RNA purity. A ratio of <1.8 indicates sample contamination 
and a ratio of >2.0 indicates RNA hydrolysis, between 1.8 and 
2.1, indicating that the RNA purity meets high‑throughput 
sequencing requirements.

High‑throughput sequencing technology library construction 
and quality inspection. Small RNA high‑throughput 
sequencing was performed by Guangzhou RiboBio Co., Ltd., 
and the library was constructed and sequenced as follows: 
1 µg of total RNA (≥50 ng small RNA) was used as the initial 
amount of RNA sample. The sample was supplemented with 
water to make the total reaction volume 7 µl. Subsequently, 
the library was constructed using a small RNA sample 
preparation kit (New England BioLabs, Inc.), according to the 
manufacturer's protocol. After the library was constructed, 
the concentration of the sample was determined by Qubit 2.0 
(Thermo Fisher Scientific, Inc.), and the sample in the library 
was diluted to a concentration of 1 ng/µl. Library quality tests 
were performed using an Agilent 2200 TapeStation (Agilent 
Technologies, Inc.); cDNA fragments with an insert size of 
~18‑40 nt were obtained by gel electrophoresis.

Data analysis. We annotated clean sequences, as well as 
analyzed the composition and expression difference of all 
types of miRNAs. Bioinformatic methods were used for 
family analysis of the differentially expressed miRNAs, and 
Target‑Scan (www.targetscan.org), miRDB (www.mirdb.org), 
miRanda software (www.microrna.org) and high‑throughput 
CLIP‑seq data (www.clipdb.ncrnalab.org) were used to predict 
miRNA target genes, and miRNAs that were significantly 
differentially expressed in this experiment were analyzed. 
Target gene prediction was performed, and then the predicted 
target genes were analyzed by Kyoto Encyclopedia of Genes 
and Genomes (KEGG) (www.genome.jp/kegg) biological 
pathway enrichment analysis and Gene Ontology (GO) 
(www.geneontology.org) gene function enrichment analysis. 
Statistical analysis was performed using SPSS software 
(version 22.0; IBM Corp.).
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GO analysis. The gene list of the differentially expressed 
upregulated and downregulated genes was prepared, and the 
data were imported into the GO database, human species was 
selected, and then calculation was carried out. The P‑value 
related to the enrichment of GO terms was calculated by the 
default statistical algorithm of the GO analysis database. The 
smaller the P‑value, the more notable the entry of the GO term, 
and a term entry with P≤0.05 was considered to be statisti-
cally significant. The base 10 logarithm of the P‑value was 
converted to a negative value, and an enrichment score was 
obtained. The enrichment score value represents the possi-
bility that the differentially expressed mRNA is enriched in 
the term entry. The higher the enrichment score more notable 
the entry. Enrichment for significant features was sorted in 
descending order, and the GO Enrichment histogram was 
plotted in Microsoft Excel.

Pathway analysis. The data were imported into the KEGG 
database and human species data were selected and investiga-
tions were performed. The significance score of differential 
gene enrichment for each pathway was calculated via the 
hypothesis testing to obtain significant P‑values. The smaller 
the P‑value the more notable the respective biological pathway. 
A biological pathway with P<0.05 was considered to be 
statistically significant. The base 10 logarithm of the P‑value 
was converted to a base‑negative logarithmic scale, and the 
enrichment score value represents the possibility that the 
differentially expressed mRNA is enriched in this biological 
pathway. The higher the enrichment score the more impor-
tant this pathway was. Specific signal paths and data can be 
exported in the system. P‑values for significant pathways were 
ranked in ascending order, and the Log p histogram of the 
KEGG pathways were plotted by Microsoft Excel.

Results

Changes in epidermal stem cell growth after heat injury. As a 
result of observation under an inverted microscope, the EpSCs 
were found to be firmly attached, with a small and rounded 
shape and well refraction was noted when they were inocu-
lated. After culturing for 2 days, the cells covered more than 
90% and the clones grew rapidly. The cells attached firmly. 
The control group showed no obvious reduction in the number 
of cells after a 37˚C water bath. The cell shape was round, 
and cells were firm. After the 51.5˚C water bath exposure in 
the experimental group, the number of cells was significantly 
decreased, the cells showed irregular shapes, and were not 
attached firmly. Immunochemical staining images showed 
that β1 integrin and CK19 were positively expressed which are 
characteristic of EpSCs (Fig. 1).

Extraction and qualification of total RNA. The quality test 
results of the two groups of total RNA spectrophotometry met 
the experimental requirements, and the miRNA cluster plots 
for experimental and control groups are presented in Fig. 2.

Analysis of the differential expression of the miRNAs 
between the two groups. Table I documents the variations 
and patterns of miRNA expression between the two groups. 
We analyzed the data in the results of the high‑throughput 

sequencing, statistical analysis of the two groups of samples 
for the differential expression of miRNA was performed to 
determine whether the difference was significant, and log2 
ratio and scatter plots were used to compare the differences 
in miRNA expression. In Table IA, the experimental group 
has a numerical value, while the control group is 0. As the 
negative infinity cannot visually demonstrate the different 
relationships, the control group takes 0.01 to calculate, and the 
log2 value is obtained after the correction. The formula is log2 
(experimental group/control group). In Table IB, the expres-
sion level of certain miRNAs in the experimental group was 0, 
indicating that the sequence of the miRNA was not detected in 
all samples of the group. This did not mean that there was no 
expression, but the expression level was low. Low expression 
levels are difficult to measure. Moreover, there were identical 
values due to the low expression level of various miRNAs. 
In order to accurately reflect the difference relationship, the 
system calculated the corrected values as equal.

Differences in miRNA expression between samples (Fig. 3) 
showed differences in the expression of all miRNAs, with 
a log2 (fold change) ≥1 threshold. Red represents miRNAs 
with upregulated expression, gray circles indicate miRNAs 
with no significant difference in expression, and green circles 
represent miRNAs with downregulated expression. log2 ≥1 
is the upregulation threshold, and ‑1 is the downregulation 
threshold.

There were 33 significantly upregulated miRNAs and 
21 significantly downregulated miRNAs. Among them, 
hsa‑miR‑1973 exhibited the most obvious upregulation and 
hsa‑miR‑4520‑5p exhibited the most significant downregulation.

Prediction of differentially expressed miRNA target genes 
and KEGG pathway and GO analyses. Target genes were 
predicted for the miRNAs with significant differential expres-
sion in the present study, using Target‑Scan, miRDB, miRanda 
and high‑throughput CLIP‑seq data software. The prediction 
results were further screened and organized, and the final 
results revealed a total of 391 predicted target genes.

KEGG analysis of the target genes of the miRNAs, 
with a P<0.05 KEGG enrichment pathway degree as a 
significant threshold, resulted in significant enrichment of 
32 KEGG pathways (Table II). Among them, the processes 
associated with wound healing include: FoxO signaling 
pathway regulates cell cycle and apoptosis; mTOR signaling 
pathway regulates cell metabolism and proliferation; ErbB 
signaling pathway regulates cell proliferation, differentiation 
and migration; insulin signaling pathway participates in the 
occurrence of diabetes, participates in the metabolism of 
three major substances and promotion of cell proliferation; 
focal adhesion signaling pathway participates in adhesion of 
cell matrix, regulates cell proliferation, differentiation, apop-
tosis, and migration; PI3K‑Akt signaling pathway regulates 
transcription and translation of genes, and participates in cell 
biological metabolism, proliferation and apoptosis process; 
MAPK signaling pathway is highly conserved and involved in 
the regulation of cell proliferation, differentiation and migra-
tion; cell cycle regulates cell mitosis; Activation of Hippo 
signaling pathway leads to apoptosis, prevents cell overgrowth, 
and restricts organ size; Wnt signaling pathway regulates cells 
the final direction of growth involved in the proliferation of 
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stem cells and metabolism process. Fig. 4A is a statistical 
graph of the KEGG enrichment pathways in the sample.

The GO analysis of the cell composition demonstrated 
each part of the cell and the cell internal and external environ-
ments. GO analysis of the molecular function demonstrated 
the activity of the target gene product at the molecular level, 
such as gene transcription, translation and expression, and the 
binding and catalysis in metabolic processes. Furthermore, 
GO analysis of the biological processes revealed involvement 
of cell proliferation, differentiation, signal transduction and 
apoptosis processes (Fig. 4B). The above results showed that 
they play a role in maintaining the stability of the cell internal 

and external environment, gene transcription, translation and 
expression, biochemical metabolic processes, cell proliferation 
and differentiation, signal transduction, and apoptosis.

Discussion

Wound healing is a complex physiological process and is 
utilized to maintain the integrity of the skin. It is a complex 
and dynamic process, requiring the well-orchestrated coop-
eration of different types of cells (15). Wound healing is 
often characterized as four sequential but overlapping phases: 
Hemostasis, infl ammation, proliferation and remodeling (16). 

Figure 1. Morphological observation and identifi cation of EpSCs (magnifi cation, x100). EpSCs at (A) initial inoculation, (B) after culturing for 2 days, (C) after 
a 37˚C water bath (control group) and (D) after a 51.5˚C water bath (experimental group). EpSCs showing (E) positive expression of integrin β1 and (F) positive 
expression of CK19. EpSCs, epidermal stem cells.
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Current research has confi rmed that miRNAs play a pivotal 
role in the regulation of wound repair networks (17). miRNAs 
are important regulators of skin wound healing, especially in 
the term of transition from the infl ammatory to the prolifera‑
tive phase (17). Recent clinical trials have demonstrated that 
modulation of miRNA expression by administration of specifi c 
miRNA mimics or inhibitors exhibited benefi cial effects on a 
variety of diseases, such as cancer and viral infection (18-20). 

High-throughput sequencing enables the sequencing 
of hundreds of thousands to millions of DNA molecules in 
parallel. With the advancement in research, high-throughput 
sequencing technology has been more widely used in the fi eld 
of basic and clinical medicine, and has become an impor-
tant tool for elucidating the physiological and pathological 
processes of the body from the molecular level (21). The 
present study sequenced the target genes and correlated bioin-
formatic analysis to provide preliminary experimental support 
for further research on gene-related targeted therapies. 

A thermal injury model was constructed, and the 
results demonstrated that cell morphology was signifi cantly 
altered. The total RNA of EpSCs was extracted, followed by 
high-throughput sequencing, and related bioinformatic anal-
ysis was performed. It was found that 33 of the differentially 
expressed miRNAs in the experimental group were upregulated 
and 21 were downregulated. hsa-miR-1973 exhibited the most 
signifi cant increase in expression, whereas hsa‑miR‑4520‑5p 
exhibited the most significant decrease. The significantly 
upregulated miRNAs also included, hsa-miR-4485-3p, 
hsa-miR-548j-5p, hsa-miR-212-3p and hsa-miR-4461, while 
the downregulated miRNAs included, hsa-miR-4661-5p, 
hsa-miR-191-3p, hsa-miR-129-5p, hsa-miR-147b and 
hsa-miR-6868-3p. Family analysis of the differentially 
expressed miRNAs and prediction of target genes found that 
they are involved in a series of signaling pathways that regulate 
biological processes such as cell proliferation and differen-
tiation, growth and apoptosis, and cell migration. In terms of 

Figure 2. miRNA cluster plots for the experimental and control groups. 1 represents the control group and 2 represents the experimental group. Red represents 
the miRNAs that are highly expressed in the sample and blue represents the miRNAs that have low expression in the sample. miRNA, microRNA. 
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Table I. miRNAs with significantly upregulated and downregulated expression in the experimental group when compared with 
the control group.

A, Upregulated miRNAs

miRNA_ID	 Control group	 Experimental group	 log2 (fold change)	 P‑value

hsa‑miR‑4485‑3p	 1.7896	 33.5333	 4.2279	 1.2x10‑7

hsa‑miR‑1973	 0.0000	 1.2268	 6.9388	 2.1x10‑4

hsa‑miR‑548j‑5p	 0.0000	 0.9931	 6.6339	 7.2x10‑4

hsa‑miR‑212‑3p	 0.0000	 0.9931	 6.6339	 7.2x10‑4

hsa‑miR‑4461	 0.0000	 0.9931	 6.6339	 7.2x10‑4

hsa‑miR‑4510	 0.0000	 0.9347	 6.5464	 1.0x10‑3

hsa‑miR‑3128	 0.0000	 0.9347	 6.5464	 1.0x10‑3

hsa‑miR‑549a	 0.0000	 0.8763	 6.4534	 1.4x10‑3

hsa‑miR‑494‑3p	 0.0000	 0.8179	 6.3539	 1.9x10‑3

hsa‑miR‑7641	 0.0000	 0.8179	 6.3539	 1.9x10‑3

hsa‑miR‑1976	 0.0000	 0.8179	 6.3539	 1.9x10‑3

hsa‑miR‑6868‑3p	 0.0000	 0.8179	 6.3539	 1.9x10‑3

hsa‑miR‑548u	 0.0000	 0.8179	 6.3539	 1.9x10‑3

hsa‑miR‑2116‑3p	 0.0000	 0.7595	 6.247	 2.8x10‑3

hsa‑miR‑3614‑5p	 0.0000	 0.7595	 6.247	 2.8x10‑3

hsa‑miR‑744‑3p	 0.0000	 0.7595	 6.247	 2.8x10‑3

hsa‑miR‑1287‑5p	 0.0000	 0.7595	 6.247	 2.8x10‑3

hsa‑miR‑3064‑5p	 0.0000	 0.7595	 6.247	 2.8x10‑3

hsa‑miR‑181b‑2‑3p	 0.0000	 0.7595	 6.247	 2.8x10‑3

hsa‑miR‑3176	 0.0000	 0.701	 6.1313	 4.1x10‑3

hsa‑miR‑516b‑5p	 0.0000	 0.6426	 6.0058	 6.1x10‑3

hsa‑miR‑338‑5p	 0.0000	 0.6426	 6.0058	 6.1x10‑3

hsa‑miR‑4746‑5p	 0.0000	 0.6426	 6.0058	 6.1x10‑3

hsa‑miR‑20a‑3p	 0.0000	 0.6426	 6.0058	 6.1x10‑3

hsa‑miR‑3688‑3p	 0.0000	 0.6426	 6.0058	 6.1x10‑3

hsa‑miR‑3179	 0.0000	 0.6426	 6.0058	 6.1x10‑3

hsa‑miR‑6514‑3p	 0.0000	 0.5842	 5.8684	 9.2x10‑3

hsa‑miR‑1237‑3p	 0.0000	 0.5842	 5.8684	 9.2x10‑3

hsa‑miR‑431‑5p	 0.0000	 0.5842	 5.8684	 9.2x10‑3

hsa‑miR‑382‑3p	 0.0000	 0.5842	 5.8684	 9.2x10‑3

hsa‑miR‑134‑5p	 0.0000	 0.5842	 5.8684	 9.2x10‑3

hsa‑miR‑4659a‑3p	 0.0000	 0.5842	 5.8684	 9.2x10‑3

hsa‑miR‑409‑5p	 0.0000	 0.5842	 5.8684	 9.2x10‑3

B, Downregulated miRNAs

miRNA_ID	 Control group	 Experimental group	 log2 (fold change)	 P‑value

hsa‑miR‑4520‑5p	 1.1185	 0.0000	‑ 6.8054	 2.9x10‑4

hsa‑miR‑4661‑5p	 0.8948	 0.0000	‑ 6.4835	 1.0x10‑3

hsa‑miR‑191‑3p	 0.8389	 0.0000	‑ 6.3904	 1.4x10‑3

hsa‑miR‑129‑5p	 0.8389	 0.0000	‑ 6.3904	 1.4x10‑3

hsa‑miR‑147b	 0.7829	 0.0000	‑ 6.2908	 1.9x10‑3

hsa‑miR‑6868‑3p	 0.7829	 0.0000	‑ 6.2908	 1.9x10‑3

hsa‑miR‑323a‑3p	 0.727	 0.0000	‑ 6.1839	 2.8x10‑3

hsa‑miR‑6515‑5p	 0.727	 0.0000	‑ 6.1839	 2.8x10‑3

hsa‑miR‑1295a	 0.727	 0.0000	‑ 6.1839	 2.8x10‑3

hsa‑miR‑1248	 0.727	 0.0000	‑ 6.1839	 2.8x10‑3

hsa‑miR‑193a‑3p	 0.6711	 0.0000	‑ 6.0685	 4.1x10‑3

hsa‑miR‑1294	 0.6711	 0.0000	‑ 6.0685	 4.1x10‑3
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wound healing, miR‑155 can be involved in cell migration and 
transformation. Overexpression of miR‑155 at the wound edge 
can accelerate wound healing mediated by enhanced kerati-
nocyte migration (22). It has also been reported that miRNAs 
are important regulators of inflammatory and tissue repair 
that act through translation processing of target mRNAs (23). 
In terms of cell proliferation, miR‑1973 and miR‑191‑3p play 
an important role in breast cancer proliferation and lymph 
node metastasis (24,25). Tissue regeneration, tissue repair and 
regeneration depend on the function of miRNAs, which are 

currently widely used in the tissue engineering of cartilage, 
bone and skeletal muscle (26).

GO analysis of the differentially expressed miRNA 
target genes showed that they play a role in maintaining cell 
internal and external environment stability, gene transcription, 
translation and expression, biochemical metabolic processes, 
cell proliferation and differentiation, signal transduction and 
apoptosis. Target gene prediction and KEGG function enrich-
ment analysis found that differentially expressed miRNA 
target gene‑related signaling pathways mainly include the 
‘FoxO signaling pathway’, ‘mTOR signaling pathway’, ‘ErbB 
signaling pathway’, ‘insulin signaling pathway’, ‘focal adhesion 
signaling pathway’, ‘PI3K‑Akt signaling pathway’, ‘MAPK 
signaling pathway’, ‘cell cycle’, ‘Hippo signaling pathway’ 
and ‘Wnt signaling pathway’. In the FoxO signaling pathway, 
FoxO transcription factor changes play an important role in 
cell proliferation, apoptosis, differentiation and resistance to 
oxidative stress and other aspects. Among them, the transcrip-
tion factor FoxO1 may be closely related to tumorigenesis. 
Low expression of miR‑181a2/miR‑181b2 can promote tumor 
growth of cervical cancer through the PIK3R3/Akt/FoxO 
signaling pathway (27). miR‑486‑5p acts as a powerful prostate 
cancer driver which drives tumorigenesis by directly targeting 
FoxO signaling (28).

Overactivation of the mTOR signaling pathway is associated 
with tumorigenesis and is an important target for tumor therapy. 
Regulation of the mTOR signaling pathway through miRNAs 
and control of miRNA biogenesis through mTORs may be 
important for the diagnosis and treatment of different types 
of human cancer. Previous studies have shown that miR‑126 
targets the PI3K/AKT/mTOR signaling pathway, maintains the 
stemness of leukemia stem cells and promotes chemotherapy 
resistance  (29,30). By inhibiting hematopoietic pre‑B cell 
leukemia transcription factor‑interacting protein‑mediated 
mTOR signaling pathway, miR‑148a can reduce the growth, 
epithelial‑to‑mesenchymal transition (EMT), invasion, and 
metastasis of HBx‑expressing hepatocarcinoma cells  (31). 

Table I. Continued.

B, Downregulated miRNAs

miRNA_ID	 Control group	 Experimental group	 log2 (fold change)	 P‑value

hsa‑miR‑149‑3p	 0.6711	 0.0000	‑ 6.0685	 4.1x10‑3

hsa‑miR‑6887‑3p	 0.6152	 0.0000	‑ 5.943	 6.1x10‑3

hsa‑miR‑510‑5p	 0.6152	 0.0000	‑ 5.943	 6.1x10‑3

hsa‑miR‑486‑5p	 29.528	 9.0552	‑ 1.7053	 7.4x10‑3

hsa‑miR‑2277‑5p	 0.5592	 0.0000	‑ 5.8053	 9.2x10‑3

hsa‑miR‑6806‑3p	 0.5592	 0.0000	‑ 5.8053	 9.2x10‑3

hsa‑miR‑4683	 0.5592	 0.0000	‑ 5.8053	 9.2x10‑3

hsa‑miR‑4504	 0.5592	 0.0000	‑ 5.8053	 9.2x10‑3

hsa‑miR‑29b‑2‑5p	 0.5592	 0.0000	‑ 5.8053	 9.2x10‑3

miRNA_ID column shows the differentially expressed miRNAs. Experimental group and control group columns show the miRNA expression 
in the groups of samples. log2 (fold change) is the base 2, logarithmic differential expression multiple. P‑value column shows the significant 
level P‑values. Due to the low expression level of some miRNAs, in order to accurately reflect the difference relationship, the system calculated 
the corrected values as equal, thus the P‑values are the same.

Figure 3. miRNAs with differential expression in the experimental and 
control samples. 1 represents the control group and 2 represents the experi-
mental group. Red circles represent miRNAs with upregulated expression, 
gray circles indicate miRNAs with no significant difference and green 
circles represent miRNAs with downregulated expression in the two groups. 
miRNA, microRNA.
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Studies have also shown that inhibition of miRNAs in the 
mTOR signaling pathway may inhibit the growth of tumor 
cells. In addition, miR‑590‑3p/MACC1 was found to inhibit 
the malignant biological behavior of glioblastoma stem cells 
by inhibiting the PI3K/AKT/mTOR pathways (32‑35). There 
are also drugs that inhibit cell proliferation and tumor growth 
of esophageal adenocarcinoma both in vitro and in vivo via the 
AMPKα/mTOR signaling pathway (36).

The focal adhesion pathway is closely related to EMT, 
which directly or indirectly regulates EMT‑related protein 
expression and cytoskeletal remodeling, thereby affecting 
the EMT process  (37,38). It plays a role in the formation 
and differentiation of bone and cartilage  (39). The focal 

adhesion signaling pathway mediates the involvement of 
miR‑92a in cartilage formation and chondrocyte response 
induced by IL‑1β (40). In the field of cancer, its involvement in 
miR‑301/PTEN (phosphatase and tensin homolog) promotes 
the progression of malignant melanoma (41).

Previous studies have shown that miR‑29c‑5p, miR‑29b and 
miR‑193a‑3p all participate in the MAPK signaling pathway, 
and methylation‑associated silencing of miR‑193a‑3p promotes 
ovarian cancer aggressiveness by targeting MAPK/ERK 
pathways  (42). miR‑29c‑5p inhibits gallbladder carcinoma 
progression by directly targeting cytoplasmic polyadenylation 
element binding protein 4 and inhibiting the MAPK signaling 
pathway (43). miR‑29b negatively modulates the MAPK/ERK 

Table II. Results of the KEGG pathway analysis of the differentially expressed miRNAs.

Term	 Sample number	 Background number	 P‑value

Axon guidance	 59	 127	 0.014083421
FoxO signaling pathway	 70	 133	 0.000780811
Endocytosis	 96	 203	 0.001494435
mTOR signaling pathway	 37	 60	 0.001804281
Ubiquitin mediated proteolysis	 68	 137	 0.002811886
Pancreatic cancer	 38	 66	 0.003796989
Pathways in cancer	 138	 327	 0.005127192
Chronic myeloid leukemia	 40	 73	 0.005717632
Adherens junction	 39	 73	 0.008543298
Renal cell carcinoma	 36	 66	 0.008872749
Acute myeloid leukemia	 32	 57	 0.009730435
ErbB signaling pathway	 44	 88	 0.012823109
Arrhythmogenic right ventricular	 38	 74	 0.014654654
cardiomyopathy (ARVC)			 
Insulin signaling pathway	 64	 141	 0.015666822
Focal adhesion	 88	 206	 0.017299249
PI3K‑Akt signaling pathway	 138	 346	 0.020570672
Glioma	 33	 65	 0.024338625
Fc gammaR‑mediated phagocytosis	 43	 91	 0.026594706
Dopaminergic synapse	 58	 131	 0.02879438
MAPK signaling pathway	 104	 257	 0.030410368
mRNA surveillance pathway	 42	 91	 0.036289303
Rap1 signaling pathway	 87	 213	 0.038127362
SNARE interactions in vesicular transport	 20	 36	 0.038478648
Ras signaling pathway	 92	 227	 0.038565721
Non‑small cell lung cancer	 28	 56	 0.040725456
Cell cycle	 54	 124	 0.041455661
Hippo signaling pathway	 65	 154	 0.042550777
Thyroid hormone signaling pathway	 52	 119	 0.04292765
Transcriptional misregulation in cancer	 74	 179	 0.043938096
Colorectal cancer	 30	 62	 0.046445737
Endometrial cancer	 26	 52	 0.047323945
Circadian rhythm	 17	 30	 0.047830477

The sample number indicates the number of enrichment genes in the comparison of the group participating in the signaling pathway. The back-
ground number indicates how many genes in the reference genomic information of the species participate in the signaling pathway process. The 
former is the significantly different gene in the experimental results, and the latter is the data in the reference genome of the studied species. 
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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and PI3K/Akt signaling pathways to inhibit angiogenesis in 
endometrial carcinomas by targeting vascular endothelial 
growth factor A (44).

The Wnt signaling pathway plays a role in stem cells. 
miR‑214 is a key regulator of Wnt signaling pathway activity 
and stem cell function during normal tissue homeostasis, 
regeneration and aging (45). The Wnt signaling pathway is an 
important signal transduction pathway for the differentiation 

of mesenchymal stem cells into cardiomyocytes, which is 
regulated by miR‑1‑2. Overexpression of miR‑1‑2 in bone 
marrow‑derived stem cells (BMSCs) of mice can induce 
differentiation into cardiomyocytes by activating the 
Wnt/β‑catenin signaling pathway (46). At the same time, it 
also plays an important role in the invasion and treatment of 
tumors. By activating the Wnt/β‑catenin signaling pathway, 
miR‑106b‑5p promotes invasiveness of renal cell carcinoma 

Figure 4. (A) Kyoto Encyclopedia of Genes and Genomes pathway classification of the differentially expressed miRNA target genes in the experimental and 
control groups. (B) Gene Ontology enrichment map of the differentially expressed miRNA target genes. miRNA, microRNA. 
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and stem cell‑like phenotype (47). Low levels of miR‑600 are 
correlated with activation of the Wnt signaling pathway and 
poor prognosis in breast cancer) (48).

EpSCs are the key source of skin damage repair. The 
present study found that expression of miRNAs was signifi-
cantly altered after heat loss. If various strategies can be 
used to activate endogenous stem cells, then it is beneficial to 
help the wound healing direction of patients with extensive 
burns (49). At the same time, there is increasing evidence that 
the recruitment of mesenchymal stem cells is beneficial for 
tissue repair after injury. It has been reported that migration 
of mesenchymal stem cells may contribute to tumor angio-
genesis (50); however, the present study used the patient's own 
epidermal stem cells as this eliminates the risk factors that 
may cause mesenchymal stem cells to facilitate tumor angio-
genesis, and have a good application prospect. 

Overall, through high‑throughput sequencing technology, 
the present study found that miRNAs in human EpSCs, following 
heat injury were significantly differentially expressed which 
may be related to the mechanism of the wound healing signaling 
pathway. However, the current research is still at a preliminary 
stage. Expression of miRNAs needs to be further modified 
and intervened to clarify the specific regulatory mechanisms 
that are involved during the wound healing process, as well as 
provide more information on the safe and effective application 
of targeted treatment of various types of wounds.
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