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Abstract. Keloids are a skin fibroproliferative condition 
characterized by the hyperproliferation of fibroblasts and the 
excessive deposition of extracellular matrix (ECM) compo‑
nents. Previous studies have determined that Caveolin‑1 
controlled hyperresponsiveness to mechanical stimuli 
through Runt‑related transcription factor 2 (Runx2) activa‑
tion in keloids. However, the molecular mechanism of Runx2 
regulating the pathological progression of keloids has not 
been elucidated. Gene Ontology and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analysis revealed that most of 
the differentially expressed genes (DEGs), including Runx2, 
were significantly enriched in the biological processes 
‘Positive regulation of cell proliferation’, in the cellular 
components ‘Extracellular matrix’, in the molecular func‑
tions ‘Extracellular matrix structural constituents’ and in 
the KEGG ‘PI3K‑Akt signaling pathway’. The aim of the 
present study was to investigate the expression levels of the 
Runx2 in human keloid tissues and primary human keloid 
fibroblasts (HKFs), and to determine the underlying molecular 
mechanisms involved in the fibrotic roles of Runx2 in keloid 
formation. Runx2 expression levels were analyzed in patient 
keloid tissues and HKFs using western blotting, reverse 
transcription‑quantitative PCR (RT‑qPCR) and immunofluo‑
rescence microscopy. Primary HKFs were transfected with 
a small interfering RNA (si) specifically targeting Runx2 
(si‑Runx2). Subsequently, Cell Counting Kit‑8, wound healing 
and Transwell assays, flow cytometry, RT‑qPCR and western 
blotting were applied to evaluate the proliferation, migration, 

apoptosis, ECM deposition and PI3K/AKT signaling pathway 
of HKFs, respectively. In addition, western blotting was 
also used to determine the expression levels of phosphory‑
lated AKT and PI3K in HKFs. The results revealed that 
Runx2 expression levels were upregulated in keloid tissues 
and primary HKFs compared with the normal skin tissues 
and human normal fibroblasts. Following the transfection 
with si‑Runx2, the proliferative and migratory abilities of 
HKFs were significantly reduced and the apoptotic rate was 
increased. The expression levels of type I, type III collagen, 
fibronectin, and α‑smooth muscle actin were downregulated in 
si‑Runx2‑transfected cells, which was hypothesized to occur 
through following the downregulation of the phosphoryla‑
tion levels of PI3K and AKT. In conclusion, the findings of 
the present study indicated that Runx2 silencing in HKFs 
might significantly inhibit the cell proliferation, migration and 
the expression levels of ECM‑related proteins, and promote 
apoptosis via suppressing the PI3K/AKT signaling pathway. 
Thus, Runx2 siRNA treatment may reverse the pathological 
phenotype of keloids through the inhibition of PI3K/AKT 
signaling in patients.

Introduction

Keloids are a skin fibroproliferative condition usually 
accompanied by the loss of the sense of touch, pain and 
itching, amongst other physical and psychosocial symptoms 
(including restricted joint movement, anxiety, depression, 
low self‑esteem) (1). Keloids usually occur secondary to the 
abnormal healing of skin wounds, and grow in an invasive 
manner, extending beyond the original injured tissue area (2). 
Histopathological examinations have revealed that compared 
with normal skin, keloids are characterized by the hyperprolif‑
eration of fibroblasts, an increased proportion of myofibroblasts 
and the excessive deposition of extracellular matrix (ECM) 
components, such as collagen I  and collagen III   (3). The 
increased synthesis of ECM collagen is considered to be related 
to the overactivation of keloid fibroblasts. The proliferation 
and migration of fibroblasts have been identified as essential 
for keloid formation. To some extent, keloids exhibit invasive 
and immortal growth, similar to tumor tissues (4). Based on 
the RNA‑Seq analysis of keloid and normal skin samples, 
previous studies indicated that changes in the expression levels 
of pro‑fibrotic genes are found to serve a significant role in 
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keloid formation (5,6). Although various therapeutic modali‑
ties are used to treat keloids, such as local surgical resection 
combined with radiotherapy, laser treatments, cryotherapy and 
chemotherapy, the clinical effects remain unsatisfactory (7). 
This is because these methods have the potential to cause 
relapse, leading to contour deformity caused by keloids repeat‑
edly pulling on the skin and dysfunction caused by keloids 
around the joint, seriously affecting the physical and mental 
health, and social life of patients (8). These issues remain a 
major challenge for keloid treatment in the field of plastic 
surgery. Therefore, determining the molecular mechanisms 
involved in the genesis of keloids is essential for developing 
novel and effective therapeutic strategies.

The emerging development of high‑throughput sequencing 
has enabled the identification of hub genes and dysfunctional 
biological pathways involved in the pathological process of 
numerous types of disease. Gene Ontology (GO) functional 
term and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
signaling pathway enrichment analyses are common methods 
used in bioinformatics analysis for annotating genes and 
identifying underlying biological pathways (9). For example, 
Liu et al (10) applied weighted gene co‑expression network 
analysis to identify the main functions of hub genes and 
keloid‑related pathways. The results of this study revealed 
that the expression change of some hub genes (such as DKK3 
and MMP3) have been verified by immunohistochemical 
staining. In addition, Fagone et al (11) used functional term 
and signaling pathway enrichment analyses to verify that 
macrophage migratory inhibitory factor  (MIF) receptors 
were variably expressed in CD4+ T cells and central nervous 
lesions. Similarly, Presti  et  al  (12) also used The Cancer 
Genome Atlas data to determine the accurate and under‑
lying biological mechanism in glioblastoma multiforme, and 
further confirmed that MIF and its receptors were associated 
with glioblastoma multiforme progression and maintenance. 
Runt‑related transcription factors (Runx) are a family of three 
genes, which have been discovered to serve an important role 
in cell migration, proliferation and apoptosis (13). Runx2 
is a member of the Runx family of transcription factors 
containing the runt DNA‑binding domain (14). Runx2 has 
been revealed to be essential for osteoblastic differentiation 
and skeletal morphogenesis, as well as tumor formation and 
progression (15). In addition, Runx2 contributed to the profi‑
brotic function and promoted the progression of lung fibrosis, 
suggesting that targeting Runx2 may be of therapeutic value 
for curing fibrosis‑related diseases (14). Numerous specific 
molecular pathways have been suggested to serve a role in 
liver fibrosis, mainly related to chronic viral hepatitis B or C 
(HBV or HCV) (16). For example, Fagone et al (17) reported 
that Runx2 was identified as a hub gene that participated in the 
progression of hepatic fibrosis, while the knockdown of Runx2 
expression levels could ameliorate liver cirrhosis. Similarly, 
Chen et al (18) revealed that the protein expression levels of 
Runx2 were upregulated in aortic valve fibrosis, indicating that 
the AMPK‑activated protein kinase α/Runx2 pathway may 
participate in high‑fat diet‑induced fibrosis in aortic valves. 
A previous study also demonstrated that Runx2 was differen‑
tially expressed in alveolar epithelial cells and fibroblasts in 
pulmonary fibrosis. In fact, the cell‑specific targeting of Runx2 
signaling pathways was suggested as a therapeutic approach 

for idiopathic pulmonary fibrosis  (14). Runx2 expression 
levels were also found to be crucial in autoimmune diseases. 
For instance, Tchetina et al (19) discovered that Runx2 expres‑
sion levels were upregulated in the peripheral blood and may 
predict an improved response of patients with rheumatoid 
arthritis to methotrexate treatment, indicating the potential 
of Runx2 as a prognostic marker. However, to the best of our 
knowledge, the role of Runx2 in keloid pathogenesis remains 
unknown. Therefore, the present study aimed to investigate the 
expression levels of Runx2 in human keloid fibroblasts (HKFs) 
and to determine its role in keloid formation.

Materials and methods

Patient samples. Keloid tissues and normal skin tissues were 
obtained from 9 patients (age range, 13‑36, mean, 25.4 years; 
5 women and 4 men) with keloids between September 2018 
and May 2020 at Tongji Hospital of Huazhong University 
of Science and Technology (Wuhan, China). The patients 
recruited in the present study had not been pretreated for 
keloid for ≥3 months and the patients keloids were in the 
active stage. The diagnosis of keloid was based on clinical 
appearance, symptoms, persistence for >1 year and extension 
beyond the original margins. The nature of the samples was 
confirmed by pathological examination. The present study 
was approved by the ethics committee of Tongji Hospital of 
Huazhong University of Science and Technology. Written 
informed consent was obtained from all participants.

Bioinformatics analysis. Genome‑wide microarray data for 
HKFs (from nine different patients with keloids) and human 
dermal fibroblasts (HDFs, from four different control patients) 
(dataset no. GSE44270)  (20) were downloaded from the 
Gene Expression Omnibus  (GEO) database (https://www.
ncbi.nlm.nih.gov/geo). GEO2R (https://www.ncbi.nlm.nih.
gov/geo/geo2r) was used to identify the differentially expressed 
genes (DEGs, |fold change| >1.5 and P<0.05) between HKFs 
and HDFs in the GSE44270 dataset  (21). DEGs were then 
subjected to functional term enrichment analysis using Gene 
Ontology (GO) analysis and signaling pathway enrichment 
analysis using Kyoto Encyclopedia for Genes and Genomes 
(KEGG) analysis on the Database of Annotation, Visualization 
and Integrated Discovery (DAVID; https://david.abcc.ncifcrf.
gov). In addition, a protein‑protein interaction (PPI) network 
of the DEGs was constructed using the Search Tool for the 
Retrieval of Interacting Genes/Proteins (STRING) database 
(http://string‑db.org) and a threshold combined score of ≥0.4 
was set as the cut‑off. Cytoscape software (https://cytoscape.
org/index.html; version 3.6.1) was used to visualize the PPI 
network. The plug‑in MCODE (https://cytoscape.org/index.
html; version 3.6.1) in Cytoscape was used to analyze the genes 
in the PPI network and to identify hub genes based on the 
node degree value (degree cut‑off ≥2, node score cut‑off ≥0.2, 
K‑core ≥2, and max depth = 100).

Primary cell culture and small interfering RNA (siRNA/si) 
transfection. HKFs were isolated from keloid tissues (n=3) 
with high Runx2 expression level and HDFs were isolated 
from normal skin tissues (n=3) with low Runx2 expression 
level, respectively, using the collagenase digestion method. 
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Briefly, the adipose tissues and epidermis were removed 
from the samples. Subsequently, specimens were cut into 
1x1 mm sections and digested with collagenase (0.5 mg/ml) 
and trypsin (0.2 mg/ml) for 6 h at 37˚C. Following centrifuga‑
tion at 300 x g at 37˚C. for 5 min, the supernatant was discarded 
and the precipitate retained. Fibroblasts were cultured in 
DMEM/F12 medium (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.), 100 IU/ml penicillin and 100 IU/ml streptomycin, and 
maintained at 37˚C with 5% CO2. HDFs and HKFs were used 
in the present study following 3‑5 cell passages (22).

siRNAs targeting Runx2 (si‑Runx2; 5'‑CAGAAGAATG 
GTACAAATCCAAG‑3') and a negative control (NC) siRNA 
(si‑NC; 5'‑TTCTCCGAACGTGTCACGTdTdT‑3') were 
constructed by Guangzhou RiboBio Co., Ltd. HKFs at a 
density of ~2x106/well were cultured to 50% confluence in 
6‑well plates and transfected with 20 µmol/ml of si‑Runx2 or 
si‑NC using 10 µl Lipofectamine® 3000 reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) in Opti‑MEM medium (Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C for 24 h, according to 
the manufacturer's protocol. Following 24 h of transfection, 
HKFs were harvested for further experiments.

Fluorescence and light microscopy. The expression and distri‑
bution of Runx2, collagen I, collagen III, and fibronectin from 
human keloid tissues and normal skin tissues were analyzed 
using f luorescence microscopy (magnification,  x200). 
Meanwhile, the expression and distribution of vimentin in 
HKFs and HDFs was also analyzed using fluorescence micros‑
copy (magnification, x400). The morphology of fibroblasts 
(included HKFs and HDFs) was observed under the light 
microscope (magnification, x40). Briefly, fresh tissues collected 
in the operating rooms were immediately fixed with 4% para‑
formaldehyde at 37˚C for 24 h and embedded in paraffin after 
dehydration with an ascending alcohol series (23). Sections 
were cut at 5 µm. Following paraffinization, the tissues were 
rehydrated using a descending alcohol series. Sections were 
washed with xylene at 37˚C, deparaffinized, blocked with 
5% bovine serum albumin (Sangon Biotech Co., Ltd.) for 
30 min at 37˚C and incubated overnight at 4˚C with the specific 
primary antibodies (anti‑Runx2 1:1,000, cat. no. 55725‑1‑AP; 
anti‑collagen I 1:1,000, cat. no. 14695‑1‑AP; anti‑collagen III 
1:1,000, cat.  no.  14737‑1‑AP; anti‑fibronectin 1:1,000, 
cat. no. 49225‑1‑AP; anti‑vimentin, 1:1,000, cat. no. 82132‑1‑AP, 
all from ProteinTech Group, Inc.). Following the primary 
antibody incubation, the slides were incubated for 1  h at 
37˚C with the corresponding specific  secondary antibody 
(HRP‑conjugated Affinipure Goat Anti‑Rabbit IgG(H+L), 
1:2,500, cat. no. SA00001‑2; HRP‑conjugated Affinipure Goat 
Anti‑Mouse IgG(H+L), 1:2,500, cat. no. SA00001‑1; both from 
ProteinTech Group, Inc.), and staining with the DAB solution 
(Dako; Agilent Technologies, Inc.). Nuclei were stained with 
DAPI for 45 min at 37˚C.

Western blotting. HKFs at a density of approximately 
2x106/well were cultured to 50% confluence in 6‑well plates 
and transfected with si‑Runx2 or si‑NC at 37˚C for 24 h. 
Total protein was extracted from cells using RIPA lysis 
buffer (Boster Biological Technology). Total protein was 
quantified using a BCA protein assay kit and a total of 50 µg 

proteins loaded per lane were separated via 12% SDS‑PAGE. 
The separated proteins were subsequently transferred onto 
polyvinylidene fluoride membranes (24) and blocked with 
5% blocking buffer (Invitrogen; Thermo Fisher Scientific, Inc.) 
in TBS‑0.1% Tween‑20 (TBST) for 2 h at 37˚C. The membranes 
were then incubated with the following primary antibodies 
overnight at 4˚C: Anti‑Runx2 (1:1,000, cat. no. 55725‑1‑AP), 
anti‑α‑smooth muscle actin (SMA, 1:1,000, cat. no. 55135‑1‑AP), 
anti‑collagen I (1:1,000, cat. no. 14695‑1‑AP), anti‑collagen III 
(1:1,000, cat.  no.  14737‑1‑AP), anti‑fibronectin (1:1,000, 
cat. no. 49225‑1‑AP), anti‑phosphorylated (p)‑AKT (1:500, 
cat. no. 66444‑1‑Ig), anti‑AKT (1:500, cat. no. 60203‑2‑Ig), 
anti‑p‑PI3K (1:500, cat.  no.  56321‑1‑Ig), anti‑PI3K 
(1:1,000, cat.  no.  48631‑2‑Ig) and anti‑GAPDH (1:2,500, 
cat.  no.  63714‑1‑AP; all from ProteinTech Group, Inc.). 
Following the primary antibody incubation, the membranes 
were washed three times with TBST and incubated with 
the  secondary antibody [HRP‑conjugated Affinipure 
Goat Anti‑Rabbit IgG(H+L), 1:2,500, cat. no. SA00001‑2; 
HRP‑conjugated Affinipure Goat Anti‑Mouse IgG(H+L), 
1:2,500, cat. no. SA00001‑1; both from ProteinTech Group, 
Inc.], and staining with the DAB solution (Dako; Agilent 
Technologies, Inc.) for 2  h at 37˚C. Protein bands were 
visualized using an ECL detection kit (Beyotime Institute of 
Biotechnology) and then the signal intensity of proteins were 
quantified using ImageJ software (version 1.8.0; National 
Institutes of Health). All experiments were performed in trip‑
licate.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from HKFs using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was 
spectrophotometrically quantified at an absorbance of 260 nm 
by a spectrophotometer (Genova; Jenway) and reverse tran‑
scribed into cDNA using a PrimeScript R T reagent kit 
(Takara Bio, Inc.) at 85˚C for 5 sec, 37˚C for 10 min and 4˚C 
for 15 min. qPCR was subsequently performed (one initial cycle 
at 95˚C for 30 sec, followed by 40 cycles at 95˚C for 5 sec and 
at 60˚C for 30 sec.) using a Power SYBR Green PCR Master 
mix (Takara Bio, Inc.) on a Real‑Time Thermal cycler (Bio‑Rad 
Laboratories, Inc.). The following primers were used for the 
qPCR: Fibronectin forward, 5'‑CGGTGGCTGTCAGTCA 
AAG‑3' and reverse, 5'‑AAACCTCGGCTTCCTCCATAA‑3'; 
Runx2 forward, 5'‑ACGAGGCAAGAGTTTCACCT‑3' and 
reverse, 5'‑TGTCTGTGCCTTCTTGGTTC‑3'; GAPDH 
forward, 5'‑ACCACAGTCATGCCATCAC‑3' and reverse, 
5'‑TCCACCACCCTGTTGCTGTA‑3'; collagen I  forward, 
5'‑GGGCAAGACAGTGATTGAATA‑3' and reverse, 5'‑ACG 
TCFAAGCCGAATTCCT‑3'; collagen III forward, 5'‑AGG 
TCCTGCGGGTAACACT‑3' and reverse, 5'‑ACTTTCACCC 
TTGACACCCTG‑3'; and α‑SMA forward, 5'‑CTGTTCCAG 
CCATCCTTCAT‑3' and reverse, 5'‑CCGTGATCTCCTTC 
TGCATT‑3'. The expression levels were quantified using the 
2‑∆∆Cq  method and normalized to GAPDH expression 
levels (25).

Transwell migration assay. The migratory ability of HKFs 
from different groups was evaluated using a Transwell assay. 
Briefly, 1x104 HKFs/well in 200 µl serum‑free DMEM/F12 
Glucose medium were seeded into the upper compartments of 
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the Transwell chambers (Corning, Inc.). The lower compart‑
ments were filled with basic medium supplemented with 
20% FBS as a chemoattractant. The cells were incubated at 
37˚C with 5% CO2 to allow the migration through the porous 
membrane. Following 24 h of incubation, the cells on the upper 
surface of the membrane were gently removed with a cotton 
swab. The migratory cells in the lower chamber were fixed with 
4% paraformaldehyde for 30 min, stained with 0.1% crystal 
violet for 10 min at 37˚C and gently rinsed 3 times with PBS. 
The stained cells were counted in 3 randomly selected fields 
under a light microscope (magnification, x200) (26).

Wound healing assay. A wound healing assay was used to 
analyze the migratory ability of HKFs. Briefly, the fibro‑
blasts were seeded into 6‑well culture plates at a density of 
1x106 cells/well and transfected with si‑Runx2 or si‑NC for 
24 h at 37˚C. A scratch was created using a sterile 200‑µl 
pipette tip in the cell monolayer upon the fibroblasts reaching 
95‑100% confluence. The wells were rinsed with PBS and 
incubated in serum‑free DMEM/F12 Glucose medium at 37˚C 
with 5% CO2. The migration of the cells in the different groups 
into the wound area was observed under a light microscope 
(magnification,  x100) at 0, 12 and 24 h. ImageJ software 
(version 1.8.0; National Institutes of Health) was used for 
analysis.

Proliferation assay. The proliferative ability of cells was deter‑
mined using a Cell Counting Kit‑8 (CCK‑8) assay (Dojindo 
Molecular Technologies, Inc.). Following 24 h of transfection 
at 37˚C, HKFs were seeded into 96‑well culture plates at a 
density of 5x104 cells/well in 100 µl DMEM/F12 Glucose 
medium supplemented with 10% FBS and cultured for 24 h 
at 37˚C. Following the incubation, 10 µl CCK‑8 reagent was 
added to each well and incubated for 1 h at 37˚C. The absor‑
bance at 450 nm was measured using a microplate reader.

Flow cytometric analysis of early and late apoptosis. The apop‑
totic rate of HKFs was analyzed using an Annexin V‑FITC/PI 
apoptosis detection kit (BD Biosciences). Briefly, HKFs were 
seeded into 6‑well plates at a density of 1x106  cells/well 
and incubated for 12 h at 37˚C. Cells were transfected with 
si‑Runx2 or si‑NC for 24 h at 37˚C, subsequently harvested 
(300 x g; 5 min at 37˚C), washed with PBS and resuspended 
with 200 µl the Annexin V‑PI binding buffer at a final density 
of 2x106 cells/flow tube. The cell suspension was mixed with 
5 µl Annexin V‑FITC and 5 µl propidium iodide (PI) solution 
and incubated in the dark for 15 min at 4˚C. The apoptotic cells 
from each sample were detected using a fluorescence‑activated 
cell sorting flow cytometer (BD Biosciences) and analyzed 
using FlowJo software (version  10.2; FlowJo LLC). The 
total number of cells was assessed using quadrant statistical 
method (upper right quadrant‑advanced stage apoptosis cell 
percentage; lower right quadrant‑prophase apoptosis cell 
percentage) (27).

Statistical analysis. Statistical analysis was performed 
using GraphPad Prism version  8.0.1 software (GraphPad 
Software, Inc.) and all data are presented as the mean ± SD. 
Statistical differences between two groups were analyzed using 
an unpaired two‑tailed Student's t‑test, whereas differences 

between ≥3 groups were analyzed using a one‑way ANOVA 
followed by a Tukey's post hoc test for multiple comparisons. 
The primary fibroblasts (including HKFs and HDFs) used 
in the experiment were derived from 3 different individuals. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Identification of differentially expressed mRNAs in keloid 
fibroblasts. The microarray dataset GSE44270 was down‑
loaded from the GEO database. This dataset comprised nine 
samples of HKFs (GSM1081582‑GSM1081590) and four 
samples of HDFs (GSM1081600‑GSM1081603). GEO2R 
was used to identify the DEGs in the GSE44270 dataset. The 
60 most DEGs (30 upregulated, including Runx2, FOS, AREG 
and BCAT1 and 30 downregulated, including TBX18, ANO3, 
SIM1 and APOD) were represented in hierarchical clustering 
maps (Fig. 1A) and volcano maps (Fig. 1B). A PPI network was 
generated using the STRING online tool and the result revealed 
that MMP3, VEGF, Runx2 and CTGF were the most promi‑
nent proteins and had the most prominent interactions in the 
PPI network (Fig. 2A). The hub genes (network‑centric genes, 
including Runx2) from the PPI network were identified and 
visualized using the plug‑in MCODE in Cytoscape (Fig. 2B). 
These results indicated that Runx2 may serve an important 
regulatory role in the pathological process of keloids.

Functional term and signaling pathway enrichment analyses. 
GO consists of three structured ontologies that describe 
gene function terms based on their associated biological 
processes  (BP), cellular components  (CC) and molecular 
functions (MF) (28). Meanwhile, the KEGG database is a 
database applied to search genomes, promising drug candi‑
dates and biological pathways (29). GO functional term and 
KEGG signaling pathway enrichment analyses are widely 
applied to investigate pathogenetic pathways and novel thera‑
peutic approaches for the treatment of several pathological 
conditions, including autoimmune, neoplastic, psychiatric 
and neurodegenerative disorders (11,30). DAVID was used to 
analyze the BPs, CCs and MFs, and the associated signaling 
pathways of the DEGs (Fig. 3). A total of 427 upregulated 
genes associated with keloids were screened for further func‑
tional term and signaling pathway enrichment analyses. CC 
analyses indicated that the DEGs closely associated with the 
pathological progression of keloids were strongly enriched 
in the ‘Extracellular matrix’, ‘Extracellular space’ and 
‘Extracellular region’ (Fig. 3A). BP analyses identified that 
the genes closely associated with the pathological progres‑
sion of keloids were mainly enriched in ‘Extracellular matrix 
organization’, ‘Positive regulation of cell proliferation’ and 
‘Positive regulation of cell migration’ (Fig. 3B). MF analyses 
revealed that the DEGs closely associated with the patho‑
logical progression of keloids were enriched in ‘Extracellular 
matrix structural constituents’, ‘Fibronectin binding’, ‘Growth 
factor activity’ and ‘Collagen binding’ (Fig.  3C). KEGG 
analyses revealed that the genes closely associated with the 
pathological progression of keloids were mainly enriched in 
the ‘PI3K‑Akt signaling pathway’, ‘TGF‑β signaling pathway’, 
‘ECM‑receptor interaction’ and ‘Focal adhesion’ (Fig. 3D). 
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Overall, GO and KEGG analysis revealed that most of the 
DEGs closely associated with the pathological progression 
of keloids (including Runx2) were significantly enriched in 
the BP ‘Positive regulation of cell proliferation’, in the CC 
‘Extracellular matrix’, in the MF ‘Extracellular matrix struc‑
tural constituents’ and in the KEGG ‘PI3K‑Akt signaling 
pathway’.

Expression levels of Runx2 in keloid tissues and HKFs. 
The expression levels of Runx2 in keloid tissues and 
HKFs compared with normal skin tissues and HDFs were 
analyzed. The protein expression levels of Runx2 were 
determined by western blotting and the results indicated 
that Runx2 expression levels were significantly upregulated 
in human keloid tissues and HFKs compared with normal 

Figure 1. Heat and volcano map of DEGs. (A) Heat map of DEGs identified using a threshold of P<0.05. The color key represents fold change. (B) Volcano map 
of all DEGs. The red dots represent genes that are upregulated in keloids and the green dots represent downregulated genes. DEGs, differentially expressed 
genes.
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Figure 2. DEGs PPI network complex. (A) PPI network of DEGs was generated using the Search Tool for the Retrieval of Interacting Genes/Proteins database. The 
gradual node color represented the fold change (HKFs vs. HDFs) of DEGs in GSE44270 dataset. The redder the color of the node, the greater the fold change of the 
gene. Conversely, the greener the color of the node, the smaller the fold change of the gene. The gradient color line represented the degree of connection between 
each node (the green line represented the closest connection, the red line represented the most distant connection) The gradual node volume represented the P‑value 
of each node, and the larger the P‑value, the larger the volume of the node. (B) The hub genes (network‑centric genes; including PRKG1, FGF2, Runx2, IL6, HAS2, 
BGN, CDK2, VEGFA, CFH, THBS1, CXCL8, EGR1, SNAI1, FOS, EDN1, MMP2, POSTN, DCN, and COL1A1) from the PPI network were identified and 
visualized using the plug‑in MCODE in Cytoscape. The different colors represented different degree value and the redder the color, the greater the degree value 
of the node. DEGs, differentially expressed genes; PPI, protein‑protein interaction; HKFs, primary human keloid fibroblasts; HDFs, human dermal fibroblasts; 
PRKG1, protein kinase cGMP‑dependent 1; FGF2, fibroblast growth factor 2; Runx2, RUNX family transcription factor 2; IL6, interleukin 6; HAS2, hyaluronan 
synthase 2; BGN, biglycan; CDK2, cyclin dependent kinase 2; VEGFA, vascular endothelial growth factor A; CFH, complement factor H; THBS1, thrombos‑
pondin 1; CXCL8, C‑X‑C motif chemokine ligand 8; EGR1, early growth response 1; SNAI1, snail family transcriptional repressor 1; FOS, Fos proto‑oncogene, 
AP‑1 transcription factor subuni; EDN1, endothelin 1; MMP2, matrix metallopeptidase 2; POSTN, periostin; DCN, decorin; COL1A1, collagen type I α 1 chain.
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skin tissues and HDFs, respectively (Figs. 4A and B and S1). 
Consistent results were obtained in the mRNA expression 
levels using RT‑qPCR (Fig.  4C). Immunofluorescence 
subsequently revealed that the fluorescence intensities of 
Runx2, collagen I , collagen III  and fibronectin in keloid 
tissues were markedly higher compared with the normal 
skin tissues (Fig. 4D). Primary fibroblasts (including HKFs 
and HDFs) appeared as long fusiform cells under the light 
microscope (magnification, x40) and immunofluorescence 
imaging of vimentin expression was performed using fluo‑
rescence microscope (magnification, x400; Fig. 4E). The 
results of the immunofluorescence experiments revealed that 
mesenchymal‑derived skin fibroblasts (including HKFs and 
HDFs) could express vimentin. To investigate the biological 
function of Runx2 in HKFs, Runx2 was knocked down 
by transfection with si‑Runx2. The result of western blot‑
ting demonstrated that Runx2 expression was markedly 
decreased after si‑Runx2 transfection compared to the si‑NC 
transfected HKFs (Fig. 4F). Compared with si‑1 and si‑3, si‑2 

had the most significant silencing efficiency and then was 
selected for subsequent experiments.

Regulation of proliferation, migration and apoptosis of HKFs 
following Runx2 knockdown. The effect of Runx2 on HKF 
proliferation was analyzed using CCK‑8 assays. As a conse‑
quence of Runx2 knockdown by the transfection with si‑Runx2, 
HKF proliferation was significantly suppressed compared 
with the si‑NC group (Fig. 5A). Using Annexin V//PI staining, 
the percentage of apoptotic cells was markedly increased after 
Runx2 expression was knocked down (Fig. 5B). The popula‑
tion of migratory HKFs was significantly decreased following 
the knockdown of Runx2 compared with the si‑NC group 
(Fig. 5C). A wound healing assay demonstrated that the cell 
number in the wound of the si‑Runx2 group was significantly 
decreased compared with the si‑NC group at 12 and 24 h 
(Fig. 5D). Taken together, these results suggested that the 
knockdown of Runx2 in HKFs may inhibit cell proliferation 
and migration.

Figure 3. GO functional term and KEGG signaling pathway enrichment analyses of DEGs associated with the pathological process of keloids. GO functional 
term enrichment analysis of (A) Cellular component, (B) Biological process and (C) Molecular function. (D) KEGG signaling pathway enrichment analysis. 
The y-axes represent the GO or KEGG terms and the x-axes represent the enrichment factor of each term. GO, Gene Ontology; KEGG, Kyoto Encyclopedia 
of Genes and Genomes.
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Downregulation of ECM protein expression levels due to 
Runx2 knockdown in HKFs. Keloids are characterized by the 
presence of large numbers of myofibroblasts and the exces‑
sive deposition of ECM components, such as collagen I and 
collagen III  (31). The transfection of HKFs with si‑Runx2 
resulted in the significant downregulation of α‑SMA, 
collagen I, collagen III and fibronectin expression levels at 
both the mRNA and protein level compared with the si‑NC 
group (Fig. 6A and B).

Knockdown of Runx2 suppresses the phosphorylation of AKT 
and PI3K in HKFs. KEGG signaling pathway enrichment 
analyses revealed that the genes that served an important 
role in the pathology of keloids were mainly enriched in 
the PI3K/AKT signaling pathway (Fig. 3D). Therefore, to 
investigate the effect of Runx2 knockdown on the PI3K/AKT 
signaling pathway, the expression levels of AKT, p‑AKT, PI3K 
and p‑PI3K were analyzed using western blotting. The results 
revealed that the expression levels of p‑AKT and p‑PI3K were 

Figure 4. Upregulation of Runx2 expression levels in keloid tissues and HKFs. (A) Expression levels of Runx2 were analyzed in keloid and normal tissue and 
HDFs and HKFs using western blotting. (B) Semi-quantification of the expression levels from part (A). ***P<0.001 keloid tissues vs. normal skin tissues (n=3); 
***P<0.001 HKFs vs. HDFs (n=3). (C) mRNA expression levels of Runx2 were analyzed using reverse transcription-quantitative PCR. ***P<0.001 keloid tissues 
vs. normal skin tissues (n=3); ***P<0.001 HKFs vs. HDFs (n=3). (D) Immunofluorescence was used to determine that the expression of Runx2, collagen I, 
collagen III and fibronectin in the keloid tissues was upregulated compared with normal skin tissues (magnification, x200). (E) Left panel: Morphology of 
fibroblasts under the  light microscope (magnification, x40). Primary fibroblasts (including HKFs and HDFs) appeared as long fusiform cells. Right panel: 
immunofluorescence imaging of vimentin expression (red field, magnification, x400). (F) Western blotting revealed a significantly downregulation in the 
expression levels of Runx2 in HKFs transfected with si-Runx2 (si-1, si-2 and si-3) compared with si-NC. The silencing effect of si-2 was much stronger than 
those of si-1 and si-3 in HKFs. ***P<0.001 vs. si-NC (N=3). Data are presented as the mean ± SD of 3 independent experiments. N, normal skin tissue; K, keloid 
tissue; HKFs, human keloid fibroblasts; HDFs, human dermal fibroblasts; si, small interfering RNA; NC, negative control; Runx2, Runt-related transcription 
factor 2.
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significantly downregulated in HKFs following Runx2 knock‑
down compared with the si‑NC group (Fig. 6C).

Discussion

Keloids are a type of benign mass that occur in different 
shapes, which are characterized by a reddish protuberance 
of the skin and a tough texture  (32). Patients with keloids 
often experience pain and itching as the main symptoms and 
often suffer from infections due to scratching or physical 
friction (33). Although keloids are benign masses and do not 
metastasize, they sometimes seriously impact the confidence 
of an individual with their appearance, which subsequently 
affects the life quality (8). However, there is currently no effec‑
tive treatment for improving keloids prognosis and reducing 
recurrence (34). At present, it is known that genetics, gene 
mutation, inflammatory cytokines and autoimmunity are 
associated with keloid formation, but the specific pathogen‑
esis remains unclear (35). Therefore, further investigations 
to determine the process of keloid formation using HKFs 

and to identify effective treatments have become necessary 
for plastic surgery clinicians and researchers. HKFs are the 
main effector cells involved in the development of keloids. 
The proliferation and migration of HKFs was discovered to 
be closely related to the formation of keloids (36). Compared 
with normal skin tissues, HKFs were reported to secrete more 
ECM components, such as collagen I, collagen III and mucin. 
Simultaneously, HKFs can also  secrete related cytokines, 
including TGF‑β and platelet‑derived growth factor to promote 
keloid hyperplasia (37). Therefore, an in‑depth understanding 
of the molecular mechanisms that regulate HKF function may 
provide novel therapeutic strategies for keloids.

In the present study, GO and KEGG pathway analysis 
were applied to investigate the possible biological functions 
and potential mechanisms of DEGs in keloid formation. GO 
analysis revealed that most of the DEGs (including Runx2) 
were significantly enriched in the BP ‘Positive regulation of 
cell proliferation’, in the CC ‘Extracellular matrix’, in the 
MF ‘Extracellular matrix structural constituents’. Previous 
studies have confirmed that the proliferation of fibroblasts 

Figure 5. Runx2 knockdown inhibits the migration and proliferation, and promotes the apoptosis of HKFs. (A) Cell Counting Kit-8 assay revealed that the 
proliferation of HKFs was inhibited following Runx2 knockdown. *P<0.05, **P<0.01 vs. si-NC (n=3). (B) Promotion of apoptosis following the transfection of 
HKFs with si-Runx2, as shown by flow cytometry using an Annexin V-FITC/PI assay. The lower left quadrant (Annexin V-/PI-) represents live cells, the lower 
right quadrant (Annexin V+/PI-) represents early apoptotic stage cells, the upper right quadrant (Annexin V+/PI+) represents late apoptotic stage or necrotic 
cells. (C) ***P<0.001 si-Runx2 vs. si-NC (n=3). (D) Evaluation of cell migration using a wound healing assay (magnification, x100). 12 h  ***P<0.001 si-Runx2 
vs. si-NC (n=3); 24 h ***P<0.001 si-Runx2 vs. si-NC (n=3). Data are presented as the mean ± SD of three independent experiments. HKFs, human keloid 
fibroblasts; si, small interfering RNA; NC, negative control; Runx2, Runt-related transcription factor 2; PI, propidium iodide; OD, optical density.
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and the excessive deposition of ECM served an indispens‑
able role in the pathological process of keloids  (3,31,36), 
which is consistent with the GO enrichment analysis. KEGG 
analysis of these DEGs (including Runx2) proposed that the 
‘PI3K‑Akt signaling pathway’, ‘TGF‑β signaling pathway’, 
‘ECM‑receptor interaction’ and ‘Focal adhesion’ might serve 
a pathological role in keloid formation. The abovementioned 
findings revealed that the identified hub genes and pathways 
using GO and KEGG analysis could significantly enrich our 
understanding of the development of keloids and provide the 
potential mechanisms in keloid formation.

Runx2 has been discovered to be closely associated with 
the differentiation of mesenchymal cells to osteoblast lineage 

cells and is essential for cell proliferation and ECM forma‑
tion (38). Mümmler et al (14) reported that Runx2 expression 
levels were upregulated in ATII cells isolated from fibrotic 
mouse lungs, and Runx2 knockdown using siRNA decreased 
the migratory ability of A549 cells. Herreño  et  al  (15) 
demonstrated that Runx2 promoted epithelial‑mesenchymal 
transition and increased the migratory capacity in lung adeno‑
carcinoma cells. In the present study, the results revealed that 
the expression levels of Runx2 in HKFs and keloid tissues 
were significantly upregulated compared with HDFs and 
normal skin tissues. Runx2 knockdown with siRNA inhib‑
ited HKF proliferation, migration, and the deposition of the 
ECM (including collagen I , collagen III , and fibronectin). 

Figure 6. Regulation of ECM deposition through the PI3K/AKT signaling pathway. (A) Reverse transcription‑quantitative PCR was used to demonstrate that 
the expression levels of α‑SMA, collagen I, collagen III and fibronectin were downregulated in HKFs following transfection. α‑SMA, ***P<0.001 si‑Runx2 vs. 
si‑NC (n=3); collagen I, ***P<0.001si‑Runx2 vs. si‑NC (n=3); collagen III, **P<0.01 si‑Runx2 vs. si‑NC (n=3); fibronectin, **P<0.01 si‑Runx2 vs. si‑NC (n=3). 
(B) Western blotting was used to demonstrate that the expression levels of α‑SMA, collagen I, collagen III and fibronectin were downregulated in HKFs 
following transfection. α‑SMA, ***P<0.001 si‑Runx2 vs. si‑NC (n=3); collagen I, ***P<0.001 si‑Runx2 vs. si‑NC (n=3); collagen III, ***P<0.001 si‑Runx2 vs. 
si‑NC (n=3); fibronectin, **P<0.01 vs. si‑NC (n=3). (C) Expression levels of AKT, p‑AKT, PI3K and p‑PI3K were analyzed using western blotting. Statistical 
analysis was based on the ratio between the levels of phosphorylated protein and total protein. Following normalization to GAPDH, no difference was observed 
in the PI3K and AKT total protein expression levels in the si‑Runx2 group compared with the si‑NC group. ***P<0.001, p‑AKT vs. AKT (n=3);***P<0.001, 
p‑PI3K vs. PI3K (n=3). The relative protein expression levels were semi‑quantified using ImageJ software. Data are presented as the mean ± SD of 3 independent 
experiments. α‑SMA, α‑smooth muscle actin; si, small interfering RNA; NC, negative control; Runx2, Runt‑related transcription factor 2; p‑, phosphorylated.
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Furthermore, the apoptotic cell population in HKFs was mark‑
edly increased following Runx2 knockdown. Consequently, 
this may cause HKFs to lose their highly proliferative and 
migratory nature, and the excessive deposition of the ECM, 
which may thereby result in the delayed progression of keloids, 
indicating the possibility of Runx2 as a potential target for the 
treatment of keloids.

Previously, it was demonstrated that the PI3K/AKT 
signaling pathway was involved in the regulation of cell prolif‑
eration, differentiation, apoptosis and glucose transport (39). In 
the current study, KEGG signaling pathway enrichment anal‑
ysis revealed that the DEGs in keloids were mainly enriched 
in the PI3K/AKT signaling pathway. It was also discovered 
that the phosphorylation levels of PI3K and AKT significantly 
decreased following the transfection with si‑Runx2, which 
indicated that the PI3K/AKT signaling pathway was involved 
in HFK functions.

The protein mTOR consists of the serine/threonine 
kinase TOR and at ≥5 other proteins. mTOR participates 
in several signaling transduction networks, especially the 
PI3K/AKT signaling pathway, to regulate cell cycle progres‑
sion, cell survival, proliferation, invasion and apoptosis (40). 
Research has revealed that mTOR is a key component of the 
PI3K/AKT/mTOR signaling pathway, and it is considered as an 
attractive therapeutic target in breast cancer (41). In addition, 
mTOR was reportedly involved in regulating the pathogenesis 
of autoimmune diseases and viral infections, such as human 
immunodeficiency virus (HIV) and SARS‑CoV‑2 (42). By 
analyzing the clinical data and measuring the plasma levels 
of p‑PI3K, p‑AKT and p‑mTOR using ELISAs, Ge et al (43) 
found that the PI3K/AKT/mTOR signaling pathway was 
closely associated with the pathogenesis of lupus nephritis. 
In addition, to determine possible novel therapeutic targets, 
Fagone et al (44) applied the anti‑signature perturbation analysis 
to predict mTOR as a potential target to delay the progres‑
sion of Covid‑19 through analyzing transcriptomic profiles of 
primary human lung epithelium following SARS‑CoV‑2 infec‑
tion. Nicoletti et al (45) also identified a relationship between 
dysregulated mTOR activation and the pathogenesis of HIV, 
which suggested that mTOR might be a multifunctional 
therapeutic target in HIV infection. Interestingly, Tu et al (46) 
discovered that CUDC‑907, which is a PI3K/Akt/mTOR 
pathway inhibitor, could significantly inhibit the proliferation, 
migration, invasion and ECM deposition of HKFs. Therefore, 
based on these aforementioned findings, it was hypothesized 
that inhibiting the PI3K/AKT/mTOR signaling pathway may 
reverse the pathological phenotype of HKFs.

Gene therapy is a recently developed and novel approach 
for treatment, which has demonstrated tremendous poten‑
tial  (47). For example, the feasibility of gene therapy 
applications of a retroviral vector expressing LAMB3 cDNA 
has been definitely confirmed by the successful results 
obtained in a clinical trial for the LAMB3‑deficient form of 
junctional epidermolysis bullosa (48). RNA interference is a 
universal mechanism of post‑transcriptional gene silencing 
induced by siRNAs, which are double‑stranded non‑coding 
RNAs of 21‑22 nucleotides in length generated from longer 
double strand RNA by the action of Dicer (49). siRNA is able 
to prevent target gene expression by inducing the degradation 
of specific mRNA (50). In the present study, Runx2 siRNA 

was designed to knockdown Runx2 mRNA and transfected 
into HKFs. The results revealed that the biological functions 
(including proliferation, migration and ECM deposition) of 
HKFs were significantly inhibited by si‑Runx2 transfection, 
suggesting that siRNA treatment could be used for the treat‑
ment of keloids.

Nonetheless, there are several limitations to the current study. 
Firstly, mTOR is a key component of the PI3K/AKT/mTOR 
signaling pathway and is considered as an attractive therapeutic 
target in the pathological process of keloids (46). However, the 
present study only investigated the PI3K and AKT phosphoryla‑
tion levels and did not further confirm the potential mechanism 
of mTOR in regulating the progression of keloids. In addition, 
relatively few patients with keloids need to undergo surgical 
resection. Therefore, it is difficult to collect a large number of 
samples, which is a general limitation of keloid research. For 
this reason, the sample number (9 pairs) in the present study is 
small, and further large‑scale analysis will be required in the 
future.

In conclusion, the results of the current study indicated 
that Runx2 expression levels may be upregulated in keloid 
tissues. Silencing Runx2 in HKFs inhibited the cell prolif‑
eration, migration, expression levels of ECM‑related proteins 
through the suppression of the PI3K/AKT signaling pathway. 
Meanwhile, we found that silencing Runx2 inhibited the 
expression of α‑SMA in HKFs and α‑SMA was a marker of 
myofibroblasts, indicating that silencing Runx2 inhibited the 
differentiation into myofibroblasts. Therefore, Runx2 may be a 
potential therapeutic target for keloids and could be applied in 
the clinic as a novel therapeutic strategy.
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