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Abstract. The exact mechanisms underlying hypertrophic 
scarring is yet to be fully understood. However, excessive 
collagen deposition by fibroblasts has been demonstrated to 
result in hypertrophic scar formation, and collagen synthesis 
in dermal fibroblasts is regulated by the transforming 
growth factor‑β1/Smad signaling pathway. In view of this, a 
Smad‑binding decoy was designed and its effects on hyper-
trophic scar‑derived human skin fibroblasts was evaluated. 
The results of the present study revealed that the Smad 
decoy attenuates the total amount of collagen, collagen I  
and Smad2/3 expression in scar fibroblasts. Data from RNA 
sequencing indicated that the Smad decoy induced more than 
4‑fold change in 178 genes, primarily associated with to the 
extracellular matrix, compared with the untreated control. In 
addition, results from quantitative real‑time polymerase chain 
reaction further confirmed that the Smad decoy significantly 
attenuated the expression of extracellular matrix‑related genes, 
including COL1A1, COL1A2 and COL3A1. Furthermore, the 
Smad decoy reduced transforming growth factor‑β1‑induced 
collagen deposition in scar fibroblasts. Data generated from 
the present study provide evidence supporting the use of the 
Smad decoy as a potential hypertrophic scar treatment.

Introduction

Hypertrophic scarring (HS), caused by various cutaneous inju-
ries, including surgery, insect bites, vaccination and folliculitis, 
is a highly prevalent clinical condition (1). For example, HS has 
been reported to occur following 70% of burns (2). Patients 

with HS suffer from pain, itching and loss of joint mobility (3). 
Although the exact mechanisms underpinning HS formation 
are not yet fully understood, the excessive collagen deposition 
at the end of wound healing has been widely demonstrated 
to result in HS formation (4). At the end of normal cutaneous 
wound healing, dermal fibroblasts stop generating more 
extracellular matrix (ECM; mainly collagen) and the exces-
sive ECM is degraded by collagenases; failure of this process 
results in overabundance of ECM and triggers the formation 
of HS (4). Overexpression of ECM is therefore a hallmark 
of hypertrophic scar fibroblasts. Therefore, blockage of the 
collagen production from dermal fibroblasts at an appropriate 
time point in the healing process may reduce the formation of 
HS.

Transforming growth factor‑β1 (TGF‑β1) has been demon-
strated to serve essential roles in HS formation as TGF‑β1 
stimulates the proliferation and collagen deposition of dermal 
fibroblasts (5). Evidence indicates that the expression of TGF‑β1 
is higher in HS tissues compared with normal skin tissues (6). 
The Smad protein family serves important roles in regulating 
various signaling pathways. Smad2, 3 and 4 are particularly 
crucial in the TGF‑β1/Smad signaling pathway (7), although 
there are also Smad‑independent signaling cascade  (8). 
Binding of TGF‑β1 and its receptor (TβR) activates the phos-
phorylation of Smad2/3 (9). Phosphorylated Smad 2/3 further 
binds to Smad4 and this complex eventually translocates 
into nucleus to initiate the transcription of collagens (10). It 
has been reported that the expression of TβR and Smad3 are 
increased in HS tissues, indicating the roles of Smad in HS 
formation (11). In addition, suppression of the TGF‑β1/Smad 
signaling pathway has been demonstrated to attenuate the 
formation of HS (12).

As human Smad 3 and 4 have been demonstrated to 
specifically bind an 8 bp palindromic sequence to activate tran-
scription (13), we hypothesized that a double‑stranded DNA 
decoy that binded Smad 3 and 4 would decrease the expression 
of Smad pathway‑associated genes, including collagen (9), by 
sequestering Smad, while not interfering with the non‑Smad 
signaling pathways of the TGF‑β1 pathway. In the present 
study, a Smad decoy was generated and its effects on collagen 
deposition, collagen I and Smad2/3 protein expression, and 
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the gene expression of hypertrophic scar‑derived human skin 
fibroblasts (HSF) were evaluated. In addition, effects of the 
Smad decoy on the collagen production and gene expression 
of TGF‑β1‑stimulated HSF were also examined.

Materials and methods 

Cell culture. The HSFs (primary cells derived from 3 patients: 
106, 107 and 108) were purchased from Cell Research 
Corporation (Singapore), with ethical approval obtained from 
the A STAR Institute of Medical Biology (IRB: B‑16‑135E). 
Primary human keratinocytes (Kc) were collected from the 
Asian Skin Bank, Institute of Medical Biology, A STAR, 
Singapore following ethical approval (IRB: B‑16‑135E). HSF 
was cultured in Dulbecco's modified Eagle's medium (DMEM; 
Thermo Fisher Scientific, Inc.) containing 4.5 g/l D‑Glucose 
and 110 mg/l sodium pyruvate, supplemented with 10% foetal 
calf serum (FCS; Thermo Fisher Scientific, Inc.) and 1% v/v 
penicillin/streptomycin solution (Thermo Fisher Scientific, 
Inc.) at 37˚C in an incubator with 5% CO2. Kc was cultured 
in Green's medium containing 10% FCS, according to a previ-
ously described protocol (14). The cell culture medium was 
changed every 2‑3 days.

Preparation of the reagents. The Smad decoy was a 
double‑stranded DNA with the following sequence: GGA​GTA​
TGT​CTA​GAC​TGA​CAA​TGT​AC. The underlined palindromic 
sequence is the cognate recognition sequence for Smad3 
and 4. The Smad decoy was annealed by adding 100 µM of the 
sequence and its reverse complement in water, prior to heating 
to 95˚C and gradually cooling at 0.5˚C per second to 25˚C. The 
negative control sequence has the same nucleotide balance, 
but a scrambled sequence: GAT​GAA​GTT​CGA​ATC​TGA​CAT​
AGT​AC. A cell‑penetrating peptide (PepC) was synthesized 
by Pepscan as the delivery vehicle for the Smad decoy based 
on previous studies with modification (15,16). TGF‑β1 was 
purchased from Merck KGaA and used at 5 ng/ml for the 
stimulation of HSF.

Collagen production. Effects of the Smad decoy on HSF 
(with or without TGF‑β1 stimulation) collagen production 
were assayed using Sirius red staining (Sigma‑Aldrich; 
Merck KGaA), as previously described (17). In brief, HSFs 
(4x104) were seeded onto a 24‑well culture plate for 24 h. 
Smad decoy (to reach a final concentration in 500 µl medium 
of 30, 100 and 300 nM) was mixed with PepC at a mass 
ratio of 1:1 and then applied to the cell cultures. Following 
exposure to the Smad decoy for 48 and 72 h, Sirius red was 
added to each well and the plates were incubated at 37˚C for a 
further 90 min. Following drying overnight, the staining was 
dissolved in 0.1 M sodium hydroxide (NaOH; Sigma‑Aldrich; 
Merck KGaA) and the absorbance was measured at 540 nm 
using a SpectraMax M5 Multi‑Mode microplate reader 
(Molecular Devices, LLC).

Western blotting. Expression of collagen I and Smad 2/3 in 
HSF following Smad decoy treatment was detected using 
western blotting using secondary antibodies with fluorescence. 
HSFs were treated with 100 nM Smad decoy for 24 h and the 
whole cell lysate was collected in RIPA buffer (Merck KGaA), 

containing protease inhibitor cocktail (PIC; Sigma‑Aldrich), 
10 mM sodium fluoride (NaF; Sigma‑Aldrich) and 2 mM 
sodium vanadate (Na3VO4; Sigma‑Aldrich). The protein 
concentrations were quantified using Bradford protein assay 
(Bio‑Rad Laboratories, Inc.). Equal amounts of protein (10 µg) 
from each cell lysate were prepared and separated using 
NuPage 4‑12% gradient Bis‑tris protein gel (Thermo Fisher 
Scientific, Inc.), prior to being transferred onto nitrocellulose 
membranes (Bio‑Rad Laboratories, Inc.). The membranes 
were incubated with primary antibodies at 4˚C overnight in 
Odyssey blocking buffer (LI‑COR Biosciences). Primary 
antibodies included rabbit anti‑collagen I  (cat.  no.  21286; 
Abcam; dilution 1:1,000), rabbit anti‑Smad 2/3 (cat. no. 8685; 
Cell Signaling Technology, Inc.; dilution 1:1,000) and mouse 
anti‑GAPDH (cat. no. G8795; Sigma‑Aldrich; Merck KgaA; 
dilution 1:10,000). Secondary antibodies used were anti‑rabbit 
Alexa Fluor 680 (cat. no. A‑21076; Invitrogen; Thermo Fisher 
Scientific, Inc.; dilution 1:10,000), anti‑mouse Alexa Fluor 790 
(cat. no. A11371; Invitrogen; Thermo Fisher Scientific, Inc.; 
dilution 1:10,000) against anti‑Smad2/3 and anti‑collagen, and 
anti‑GAPDH respectively. Images were captured and analysed 
using the Odyssey Infrared Imaging system and Image Studio 
Version 5.2 software (LI‑COR Biosciences).

Sequencing. HSFs were seeded onto a 12‑well plate at 
1x105 cells per well. Following a 24‑h incubation, the cells 
were left untreated or transfected with 100 nM of the Smad 
decoy mixed with PepC (Pepscan). Following a 72‑h transfec-
tion, the cells were harvested and the total RNA was isolated 
using DirectZol kit (Zymo Research Corp.). The barcoded 
mRNA sequencing library was subsequently prepared using 
TruSeq RNA Library Prep v2 (Illumina, Inc.), according to the 
manufacturer's protocol. The resultant libraries were pooled 
and sequenced on a HiSeq 2000 sequencer (Illumina, Inc.). 
Following removal of the adaptor sequences using Prinseq, 
the sequences were mapped to the human transcriptome 
(hg19 genome using TOPHAT  (18) and the aligned BAM 
file was used to read counts for each gene using HTSeq (19). 
Subsequent analysis was performed using normalised counts 
and standard deviations derived from the 3‑fold‑changes of 
individual genes between the untreated and treated samples. 
Gene ontology analysis was performed by analysing the 178 
most differentially regulated genes using the DAVID analysis 
algorithm v6.8 hosted on the website (https://david.ncifcrf.
gov) using the GOTERM_CC_DIRECT (cellular component) 
annotation (20).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). HSFs or Kc were plated onto a 24‑well plate at 
5x104 cells per well. Following a 24‑h incubation, the cells 
were left untreated, treated with the scrambled Smad decoy 
oligonucleotide or the Smad decoy mixed with PepC. A total 
of 48 h after transfection, RNA from the cells were harvested 
using DirectZol kit (Zymo Research Corp.) according to 
the manufacturer's protocols, and reverse transcribed using 
MMLV reverse transcriptase (Promega Corporation) using 
random nanomers (Integrated DNA Technologies, Inc.), 
according to the manufacturer's protocol. The amplicons were 
then assayed by qPCR using Maxima SyBr Green Mastermix 
(Thermo Fisher Scientific, Inc.) using the primers listed in 
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Table I with the following protocol: 95˚C for 5 min, followed 
by 50 cycles of 95˚C for 10 sec, 58˚C for 8 sec and 60˚C for 
30 sec. The samples were quantified using the StepOnePlus 
software (Thermo Fisher Scientific, Inc.) using the relative 
standard curve method with automatic Ct calling. The relative 
expression of each gene was quantified against a relative stan-
dard curve made up of serial dilution of a few of the samples 
pooled together and then normalised to GAPDH expres-
sion by dividing the relative expression of a query gene by 
GAPDH expression relative expression. The ratios were then 
normalised to 1 for the untreated control compared between 
sample groups (21).

Statistical analysis. All experiments were performed 3 times 
using cells from 3 different patients. The data are expressed as 
the percentage of the control group. One‑way analysis of vari-
ance, followed by Tukey's post hoc test, were used to analyse 
the statistical difference. P<0.05 was considered to indicate a 
statistically significant difference.

Results

The Smad decoy inhibits the total amount of collagen produced 
in HSF. To evaluate the effects of the Smad decoy on the total 
amount of collagen produced in HSF, 3 different concentra-
tions of the Smad decoy mixed with PepC, a novel peptide 
transfection reagent, were applied to HSF. The same concen-
trations of PepC alone were used as the vehicle control. As 
demonstrated in Fig. 1, PepC alone at 30 nM showed no effects 
on HSF collagen production at 48 and 72 h. However, the Smad 
decoy mixed with PepC at 30 nM significantly decreased 
HSF collagen production by 12.2±1.0 and 11.0±2.8% at 48 
and 72 h, respectively, compared with the control (P<0.05). 
PepC alone at 100 nM decreased HSF collagen production 
by 19.5±6.5% at 48 h compared with the control (P<0.05); 
however, no inhibitory effects of PepC on HSF collagen 
production was detected at 72 h. The Smad decoy mixed with 
PepC at 100 nM significantly attenuated HSF collagen produc-
tion by 44.8±6.8 and 51.0±6.6% at 48 and 72 h, respectively, 
compared with the control (P<0.05). The data suggested 
that the Smad decoy inhibits HSF collagen production in a 
dose‑dependent manner. In addition, the Smad decoy mixed 
with PepC had no effects on cell viability at 72 h (Fig. S1), 
suggesting that the downregulation of collagen induced by the 
Smad decoy is not simply due to the cytotoxicity.

The Smad decoy attenuates the expression of collagen I and 
Smad 2/3 in HSF. To further investigate the effects of the Smad 
decoy on the TGF‑β1/Smad signaling pathway, expression of 
collagen I and Smad2/3 in HSF following treatment with the 
Smad decoy was analysed using western blotting (Fig. 2). PepC 
alone and Smad decoy mixed with PepC at 100 nM attenuated 
the expression of collagen I in HSF. Although the western blot-
ting indicated that the Smad decoy has a greater inhibitory 
effect on collagen I expression compared with PepC alone, 
the difference between these two groups was not statistically 
significant. PepC alone showed no effects on the expression 
of Smad 2/3 in HSF; however, the Smad decoy significantly 
downregulated the expression of Smad2/3 in HSF compared 
with the control. These results suggested that the Smad decoy 

is capable of regulating Smad2/3 expression, thereby resulting 
in a decrease in collagen I.

The Smad decoy induces an alteration of gene expression in 
HSF and human primary keratinocytes (Kc). To ascertain the 
genes affected, HSFs were treated with the Smad decoy, put 
through RNA sequencing and compared individually with 
untreated matched controls. The top 5,000 expressed genes 
were then plotted against each other on a logarithmic plot. 
The majority of the genes fell within a 4‑fold difference in 
expression between untreated and treated samples, with 178 
genes exceeding this (Fig. 3A and Table II). The 178 genes 
were analyzed with cell component gene ontology analysis 
using DAVID (20) to determine which cellular component the 
most differentially expressed genes functioned in Table III. 
The list suggests that the Smad decoy primarily affects 
ECM‑associated functions and the present study aimed to 
highlight the ECM expression changes with selected upregu-
lated and downregulated genes (Fig. 3B) corresponding to 
the hollow (upregulated) and grey (downregulated) dots in 
Fig. 3A. Notably, the Smad decoy does not appear to affect 
the expression of the TGFB1 gene, which codes for TGF‑β1 
(Fig. 3C). Therefore, it is unlikely that the changes triggered 
by the Smad decoy are directly attributable to unintended 

Table I. Primers used in reverse transcription‑quantitative 
polymerase chain reaction.

Gene	 Forward and reverse primers

COL1A1	 F:	 5'‑TCTGCGACAACGGCAAGGTG‑3'
	R :	 5'‑GACGCCGGTGGTTTCTTGGT‑3'
COL1A2	 F:	 5'‑ACACGTCTGGCTAGGAGAAAC‑3'
	R :	 5'‑GGCATAGTTGGCCAGCAGGC‑3'
COL3A1	 F:	 5'‑ACCAGGAGAGAAGGGATCGC‑3'
	R :	 5'‑TTCCCCTAGGACCTGGCATG‑3'
TAGLN	 F:	 5'‑CCGTGGAGATCCCAACTGG‑3'
	R :	 5'‑CCATCTGAAGGCCAATGACAT‑3'
SPARC	 F:	 5'‑ACATCGCCCTGGATGAGTGG‑3'
	R :	 5'‑CGGTACTGTGGAAGGAGTGG‑3'
MMP1	 F:	 5'‑GCCGACAGAGATGAAGTCCG‑3'
	R :	 5'‑CTTGGGGTATCCGTGTAGCAC‑3'
MMP3	 F:	 5'‑CTCCAACCGTGAGGAAAATCG‑3'
	R :	 5'‑TGGGAAAGCCTGGCTCCATG‑3'
SERPINB2	 F:	 5'‑TTGCCGATGTGTCCACTGGC‑3'
	R :	 5'‑GTCTTTGCTGGTCCACTTGTTG‑3'
MMP2	 F:	 5'‑GATGCCGCCTTTAACTGGAGC‑3'
	R :	 5'‑TCCAGGCATCTGCGATGAGC‑3'
GAPDH	 F:	 5'‑AAGGTGAAGGTCGGAGTCAA‑3'
	R :	 5'‑GAAGATGGTGATGGGATTTC‑3'
TIMP1	 F:	 5'‑TCAACCAGACCACCTTATACC‑3'
	R :	 5'‑GTAGACGAACCGGATGTCAGC‑3'
FN14	 F:	 5'‑CTGGACAAGTGCATGGACTGC‑3'
	R :	 5'‑CCAAGGATGGGCCAAAGCAG‑3'

F, forward; R, reverse.
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perturbation of TGF‑β1 levels rather than direct perturbation of 
the Smad signaling pathway. The effect on the ECM is similar 
to the results of a previous study, which used a microarray of 
dermal fibroblasts stimulated with TGF‑β1 (22). In particular, 
COL1A2, COL3A1 and FBN1 were downregulated by inhibi-
tion of Smad, corresponding to upregulation when TGF‑β1 
was added. However, several genes upregulated by increase in 
TGF‑β1 levels, including TIMP1, TIMP3 and COL6A1, were 
notably not downregulated by inhibition by the Smad decoy. 
Furthermore, while Verrecchia et al (2001) noted upregulation 

of matrix metalloproteinase‑1 (MMP1) and MMP3 by TGF‑β1, 
the present study reported marked increases in MMP1 and 
MMP3 expression by Smad inhibition (22). The divergence in 
the results suggests that, in the present study, it was possible 
to isolate the Smad pathway from the other TGF‑β1 signaling 
pathways using the Smad decoy.

To validate the sequencing results, RT‑qPCR analysis was 
performed of a number of genes, which are highly associ-
ated with HS formation, on HSF treated for 3 days with the 
Smad decoy, using a scrambled decoy as a negative control. 

Figure 1. Effects of the Smad decoy on collagen production in HSF. HSF was treated with different concentrations of PepC with or without the Smad decoy for 
(A) 48 h and (B) 72 h. Collagen production was measured using Sirius red staining. Data are expressed as the average percentage of the control and are pooled 
from 3 replicate experiments. Error bars indicate the mean ± standard error of the mean (n=3). *P<0.05 vs. control. Statistical analysis was performed using 
one‑way analysis of variance and Tukey's post hoc test. PepC, cell‑penetrating peptide.

Figure 2. Effects of the Smad decoy on the expression of Collagen I and Smad2/3 in HSF. The expression of proteins was detected using the LI‑COR Odyssey 
Fc imaging system. GAPDH was used as a loading control. Representative images of western blots are present. Quantitative analysis was performed using 
ImageJ software. Protein bands were first normalised to GAPDH and then converted to a percentage of the untreated control. Data were pooled from the 3 
replicate experiments. Error bars indicate standard error of the mean (n=3). *P<0.05 vs. control. Statistical analysis was performed using one‑way analysis of 
variance and Tukey's post hoc test. HSF, human skin fibroblasts; PepC, cell‑penetrating peptide.
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Corresponding to the sequencing data, COL1A1, COL1A2, 
COL3A1, TAGLN and SPARC were significantly downregu-
lated following exposure to the Smad decoy, but not with the 
scrambled decoy  (Fig.  4A). Similarly, MMP1, MMP3 and 
SERPINB2 were significantly upregulated in the Smad decoy 
treated group compared with the scrambled and control 
groups. To ascertain that genes unchanged in the sequencing 
data were also unchanged in the independent experiment, 
MMP2, another matrix metalloprotease was also assayed using 
RT‑qPCR. Data from the sequencing assay suggested that 
MMP2 is not affected by the Smad decoy (treated/untreated in 
sequencing=0.93±0.03); consistently, no significant changes in 
MMP2 expression were observed in RT‑qPCR. This suggests 
that the collagen‑inhibiting ability of the Smad decoy relies 
on its regulation of the expression of various genes, including 
COL1A1, COL3A1 and MMPs.

Additionally, effects of the Smad decoy on the gene 
expression of Kc were evaluated as Kc also serves essential 
roles in HS formation (23). Application of the Smad decoy 
did not appear to affect COL1A1 nor MMP3 significantly, but 
it increased TAGLN expression slightly (Fig. 4B). However, 
the effect appears to be associated with PepC‑based delivery 
as the scrambled oligonucleotide also resulted in increased 
TAGLN expression. 

Effects of the Smad decoy on TGF‑β1‑stimulated HSF. As 
TGF‑β1 has been demonstrated to serve essential roles in HS 

formation and overabundant TGF‑β1 expression is frequently 
observed in HS tissues (6), the present study investigated the 
effects of the Smad decoy on TGF‑β1‑stimulated HSF. The 
Smad decoy was initially delivered with PepC into the cells 
followed by the addition of TGF‑β1 3 h later. Although collagen 
production was modestly increased by TGF‑β1, Smad decoy 
inhibition of collagen was markedly less (Fig. 5A). TGF‑β1 
has been revealed to significantly increase the expression of 
COL1A1 and MMP2, and reduce the expression of MMP1 
and TIMP1 in HSF, as demonstrated in Fig. 5B. The Smad 
decoy significantly inhibited TGF‑β1‑induced upregulation 
of COL1A1 and downregulation of MMP1 in HSF. Notably, 
FN14, reported to be upregulated by TGF‑β1 in dermal fibro-
blasts (24), was not affected by the addition of TGF‑β1 in the 
present study. This demonstrates that the Smad decoy alters 
TGF‑β1‑induced ECM expression in HSF.

Discussion

HS remains a challenging problem for both patients and clini-
cians. The underlying mechanisms for HS formation remain 
elusive. However, excessive collagen deposition by fibroblasts 
has been widely demonstrated to result in HS formation (4). 
Numerous therapies are available in clinic, but no single 
therapy can guarantee the improvement of HS. For example, 
silicone dressings have been used to treat HS since 1983 (25), 
but require frequent changes and cause skin rashes (26). Laser 

Figure 3. Sequencing analysis of the Smad decoy‑induced gene changes in HSF. The 3 different HSF lines were transfected with 100 nM Smad decoy and 
harvested 72 h after transfection for RNA‑seq. (A) Log2 scatter plot of 5,000 of the top expressed genes in control and treated matched HSF lines with dotted 
lines indicating a 4‑fold difference in relative expression. (B) Selected genes highlighted in hollow dots (upregulated) and grey dots (downregulated) in 
(A) shown to be differentially expressed in control and treated across the different HSF lines. (C) TGF‑β1 expression is similar across control and treated HSFs 
and is unlikely to cause expression changes in the Smad pathway. HSF, human skin fibroblasts; TGF, transforming growth factor.
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Table II. Genes differentially expressed in treated and untreated HSFs.

	 Treated/untreated, 	 Treated/untreated, 	 Treated/untreated, 
	 log2 fold‑change	 log2 fold‑change	 log2 fold‑change
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑   -‑‑‑‑‑‑
Gene	 106	 107	 108	 Gene	 106	 107	 108	 Gene	 106	 107	 108

RSAD2	 7.52	 6.49	 5.73	 LIF	 3.75	 4.01	 0.24	 AKR1C1	 3.44	 2.03	 2.74
IL24	 3.71	 6.91	 7.14	 IFI27	 2.19	 4.14	 2.98	 DDX60	 2.7	 3.16	 2.52
SERPINB2	 6.67	 6.1	 6.03	 RND3	 2.57	 3.71	 3.41	 MX2	 2.75	 3.31	 1.89
PTGS2	 5.1	 6.81	 5.68	 OAS2	 2.55	 4.12	 2.44	 IFITM1	 2.69	 3.08	 2.43
TFPI2	 5.92	 5.83	 6.22	 IL11	 3.7	 3.27	 2.54	 MT2A	 2.99	 2.37	 2.71
THBD	 5.46	 6.41	 5.07	 HSPA1B	 3.07	 2.45	 3.79	 STC1	 2.38	 2.39	 3.16
OASL	 6.44	 5.2	 3.91	 DUSP10	 4.23	 1.72	 2.39	 PID1	 2.94	 2.4	 2.63
ESM1	 5.72	 5.77	 4.74	 INHBA	 3.89	 2.65	 2.54	 SAMD9	 3.3	 2	 2.37
MMP10	 4.81	 5.92	 5.31	 SAT1	 3.16	 3.5	 2.73	 SQSTM1	 2.82	 2.35	 2.58
MMP3	 4.97	 5.42	 5.62	 HMGA2	 3.19	 3.53	 2.63	 ANGPTL4	 2.22	 2.81	 2.69
BMP2	 5.46	 5.79	 4.57	 FAM167A	 2.58	 3.3	 3.28	 PITPNC1	 3.35	 2.26	 1.59
MX1	 3.15	 6.72	 3.07	 TNFAIP3	 2.57	 3.61	 2.61	 SLC5A3	 2.49	 1.49	 3.25
MMP12	 5.08	 5.52	 4.44	 ID1	 3.76	 2.41	 2.33	 DDX58	 2.92	 2.6	 2.09
IL1B	 5.65	 5.2	 3.5	 TBX3	 2.7	 3.51	 2.14	 HSPA1A	 2.6	 1.39	 3.13
CMPK2	 5.13	 5.28	 3.87	 IFI44	 3.22	 2.96	 2.36	 IL6	 1.48	 3.21	 2.3
CXCL8	 3.86	 5.52	 4.58	 SPRY2	 2.93	 2.42	 3.21	 DUSP5	 2.16	 2.77	 2.43
ITGA2	 5.29	 4.38	 4.27	 AKR1C1	 3.44	 2.03	 2.74	 CXCL1	 1.99	 3.12	 1.95
CXCL5	 4.36	 5.33	 2.57	 DDX60	 2.7	 3.16	 2.52	 IER3	 2.46	 2.59	 2.19
OAS1	 3.74	 5.33	 3.49	 MX2	 2.75	 3.31	 1.89	 TNFAIP6	 1.84	 2.93	 2.25
IFIT1	 3.91	 5.32	 3.24	 IFITM1	 2.69	 3.08	 2.43	 GNG11	 2.58	 1.89	 2.46
IFIT2	 5.03	 4.47	 3.21	 MT2A	 2.99	 2.37	 2.71	 HMOX1	 3.14	 1.71	 1.61
IFIT3	 4.59	 4.84	 3.5	 STC1	 2.38	 2.39	 3.16	 JARID2	 2.35	 2.41	 2.24
CXCL3	 3.78	 5.28	 3.26	 PID1	 2.94	 2.4	 2.63	 NPC1	 2.13	 1.9	 2.7
MMP1	 3.95	 3.71	 4.82	 SAMD9	 3.3	 2	 2.37	 ABL2	 1.55	 2.77	 2.26
PHLDA1	 4.03	 4.35	 4.06	 SQSTM1	 2.82	 2.35	 2.58	 FOSL1	 2.28	 2.1	 2.4
IFI44L	 3.13	 5.19	 2.64	 ANGPTL4	 2.22	 2.81	 2.69	 ITPRIP	 2.43	 2.52	 1.67
IFI6	 1.83	 5.3	 2.44	 PITPNC1	 3.35	 2.26	 1.59	 FGF5	 0.93	 2.58	 2.55
DUSP6	 3.95	 4.28	 3.24	 SLC5A3	 2.49	 1.49	 3.25	 NT5E	 2.16	 2.41	 1.94
HERC6	 2.93	 4.7	 3.41	 DDX58	 2.92	 2.6	 2.09	 KLHL21	 2.39	 1.94	 2.15
PLIN2	 3.17	 3.93	 4.11	 HSPA1A	 2.6	 1.39	 3.13	 PTGS1	 2.41	 1.82	 2.21
NAMPT	 3.99	 3.55	 3.76	 IL6	 1.48	 3.21	 2.3	 PARP12	 2.16	 2.24	 2.06
IFIH1	 3.44	 4.43	 2.86	 DUSP5	 2.16	 2.77	 2.43	 DCBLD2	 2.11	 2.52	 1.65
TMEM158	 3.71	 4.37	 2.56	 CXCL1	 1.99	 3.12	 1.95	 PLSCR1	 2.05	 2.28	 1.96
CDCP1	 3.01	 4.24	 3.43	 IER3	 2.46	 2.59	 2.19	 PRDM1	 2.14	 2.42	 1.47
OAS3	 2.61	 4.51	 2.82	 TNFAIP6	 1.84	 2.93	 2.25	 PDGFD	 ‑5.58	‑ 6.17	‑ 4.33
DUSP4	 3.32	 4.19	 2.85	 ID1	 3.76	 2.41	 2.33	 SPARC	 ‑3.26	‑ 3.33	‑ 2.39
ISG15	 3.68	 4.09	 2.26	 TBX3	 2.7	 3.51	 2.14	 FIBIN	 ‑2.09	‑ 2.95	‑ 2.21
PTGES	 4.34	 2.78	 2.79	 IFI44	 3.22	 2.96	 2.36	 RCAN2	 ‑4.34	‑ 4.49	‑ 4.9
PODXL	 4.05	 3.29	 2.94	 SPRY2	 2.93	 2.42	 3.21	 COL5A1	 ‑3.43	‑ 2.54	‑ 2.89
ADAMTSL1	 ‑1.86	‑ 1.55	‑ 3.81	 SYNPO2	 ‑5.52	‑ 4.89	‑ 2.84	 WISP1	 ‑2.33	‑ 3.34	‑ 2.97
GAS6	 ‑2.37	‑ 2.65	‑ 2.01	 COL11A1	 ‑5.12	‑ 4.97	‑ 2.99	 NEDD9	 ‑5.79	‑ 1.32	‑ 1.52
ADAM33	 ‑2.47	‑ 2.15	‑ 2.36	 ELN	 ‑4.05	‑ 4.99	‑ 3.98	 COL15A1	 ‑2.4	‑ 3.2	‑ 2.93
LRIG3	 ‑3.76	‑ 2.29	‑ 0.88	 DKK2	 ‑4.05	‑ 4.56	‑ 4.03	 DAPK1	 ‑2.16	‑ 3.89	‑ 2.43
INHBB	 ‑3.54	‑ 1.68	‑ 1.71	 EFEMP1	 ‑4.3	‑ 4.14	‑ 4.1	 KIF26B	 ‑2.49	‑ 3.92	‑ 2.04
ANGPT1	 ‑2.7	‑ 2.4	‑ 1.81	 COL3A1	 ‑4.27	‑ 4.22	‑ 3.97	 COL1A2	 ‑3.04	‑ 2.7	‑ 2.69
LOXL4	 ‑2.14	‑ 1.96	‑ 2.79	 HMCN1	 ‑4.05	‑ 3.51	‑ 4.76	 SORT1	 ‑4.06	‑ 2.28	‑ 2.05
ITIH5	 ‑3.02	‑ 2.21	‑ 1.63	 POSTN	 ‑3.67	‑ 5	‑ 3.49	 SGCD	 ‑2.76	‑ 3.29	‑ 2.29
SERAC1	 ‑2.73	‑ 2.27	‑ 1.83	 CNN1	 ‑3.36	‑ 3.38	‑ 5.12	 CARMN	 ‑3.43	‑ 3.1	‑ 1.78
FBLN2	 ‑2.25	‑ 2.5	‑ 2.05	 WNT2	 ‑3.72	‑ 5.31	‑ 2.52	 CTGF	 ‑4.64	‑ 2.39	‑ 1.27
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therapy is becoming more popular in the clinic for managing 
HS, but high recurrence is observed in patients receiving laser 
therapy (27). Therefore, novel therapies with more accurate 
pathological target are of particular relevance and may present 
patients with more options. Targeted therapy is becoming 
increasingly important in healthcare as many traditional 
therapies lack selectivity and specificity (28). One of the major 
advantages of small molecule drugs to treat HS is that they 
are typically cell permeable, thereby blocking the activities 
of targeted proteins and regulating the downstream signaling 
pathways  (29). For example, a TGF‑β1 inhibitor has been 

reported to prevent HS formation when it is applied during 
wound healing (30), as increased TGF‑β1 results in the forma-
tion of HS (6). The mechanism underpinning TGF‑β1‑induced 
HS formation is that TGF‑β1 activates the phosphorylation of 
Smad 2/3, which then initiates collagen expression (9,10). The 
aim of the present study was to investigate if a Smad decoy 
that sequesters the Smad protein may inhibit collagen produc-
tion and deposition.

As human Smad 3 and 4 have been identified to specifically 
bind a 8 bp palindromic sequence to activate transcription (13), 
a double‑stranded DNA decoy that contains this sequence 

Table II. Continued.

	 Treated/untreated, 	 Treated/untreated, 	 Treated/untreated, 
	 log2 fold‑change	 log2 fold‑change	 log2 fold‑change
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑   -‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene	 106	 107	 108	 Gene	 106	 107	 108	 Gene	 106	 107	 108

PDE1C	 ‑2.71	‑ 2.18	‑ 1.88	 COL1A1	 ‑4.57	‑ 3.22	‑ 3.74	 VCAN	 ‑2.9	‑ 2.84	‑ 2.52
TENM2	 ‑3.97	‑ 1.08	‑ 1.71	 TAGLN	 ‑4.05	‑ 4	‑ 3.37	 ACTA2	 ‑3.92	‑ 2.51	‑ 1.67
GADD45B	 ‑3.18	‑ 2.08	‑ 1.5	 LMOD1	 ‑3.6	‑ 4.93	‑ 2.61	 STARD4‑AS1	 ‑2.8	‑ 2.59	‑ 2.65
SLIT3	 ‑2.63	‑ 1.31	‑ 2.81	 OXTR	 ‑4.21	‑ 4.5	‑ 2.1	 PRUNE2	 ‑2.69	‑ 3.13	‑ 2.2
COMP	 ‑2.49	‑ 1.56	‑ 2.64	 ITGA11	 ‑4.43	‑ 3.34	‑ 2.95	 PODN	 ‑1.91	‑ 3.61	‑ 2.44
TNFRSF11B	 ‑4	‑ 1.93	‑ 0.69	 CHN1	 ‑3.26	‑ 4.56	‑ 2.81	 NTN4	 ‑4.04	‑ 3.24	‑ 0.68
FBLN1	 ‑2.08	‑ 1.96	‑ 2.44	 ITGBL1	 ‑3	‑ 4.29	‑ 3.21	 VSIR	 ‑2.1	‑ 2.78	‑ 2.94
PYCR1	 ‑2.45	‑ 1.77	‑ 2.25	 MFAP4	 ‑2.51	‑ 5.12	‑ 2.84	 ALDH1B1	 ‑3.35	‑ 2.48	‑ 1.95
RHOBTB1	 ‑2.51	‑ 1.94	‑ 2.01	 DPT	 ‑2.46	‑ 4.36	‑ 3.57	 TNFRSF19	 ‑2.31	‑ 3	‑ 2.4
CCL2	 ‑2.26	‑ 0.9	‑ 3.22	 MXRA5	 ‑3.98	‑ 2.99	‑ 2.97	 FBN1	 ‑2.64	‑ 2.77	‑ 2.2
MYL9	 ‑1.47	‑ 2.96	‑ 1.92	 COL12A1	 ‑5.02	‑ 2.38	‑ 2.52	 NTN1	 ‑1.35	‑ 3.06	‑ 3.15
CCDC80	 ‑2.01	‑ 2.46	‑ 1.86	 FBN2	 ‑3.85	‑ 3.31	‑ 2.49	 RDH10	 ‑4.59	‑ 1.8	‑ 1.17
DHCR24	 ‑2.04	‑ 2.88	‑ 1.35	 LMCD1	 ‑4.14	‑ 3.72	‑ 1.75	 RNF150	 ‑2.41	‑ 2.45	‑ 2.63
COL8A1	 ‑2.68	‑ 1.21	‑ 2.35	 IGFBP5	 ‑4.33	‑ 4.2	‑ 1.07	 THY1	 ‑1.92	‑ 2.78	‑ 2.79
GLT8D2	 ‑1.28	‑ 3.02	‑ 1.92	 NREP	 ‑3.12	‑ 4.11	‑ 2.17	 CNN2	 ‑2.56	‑ 2.6	‑ 2.31
SERPINH1	 ‑1.48	‑ 2.62	‑ 2.07	 SVEP1	 ‑3.84	‑ 2.86	‑ 2.64	 APCDD1	 ‑1.96	‑ 2.29	‑ 3.16
RN7SL5P	 ‑0.18	‑ 0.89	‑ 5.07	 GFRA1	 ‑3.56	‑ 3.2	‑ 2.57	 DIO2	 ‑0.43	‑ 4.8	‑ 2.11
COL5A2	 ‑2.1	‑ 2.23	‑ 1.78	 MFAP5	 ‑2.4	‑ 4.27	‑ 2.34	 ALPK2	 ‑3.12	‑ 3.02	‑ 1.13
TP53I11	 ‑1.51	‑ 2.11	‑ 2.47								      

Underlined genes are highlighted in Fig. 3B.

Table III. Gene classification of differentially expressed genes.

Gene Ontology analysis for differentially expressed genes	C ount	 % of genes out of 178	 P‑value

Proteinaceous extracellular matrix	 30	 16.9	 1.7x10‑22

Extracellular region	 61	 34.3	 1.7x10‑21

Extracellular space	 52	 29.2	 2.3x10‑18

Extracellular matrix	 25	 14.0	 8.4x10‑16

Endoplasmic reticulum lumen	 14	 7.9	 3.8x10‑8

Collagen trimer	 10	 5.6	 2.2x10‑7

Basement membrane	 8	 4.5	 1.0x10‑5

Microfibril	 4	 2.2	 9.6x10‑5

Elastic fiber	 3	 1.7	 5.3x10‑4

Perinuclear region of cytoplasm	 14	 7.9	 6.4x10‑3
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was designed. To evaluate the effects of this Smad decoy 
on HSF, the present study aimed to make use of a non‑toxic 
reagent for transfection. Transfection efficiency is limited by 
the biological barriers of the cells, including cellular uptake, 
intracellular trafficking, metabolic degradation and nuclear 
entry (31). Lipofectamine is the most frequently used transfec-
tion reagent due to its high transfection efficiency of DNA 
and RNA on various cells, including those considered to be 
difficult‑to‑transfect cells  (31). However, Lipofectamine is 
cytotoxic (16). A novel CPP‑based peptide (PepC), similar to 
the PF14 peptide that was recently reported to be more effec-
tive in transfecting splice‑correcting oligonucleotides into 
HeLa pLuc705 cells with significantly lower cytotoxicity than 
Lipofectamine (16), was used for delivery of the Smad decoy. 
PepC had no effects on the collagen production in HSF at 72 h; 
by contrast, the Smad decoy delivered by PepC significantly 

inhibited HSF collagen production at 72 h. These results not 
only demonstrated that PepC is a suitable transfection reagent 
for HSF, but also suggested that the Smad decoy may poten-
tially be used as a novel anti‑scarring therapy. As collagen 
type I is the most abundant collagen type in humans (32) and 
is mediated by the TGF‑β1/Smad signaling pathway (33), the 
present study also investigated the effects of the Smad decoy 
on the expression of collagen I  and Smad2/3 in HSF. The 
results suggested that the Smad decoy markedly attenuates the 
expression of collagen I and Smad2/3, suggesting its roles in 
regulating the TGF‑β1/Smad signaling pathway. Notably, PepC 
was revealed to decrease collagen I expression in HSF based 
on western blot analysis, albeit to a lesser extent than the Smad 
decoy (Fig. 2). This appears to contradict the results in Fig. 1 in 
which PepC does not decrease total collagen. This difference 
may be partially explained by the fact that only type I collagen 

Figure 4. RT‑qPCR analysis of the Smad decoy‑induced gene changes in HSF and Kc. (A) gene expression in HSF. (B) gene expression in Kc. Cells were 
treated with the Smad decoy or scrambled oligonucleotide at 100 nM for 48 h and then the total RNA was collected. Following RNA extraction, first‑strand 
cDNA was synthesized. The cDNA sample was amplified by RT‑qPCR. The expression of the target genes was first normalized to GAPDH and then further 
converted to the percentage of the control. Error bars indicate the mean ± standard error of the mean (n=3). *P<0.05 vs. the control. Statistical analysis was 
performed using one‑way analysis of variance and Tukey's post hoc test. RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; HSF, human 
skin fibroblasts; Kc, keratinocytes.
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was measured by western blotting and this was performed 24 h 
after treatment; while Sirius red staining in Fig. 1 quantified 
the total amount of collagen production and was performed 
at 72 h post‑treatment. The data suggested that PepC may have 
short‑term inhibitory effects on HSF collagen I deposition, but 
the effect size is much less than the combined effect of Smad 
and PepC together, particularly after 72 h. Limiting the western 
blots to only collagen I and Smad 2/3 provides only a small 
snapshot of the full picture. Insight into how the Smad decoy 
affects the expression of different types of collagen found in the 
extracellular matrix and the precise effect of these changes on 
hypertrophic scaring would aid in clarifying the mechanisms 
of how the Smad decoy may ameliorate hypertrophic scaring. 
This, in turn, could aid in refining a therapeutic plan to improve 
on the results reported in the present study.

At the cellular level, the collagen‑reducing ability of the 
Smad decoy makes it a potential novel HS treatment as exces-
sive collagen deposition is the hallmark of HS formation. 
However, the exact mechanisms of HS formation remain elusive 

and numerous other factors contribute toward the formation of 
HS. For example, Kc reform a functional epidermis (re‑epithe-
lialization) to protect exposed dermal tissue at the end of 
wound healing (34) and delayed re‑epithelialization has been 
revealed to induce HS formation (35). In addition, MMPs are 
well known for their roles in regulating tissue remodeling (36). 
Decreased expression of MMP‑1 is associated with HS forma-
tion (37). Therefore, the present study investigated the effects 
of the Smad decoy on HSF and Kc at the transcriptional level 
using sequencing and RT‑qPCR. A total of 178 genes were 
reported to exceed a 4‑fold difference in HSF treated with 
the Smad decoy compared with the untreated control. Certain 
representative genes were further analyzed (Fig. 3B) and it 
was revealed that the expression of these genes has similar 
trend in cells from 3 separate patient cell lines. Notably, the 
majority of those genes are associated with the extracellular 
matrix and are highly relevant to HS formation. For example, 
COL1A1, COL1A2, COL3A1, COL5A1, COL11A1, COL12A1 
and COL15A1, genes encoding various collagen types, have 
been found to be downregulated by the Smad decoy, indicating 
the mechanism of the Smad decoy‑induced collagen reduction 
in HSF. In particular, COL1A1, COL1A2 and COL3A1 are 
key genes encoding collagen I and collagen III in HS forma-
tion (38). In addition, EGF‑containing fibulin‑like extracellular 
matrix protein 1, encoded by EFEMP1, has been found to be 
highly expressed in HS and keloids (39,40). The results of the 
present study suggested that the Smad decoy attenuates the 
expression of EFEMP1 in HSF from all 3 individual patients. 
A previous study also suggested that elastin (encoded by ELN) 
and fibrillin‑1 (encoded by FBN1) are differentially expressed 
in HS compared with normal tissues, suggesting their roles 
in HS formation (41). The results of the present study showed 
that the Smad decoy significantly decreases the expres-
sion of ELN and FBN1 in HSF, compared with the control. 
Transgelin, encoded by TAGLN, is an actin‑binding protein 
in smooth muscle and fibroblasts (42). Although the function 
of transgelin remains largely unknown, one study reported 
that transgelin may be involved in the calcium‑independent 
smooth muscle contraction  (43). The increased fibroblast 
contraction has been reported to be associated with the 
over‑abundant expression of collagen (17), a downregulated 
TAGLN expression may therefore improve the reduction in HS. 
The MMPs are widely known for their roles in tissue remod-
eling by degrading collagen and other ECM during wound 
healing (44). In particular, MMP‑1 is decreased in HS tissue 
in vivo and HSF in vitro, compared with normal skin tissue or 
dermal fibroblasts, suggesting that the decreased expression of 
MMP‑1 contributes toward the formation of HS (37). Similarly 
to MMP‑1, another important condition for HS formation is 
the lack of MMP‑3 (45), a metalloprotease responsible for 
the degradation of collagen. The results of the present study 
showed that the Smad decoy significantly enhances the expres-
sion of MMP1 and MMP3 in HSF, offering further evidence 
supporting its use as an anti‑HS reagent. It may be worthwhile 
to investigate the effects of the Smad decoy on other Smads in 
future studies as other Smads also participate in the regulation 
the TGF/collagen signalling pathway, although Smads have 
different sequence specificity (46). For example, Smad1/5 are 
anti‑fibrotic proteins, which antagonize Smad2/3, and Smad 7 
has been demonstrated to inhibit the collagen synthesis (47).

Figure 5. Effects of the Smad decoy on TGF‑β1‑stimulated HSF. (A) Total 
amount of collagen deposition. (B) Expression of genes. HSF was treated 
with the Smad decoy and then TGF‑β1 (5 ng/ml) was added to the cell culture 
3 h later. The total amount of collagen was measured using Sirius red staining 
and the gene expression was detected using reverse transcription‑quantitative 
polymerase chain reaction. The expression of the target genes was first 
normalized to GAPDH and then further converted to the percentage of the 
control. Error bars indicate the mean ± standard error of the mean (n=3). 
*P<0.05 vs. the control; #P<0.05 vs. TGF‑β1 group. Statistical analysis was 
performed using one‑way analysis of variance and Tukey's post hoc test. 
TGF, transforming growth factor; HSF, human skin fibroblasts.
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TGF‑β1 is a cytokine known to be involved in cell prolif-
eration, differentiation and apoptosis on top of its effects in 
mediating ECM expression in dermal fibroblasts, as described 
previously  (5). Although part of its activity is mediated 
through Smad3/4, there are numerous Smad‑independent 
pathways involved. We hypothesized that the Smad decoy may 
facilitate the isolation of the TGF‑β1‑dependent ECM modula-
tion pathway for wound healing, which was supported by the 
Gene Ontology assignment of the differentially expressed 
genes (Table III). Therefore, while TGF‑β1 has been proposed 
to be useful for wound healing applications, a Smad decoy 
delivered locally to the HS site may be a better option in 
chronic wound applications.

High throughput RNA sequencing revealed the potential 
underlying mechanism of the Smad decoy‑induced collagen 
reduction in HSF. To further investigate the findings, cells were 
treated with the Smad decoy or the scrambled oligonucleotide 
and the expression of selected genes was measured using 
RT‑qPCR. Consistent with the sequencing data, the Smad 
decoy downregulated the expression of COL1A1, COL1A2, 
COL3A1 and TAGLN and upregulated the expression of MMP1 
and MMP3 in HSF. The scrambled oligonucleotide had no 
effect on the expression of those genes. In addition, the secreted 
protein acidic and rich in cysteine (SPARC) encoded by SPARC 
is a well‑known protein which serves essential roles in various 
biological activities, including wound healing and angiogen-
esis (48). In particular, increased SPARC has been reported to 
upregulate the expression of collagen type I in fibroblasts (49). 
The results of the present study suggested that the expression 
of SPARC was significantly attenuated in HSF following the 
Smad decoy treatment. Furthermore, although the roles of plas-
minogen activator inhibitor‑2 (SERPINB2) in wound healing 
and HS formation are unknown, there is evidence to suggest 
that the expression of SERPINB2 is detected in macrophages 
and Kc, and it may participate in regulating the inflammation of 
wound healing (50). The present study was the first to demon-
strate that SERPINB2 may contribute toward the formation 
of HS and that the Smad decoy significantly attenuates the 
expression of SERPINB2 in HSF. MMP‑2 is a key regulator for 
cell migration and re‑epithelialization during wound healing, 
and increased MMP‑2 has been reported to induce HS forma-
tion (51). Notably, the results of the present study demonstrated 
that the Smad decoy has no effects on the expression of MMP2. 
In addition to the gene expression in HSF, effects of the Smad 
decoy on Kc gene expression were also investigated as Kc also 
serves important roles in HS formation (35). These results indi-
cated that the expression of COL1A1, TAGLN and MMP3 in Kc 
were not affected following exposure to the Smad decoy, indi-
cating that the Smad decoy has minor effects on Kc compared 
with those on HSF. These results further support the use of the 
Smad decoy for HS treatment, as delayed re‑epithelialization 
causes HS formation (35). An ideal HS therapy should be able 
to decrease the excessive collagen deposition of fibroblasts 
without affecting the function of Kc.

After investigating the effects of the Smad decoy on HSF 
and Kc, the present study investigated the effects of the Smad 
decoy on TGF‑β1‑stimulated HSF as overabundant TGF‑β1 
expression has been demonstrated to induce HS formation (6). 
Previous studies have reported that additional TGF‑β1 alters 
the expression of COL1A1 (17), MMP2 (52), TIMP1 (53) and 

FN14 (24) in HSF. Although the total amount of collagen was 
not increased in HSF following TGF‑β1 stimulation, the Smad 
decoy was reported to significantly attenuate the collagen 
production compared with TGF‑β1‑stimulated HSF. In addi-
tion, increased COL1A1 and decreased MMP1 were detected 
in HSF stimulated with TGF‑β1, which is consistent with 
previous studies (17). The Smad decoy, however, significantly 
decreased TGF‑β1‑induced upregulation of COL1A1 and 
increased TGF‑β1‑induced downregulation of MMP1 in HSF, 
suggesting its ability to inhibit the effects of TGF‑β1 on HSF. 
Notably, although TGF‑β1 has been reported to significantly 
increase MMP2 and decrease TIMP1 expression in HSF, no 
effects of the Smad decoy on the expression of MMP2 and 
TIMP1 were detected compared with the TGF‑β1‑treated 
group. Fibroblast growth factor‑inducible molecule 14, 
encoded by FN14, has been reported to be a downstream target 
of the TGF‑β signaling pathway and serves essential roles in 
HS formation (24). Notably, neither TGF‑β1 nor the Smad 
decoy was revealed to affect FN14 expression in HSF.

In addition to decreasing collagen production, when the 
transcriptomic changes induced by the Smad decoy were inves-
tigated, results from sequencing and RT‑qPCR suggested that 
the primary effect of the Smad decoy was to decrease ECM and 
membrane components and increase their degradation through 
the upregulation of MMP1 and MMP3. This limits the side 
effects that may be associated TGF‑β inhibition beyond the ECM 
components. Notably, MMP‑2, which had been reported to be 
regulated through p38 MAPK signaling rather than Smad (54), 
is thought to be important in collagen remodeling, while MMP‑1 
activity is more biased towards a reduction of collagen I (55). 
Therefore, the ability to maintain TGF‑β‑induced upregulation 
of MMP‑2, while decreasing collagen I and increasing MMP‑1 
through Smad inhibition may be beneficial to the wound‑healing 
process. Therefore, the application of Smad inhibitors may be 
more beneficial than TGF‑β inhibition therapies, including with 
anti‑TGF‑β antibodies (56). An interesting phenomenon identi-
fied in the present study was that the Smad decoy has effects 
independent of exogenous addition of TGF‑β1 (Fig. 5). This is 
probably due to the fact that TGFB1 mRNA is produced in all 
HSFs from 3 patients and was detected in the top 5,000 genes 
expressed in these cells, which suggests that TGF‑β1 is autoreg-
ulated in these fibroblasts. In fact, TGF‑β1 has been previously 
demonstrated to be produced in HS fibroblasts (57); therefore, it 
makes sense that the Smad decoys would work despite the lack 
of exogenously added TGF‑β1.

In conclusion, a novel Smad decoy was designed, which 
inhibits the total amount of collagen production, including 
collagen type I in HSF, by altering the expression of various 
genes. In particular, the Smad decoy has been reported to 
change the expression of COL1A1, COL1A2, COL3A1, TAGLN, 
SPARC, MMP1 and MMP3 in HSF, which is associated with 
collagen deposition and HS formation. In addition, the Smad 
decoy is able to attenuate TGF‑β1‑induced upregulation of 
COL1A1 and increase TGF‑β1‑induced downregulation of 
MMP1 in HSF. The results of the present study support the use 
of this Smad decoy as a potential novel HS therapy. However, 
this in vitro study is limited in its scope and further studies 
are required to establish the safety of PepC and the decoy in 
animal models prior to its clinical application. The efficacy of 
spray‑on local delivery for a nucleic acid Smad decoy drug is 
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also unknown as no previous studies are known to have utilized 
a simple nozzle to deliver complexed nucleic acid drugs, 
although nucleic acid drugs have been nebulized. It is also not 
known if Smad‑specific inhibition of the ECM proteins will be 
sufficient for the inhibition of HS formation, particularly since 
little is known about HS formation. In conclusion, the Smad 
decoy may offer patients another option to combat HS.
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