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Abstract. Pathological scarring is a result of the hypertrophy 
of scar tissue during tissue repair following trauma. The aim of 
the present study was to assess the effect of ubiquitin‑specific 
protease 4 (USP4) silencing on pathological scarring, and to 
evaluate the mechanistic basis for the effect. An MTT assay 
was used to assess cell viability. Immunoprecipitation (IP) was 
used to determine ubiquitination levels of the TGF‑β receptor 
(TβR)I and Smad7. Tumor formation was assessed by injecting 
keloid fibroblasts. Hematoxylin and eosin staining was used to 
detect pathological changes in tumor tissue. Reverse transcrip-
tion quantitative polymerase chain reaction and western blot 
analysis assays were used to evaluate the expression levels of 
TβRI and Smad7. Compared with the untreated control animals, 
cell viability and the expression of TβRI and Smad7 increased 
significantly in animals treated with TGF‑β. Short hairpin 
RNA for USP4 (shUSP4) decreased the cell viability of nega-
tive control cells, TGF‑β‑induced cellular proliferation, and the 
expression of TβRI and Smad7. IP experiments indicated that 
the ubiquitination level of TβRI was decreased following USP4 
silencing. There was no remarkable difference in the structure 
of scar tissue among the various animal groups at 14 days 
following treatment, while the necrotic area of the scar tissue 
in the shUSP4 and vialinin A (USP inhibitor)‑treated animals 
increased significantly at the 28th and 42nd day compared 
with the control animals. At days 14, 28 and 42, the expression 
levels of TβRI and Smad7 in the shUSP4 and vialinin A‑treated 
animals were significantly decreased compared with the control 
animals (P<0.05). In summary, interference with or inhibition 
of USP4 prevented the activity of the TGF‑β/Smad pathway 
signaling and inhibited the formation of pathological scars.

Introduction

Scars are the products of wound healing by the human 
body. Among them, hypertrophic scars (HS) and keloids 
are known as pathological scars, which are characterized by 
sustained hyperactive growth, irregular scar shape, and an 
uneven and tough texture (1). Pathological scars are the result 
of hypertrophy of scar tissue in the process of tissue repair 
following trauma. Pathological scars have serious aesthetic 
effects and result in tissue dysfunction due to deformities 
of the scar contractures, particularly at the joints. Certain 
patients experience pain, itching, ulceration and the develop-
ment of cancerous cells (2,3). Although pathological scars are 
recognized as harmful, their etiology and pathogenesis are not 
fully understood.

Ubiquitin‑specific protease 4 (USP4), also known as 
UnpEL or Unph, is encoded by the proto‑oncogene USP4. 
As an important member of the deubiquitinase family, USP4 
was initially reported to bind to the tumor suppressor retino-
blastoma, and associated pocket proteins retinoblastoma‑like 
protein 1, retinoblastoma‑like protein 2 and E3 ubiquitin (4). 
It has been hypothesized that USP4 and E3 ubiquitin‑protein 
ligase TRIM21 may regulate their substrates by forming 
heterodimers via ubiquitination/deubiquitination pathways (5). 
The transforming growth factor‑β (TGF‑β) superfamily 
members are important functional biological molecules (6). 
TGF‑β is closely associated with extracellular matrix 
deposition, fibrosis and wound healing, which promotes 
formation of pathological scars (7).

Smads are intracellular molecules of the TGF‑β signal 
transduction pathway  (8). TGF‑β activates the pathway 
through membrane receptors TGF‑β receptor I (TβRI) and 
TβRII, which rapidly phosphorylate Smad proteins activating 
C‑terminal serine residues, forming heterologous complexes 
that in turn activate the transcription of target nuclear 
genes  (9,10). USP4 has been reported to directly deubiq-
uitylate TβRI  (11). However, the mechanisms regarding 
USP4‑TβRI in pathological scarring are not completely 
clear. In the present study, the role of USP4 in the forma-
tion of pathological scars in BALB/c nude mice inoculated 
with keloid cells was examined. In addition, the specific 
molecular mechanism by which USP4 regulates pathological 
scar formation was assessed.
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Materials and methods

Construction of a USP4 lentiviral interference vector. Based on 
data from the National Center for Biotechnology Information, 
3 short hairpin RHA (shRNA) sequences were designed by 
Santa Cruz (Santa Cruz Biotechnology, Inc.) (Table I).

Annealing conditions were as follows: Pre‑denaturation 
at 95˚C for 5 min, 85˚C for 5 min, 75˚C for 5 min and 70˚C for 
5 min, and then maintenance at 4˚C. The annealing product 
(1 µl) was diluted 200‑fold and the final concentration was 
4.4 ng/l, which was used for subsequent reactions. At 37˚C, 
a PLVshRNA‑EGFP (2A) Puro vector (VL3103; Beijing 
Yingmao Shengye Biotechnology Co., Ltd.) was digested by 
BamH I/EcoRI and subjected to 1% agarose gel electrophoresis. 
The 7,861 bp fragments were collected. Lentiviruses encoding 
shUSP4 were established as described previously (12).

Cell transfection. Human keloid fibroblasts (KFs) were 
purchased from the American Type Culture Collection (cat. 
no. CRL‑1762) and cultured in Dulbecco's modified Eagle's 
medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% fetal bovine serum (FBS; Biological 
Industries) and 100 U/ml penicillin‑streptomycin (P1400; 
Beijing Solarbio Science & Technology, Co., Ltd.) in 5% 
CO2 at 37˚C. Cells at 80% confluence were transfected with 
the aforementioned lentiviruses (Shanghai GenePharma Co. 
Ltd.) encoding USP4 shRNA (1x106 I FU/PFU/ml) using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). After 6 h, the medium was replaced with fresh DMEM 
medium containing 10% FBS and cells cultured in a 5% CO2 
incubator at 37˚C for 24  h. Experiments were performed 
48 h after transfection. Expression of USP4 was verified by 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). The experimental groups were as follows: 
Control; shUSP4; vector; vector + TGF‑β (48 h after transfec-
tion, 10 ng/ml TGF‑β was applied for an additional 48 h); and 
shUSP4 +TGF‑β (48 h after transfection, 10 ng/ml TGF‑β was 
applied for an additional 48 h).

MTT assay. Following treatment, the cells (3x105/ml) were 
digested and suspended in 96‑well plates. The cell numbers at 
0 and 48 h were assessed by an MTT assay. MTT (50 µl) was 
added to each well, and the cells cultured at 37˚C for 4 h in 
a 5% CO2 incubator. After 4 h incubation, supernatants were 
discarded and dimethyl sulfoxide (150 µl) added to each well 
to dissolve the formazan. Absorption was measured at 550 nm 
with an enzyme labeling instrument.

Reverse transcription quantitative polymerase chain reac‑
tion (RT‑qPCR). Following transfection and treatment 
for 48 h, mRNA from the different treatment groups was 
extracted using a TRIzol assay kit (Baosheng Science & 
Technology Innovation, Co. Ltd.). mRNA was transcribed 
into cDNA using a reverse transcription kit (cat. no. 639522, 
Takara Biotechnology Co., Ltd.) at 37˚C using the following 
thermocycler conditions: 25˚C for 10 min, 37˚C for 120 min 
and 85˚C for 5 min. RT‑qPCR was used to detect the expres-
sion level of the target genes with SYBR Green (HY‑K0501; 
MedChemExpress). The thermocycling conditions were as 
follows: Initial denaturation at 95˚C for 10 min, followed by 

40 cycles of PCR at 95˚C for 10 sec, 60.3˚C for 30 sec and 72˚C 
for 30 sec. The 2‑ΔΔCq method was used to quantify the results 
as previously described (13,14). The primers (5'‑3') used are 
listed in Table II.

Immunoprecipitation (IP). IP experiments were performed 
using a Pierce Crosslink IP kit (Thermo Fisher Scientific, 
Inc.). As described in the manufacturer's instructions, the 
cells of different groups were homogenized in IP lysis/wash 
buffer containing proteasome inhibitor MG‑132 (10 mM; 
Sigma‑Aldrich; Merck KGaA) and complete EDTA‑free 
Protease Inhibitor Cocktail (Sigma‑Aldrich; Merck KGaA). 
The supernatants were collected after centrifugation at 
15,000 x g for 10 min at 4˚C. Samples (2 mg) were added 
to anti‑ubiquitin antibody‑cross‑linked Protein A/G Plus 
Agarose, and then incubated at 4˚C overnight. Following 
incubation, nonspecific binding was eliminated by repeated 
washing with IP lysis/wash buffer. Eluted IP products 
were used for western blot analysis to detect ubiquitinated 
TRβI with an anti‑TrβI antibody (1:1,000; cat. no. ab92486; 
Abcam).

Western blot analysis. Following transfection and treatment for 
48 h, proteins were extracted from cell lines for western blot 
analysis using a ReadyPrep protein isolation kit (GE Healthcare 
Life Sciences) as described previously  (15). Protein levels 
were quantified with a bicinchoninic acid protein assay kit. 
Proteins (25 µg/lane) were separated via 12% SDS‑PAGE and 
transferred onto nitrocellulose membranes. The membranes 
were blocked with 5% skim milk for 2 h at room temperature 
and incubated with the following primary antibodies over-
night at 4˚C: Anti‑TRβI (1:1,000; cat. no. ab92486; Abcam); 
and anti‑Smad7 (1:1,000; cat. no., ab190987; Abcam). The 
anti‑rabbit IgG horseradish peroxidase‑conjugated secondary 
antibody (1:100; cat. no. ab131368; Abcam) was added and 
incubated with the membranes for 2 h at room temperature. 
An enhanced chemiluminescence reagent (cat. no. RPN2133; 
GE Healthcare Life Sciences) was added to the membranes. 
The membranes were visualized using a gel imaging system 
(Bio‑Rad Laboratories, Inc.). Densitometry was performed 
using Quantity One v1.4.6 (Bio‑Rad Laboratories, Inc.). 
Experiments were repeated 3 times.

Establishment of an in vivo tumor model. All animal experi-
ments were approved by the Ethics Committee of Nanchang 
University (Nanchang, China). A total of 24 male BALB/c 
nude mice (4‑week‑old) were purchased from Hunan Shanghai 
Laboratory Animal Center, Jingda Laboratory Animal Co., 
Ltd., License No. SCXK 2016‑0002) and housed in specific 
pathogen‑free conditions that were automatically maintained 
at a temperature of 23±2˚C, a relative humidity of 45‑65%, and 
with a controlled 12 h light/dark cycle. Mice implanted with 
the tumor cell lines were randomly divided into four groups 
(n=5 in each group): A control cell group; a control cells + 
vialinin A (USP inhibitor, HY‑13814, MedChemExpress 
LLC) group; a shUSP4‑transfected cell group; and a vector 
transfected cell group. Animals were injected with KFs in the 
logarithmic growth phase (1x106). For the control group, KFs 
were diluted in 0.2 ml PBS and administrated through subcu-
taneous injection into the nude mice. For the vector control 
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group, KFs transfected with control vector were diluted in 
0.2 ml PBS and injected. For the shUSP4 group, KFs trans-
fected with viral USP4 shRNA were diluted in 0.2 ml PBS and 
injected. For the control cells + vialinin A group, KFs were 
treated with vialinin A (5 µM, 48 h) and diluted in 0.2 ml PBS 
and injected. For the shUSP4 group, KFs transfected with viral 
USP4 shRNA (Santa Cruz Biotechnology, Inc.) were diluted 
in 0.2 ml PBS and injected. The nude mice were sacrificed at 
14, 28 and 42 days after inoculation. All animals presented 
with a single subcutaneous tumor in the forelimb armpit 
and the longest diameter was <8 mm. Following complete 
anesthesia with 5% isoflurane, the tumors were excised and 
stored at ‑80˚C for western blot analysis, RT‑qPCR, and fixed 
with 10% formalin overnight at 4˚C for hematoxylin and eosin 
staining.

Hematoxylin and eosin (H&E) staining. The tissues were then 
embedded in paraffin for tissue sectioning and sectioned into 
5 µm‑thick sections. Then, the sections were stained with 
hematoxylin (3%) and eosin (3%) at room temperature for 
3 min and observed by light microscopy (magnification, x200, 
BX51, Olympus Corporation).

Statistical analysis. Data are presented as mean ± standard 
error of the mean. Analyses were performed using SPSS 
version 19.0 (IBM Corp.). Significant differences were deter-
mined using one‑way analysis of variance followed by the 
Student‑Newman‑Keuls post‑hoc test. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Confirmation of USP4 silencing. As demonstrated in Fig. 1, 
3 interference sequences for shUSP4 were designed, with 
shUSP4‑2 producing a significant interference effect. 
Therefore, shUSP4‑2 was selected for subsequent experiments.

shUSP4 decreases cell viability. As presented in Fig. 2, the 
cell viability of the shUSP4 group was significantly decreased 
compared with the control group. By contrast, TGF‑β incuba-
tion significantly increased cell viability, which was decreased 
by shUSP4 interference (P<0.05). These data suggest that 
USP4 silencing decreased the proliferation of KFs in the 
negative control, following TGF‑β‑treatment.

shUSP4 decreases TβRI and Smad7 expression. The expres-
sion levels of TβRI and Smad7 for each group are indicated 
in Fig. 3. Compared with the control group, the expression 
of TβRI and Smad7 by the shUSP4 group was significantly 
decreased, while the expression levels of TβRI and Smad7 in 
the Vector + TGF‑β group was significantly increased; this 
was attenuated by shUSP4 (P<0.05). As demonstrated by the 
IP analysis data, ubiquitination of TβRI was identified in each 
group (Fig. 4), indicating a direct correlation of TβRI with 
ubiquitin.

shUSP4 facilitates necrotic death of tumor tissue and 
decreases the expression of TβRI and Smad7. As demonstrated 
in Fig. 5, at day 14 there was no remarkable difference in the 

Table I. shRNA sequences for silencing USP4 expression.

shRNA
molecule	 Sequence (5'‑3')

sh‑USP4‑F1	 GATCCGGAAGAAGTATGTGGGCTTTGCTTCCTGTCAGACAAAGCCCACATACTTCTTCCTTTTTG
sh‑USP4‑R1	AA TTCAAAAAGGAAGAAGTATGTGGGCTTTGTCTGACAGGAAGCAAAGCCCACATACTTCTTCCG
sh‑USP4‑F2	 GATCCGCCTTTCTTCTAGATGGATTGCTTCCTGTCAGACAATCCATCTAGAAGAAAGGCTTTTTG
sh‑USP4‑R2	AA TTCAAAAAGCCTTTCTTCTAGATGGATTGTCTGACAGGAAGCAATCCATCTAGAAGAAAGGCG
sh‑USP4‑F3	 GATCCGCTGAACATGTCCGAGTTTGTCTTCCTGTCAGAACAAACTCGGACATGTTCAGCTTTTTG
sh‑USP4‑R3	AA TTCAAAAAGCTGAACATGTCCGAGTTTGTTCTGACAGGAAGACAAACTCGGACATGTTCAGCG

shRNA, short hairpin RNA; USP4, ubiquitin‑specific protease 4; F, forward; R, reverse.

Table II. Primer sequences.

Genes	 Primers	 Primer length, bp	 Product length, bp	 Annealing temperature, ˚C

TβRI F	 GACGGCGTTACAGTGTTTCT 	 20	 318	 56.47
TβRI R	CC TTTGCCAATGCTTTCTT 	 19		
Smad 7 F	CCAAA GGTCACCACCATCC	 19	 105	 58.82
Smad 7 R	 TCAGTTTCTTGAGCACCGAGT	 21		
GAPDH F	 GAAGGTCGGAGTCAACGGAT	 20	 224	 58.3
GAPDH R	 CCTGGAAGATGGTGATGGG	 19		

TβRI, transforming growth factor‑β receptor I; F, forward; R, reverse.
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histological structures of the KF among the groups. At days 28 
and 42, marked necrotic scarring was observed in the shUSP4 
and vialinin A groups compared with the control group.

As presented in Fig. 6, the expression levels of TβRI and 
Smad7 in the shUSP4 and vialinin A groups were significantly 
decreased compared with those of the control group at days 14, 
28 and 42 (P<0.05).

Discussion

To the best of our knowledge, the present study is the first to 
demonstrate that silencing or inhibition of USP4 prevented the 
TGF‑β/Smad signaling pathway, which inhibited the forma-
tion of pathological scars. USP4 may bind TβRI to inhibit the 
Smad7‑mediated signaling pathway, preventing the ubiqui-
tination of TβRI, which maintains a high level of TβRI and 
sustained stimulation of TGF‑β in tissues of the skin.

Figure 1 Confirmation of USP4 silencing. The shUSP4‑2 sequence 
significantly decreased USP4 expression compared with the control. *P<0.05. 
shRNA, short hairpin RNA; USP4, ubiquitin‑specific protease 4.

Figure 2. shUSP4 decreases cell viability of control and TGF‑β‑treated cells. 
Following treatment, cells were digested and suspended. Cell viability was 
detected 48 h later. USP4 silencing decreased the proliferation of KFs in 
negative control cells and TGF‑β‑treated cells. *P<0.05 vs. control. #P<0.05 
vs. vector + TGF‑β. shRNA, short hairpin RNA; USP4, ubiquitin‑specific 
protease 4.

Figure 3. shUSP4 decreases TβRI and Smad7 expression. (A) mRNA expres-
sion of TβRI and Smad7. (B) Representative blots of TβRI and Smad7. 
(C) Protein expression of TβRI and Smad7. *P<0.05 vs. control. #P<0.05 
vs. vector + TGF‑β. shRNA, short hairpin RNA; USP4, ubiquitin‑specific 
protease 4; TβRI, transforming growth factor‑β receptor I.

Figure 4. Association between ubiquitin and TβRI. IP experiments indi-
cated that ubiquitination of TβRI was observed in each group, indicating 
that shUSP4 is likely to affect the levels of TβRI ubiquitination. TβRI, 
transforming growth factor‑β receptor I. shRNA, short hairpin RNA; USP4, 
ubiquitin‑specific protease 4; IP, immunoprecipitation.
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Figure 5. Pathological changes of tumor tissues. There was no significant difference in the histological structure of keloid fibroblasts among the groups at 
day 14, while the necrotic area of the scars in the shUSP4 and vialinin A groups increased significantly at days 28 and 42 compared with the control group. 
Scale bars=100 µm. shRNA, short hairpin RNA; USP4, ubiquitin‑specific protease 4.

Figure 6. shUSP4 decreases the expression of TβRI and Smad7. (A) Representative western blot analysis gel of TβRI and Smad7 protein expression. (B) Protein 
expression of TβRI and Smad at day 14. (C) Protein expression of TβRI and Smad at day 28. (D) Protein expression of TβRI and Smad at day 42. (E) mRNA 
expression of TβRI and Smad at day 14. (F) mRNA expression of TβRI and Smad at day 28. (G) mRNA expression of TβRI and Smad at day 42. *P<0.05 vs. 
control. shRNA, short hairpin RNA; USP4, ubiquitin‑specific protease 4; TβRI, transforming growth factor‑β receptor I.
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The localization and stability of TβRI determines the 
activity of the TGF‑β signaling pathway  (16), while the 
Smad7/Smurf 2 complex targets and degrades TβRI through 
the ubiquitination pathway (17). Using genome‑wide functional 
screening, Zhang et al (11) identified that USP4 enhanced the 
TGF‑β signaling pathway. USP4 interacts directly with TβRI 
and inhibits its ubiquitination pathway, thereby maintaining a 
high level of TβRI at the cell membrane surface (11). Removal 
of USP4 attenuates the process of epithelial mesenchymal 
transition mediated by the TGF‑β pathway (11). In the present 
study, cellular and animal experiments revealed that the 
expression of TβRI and Smad7 decreased following USP4 
silencing, which indicated that USP4 affected the TGF‑β 
signaling pathway. The tumorigenesis experiment demon-
strated that USP4 inhibition improved pathological scarring. 
These results suggested that USP4 may serve a regulatory role 
in the formation of pathological scars by regulating the TGF‑β 
signaling pathway.

USP4 is also involved in the negative regulation of the 
Wnt signaling pathway (18), deubiquitination of adenosine 
A2a (19) and regulation of the cell cycle (20). Zhang et al (21) 
identified that USP4 enhanced its stability by ubiquitinating 
E3 ubiquitin‑protein ligase HUWE1, in turn downregulating 
P53 expression. Fan et al (22) reported that USP4 downregu-
lated TNF‑α‑induced NF‑κB activation by deubiquitinating 
mitogen‑activated protein kinase kinase kinase 7. In the present 
study, following the downregulation of USP4, the ubiquitina-
tion level of TβRI was markedly decreased and pathological 
scarring improved. These results imply an association between 
pathological scarring and the ubiquitination level of TβRI.

The TGF‑β/Smad pathway serves a major regulatory role 
in the formation of pathological scar formation (23,24). The 
expression of TGF‑β1, TGF‑β2 and TβRI in keloid kerati-
nocytes was increased compared with that of normal skin, 
suggesting an association between TGF‑β1, TGF‑β2 and 
TβRI in KFs. Fibroblasts have been induced to express more 
TGF‑β1 and TGF‑β2 by paracrine action (25). The expres-
sion levels of TGF‑β1/Smad3 differ during stages of human 
growth and development; TGF‑β/Smad3 are not expressed 
at all during the fetal period. This may, in part, explain the 
mechanistic basis for the presence of scarless wounds during 
the fetal period (26,27). Chin et al (28) demonstrated that the 
expression levels of TβRI and Smad3 proteins in KFs were 
significantly increased compared with normal skin, indicating 
that these proteins exhibited positive feedback effects on the 
TGF‑β/Smad pathway, promoting the formation of keloids.

Bock et al  (29) revealed that in KFs, the expression of 
TβRI was high and the expression of TβRII was low, and 
that the proliferation of KF was enhanced when stimulated 
with TGF‑β1. Goldberg et al (30) suggested that the overex-
pression of TβRII inhibited the proliferation of fibroblasts. 
Bran et al (31) also demonstrated that the expression levels 
of TGF‑β1 and TGF‑β2 in cultured KFs were increased 
compared with that in normal fibroblasts, while the expres-
sion of TβRII was significantly decreased compared with that 
in normal fibroblasts. The TGF‑β/Smad signal transduction 
pathway affects the healing process (32). This pathway func-
tions at multiple levels, from the release of early inflammatory 
mediators, to wound healing, to subsequent pathological scar-
ring (33).

The results of the in vitro and animal experiments suggest 
that the inhibition of the TGF‑β/Smad signaling pathway may 
effectively decrease the deposition of extracellular matrix, and 
the levels of tissue fibrosis and pathological scarring during 
wound healing (34). Ubiquitination is a prominent strategy for 
post‑translational modification, which regulates a number of 
biological functions, including: Cell cycle; apoptosis; DNA 
damage repair; cellular immunity; and neuronal degenera-
tion (35‑37). The results of the present study demonstrate that 
ubiquitin had a direct association with TβRI, which in turn 
regulated downstream signal transduction and pathological 
scarring.

There were several limitations of the present study. Firstly, 
to the best of our knowledge, the study was the first to use 
an in vivo xenograft tumor model to examine pathological 
scarring. The similarity between these in vitro and in vivo 
experiments requires further confirmation. Secondly, whether 
USP4 may be a target for the treatment of pathological scar-
ring requires additional pharmacological data.

In summary, the inhibition of USP4 attenuates the 
TGF‑β/Smad signaling pathway and decreases the formation 
of pathological scars. The present study provides the founda-
tion for a novel method to prevent and treat pathological scars 
of the skin.
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